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Almost 300 non-native seaweeds are identified worldwide and an increasing number of these are 
classified as invasive with potential negative effects on the diversity and functioning of native eco-
systems. Marine herbivores affect seaweed biomass and community structure in marine habitats 
across the globe. Consequently, herbivore-seaweed interactions are expected to be important for 
the establishment and invasion success of non-native seaweeds. To synthesize current knowledge of 
consumer effects on non-native seaweeds, we performed a meta-analysis on feeding preferences of 
native herbivores for non-native versus native seaweeds. Data were included from 35 studies, pub-
lished from 1992–2015 and comprising 18 non-native seaweeds. Results showed that overall, native 
herbivores tended to prefer to feed on native rather than non-native seaweeds. Preferences were, 
however, variable across studies with significant differences between taxonomic and functional 
groups of seaweeds. In particular, filamentous red non-native seaweeds were of low palatability to 
native herbivores. No general feeding preferences were apparent between natives and non-natives 
for brown and green seaweeds, or for leathery and corticated seaweeds. In addition, we reviewed the 
existing studies on the effects of consumers on the performance of native and non-native seaweeds 
in invaded communities. This indicated that non-native seaweeds performed better than their native 
competitors in the presence of grazers, but in many cases had superior competitive abilities also 
in the absence of herbivory. To achieve a comprehensive evaluation of consumers’ role in seaweed 
invasion success, future research should have a larger focus on manipulative community experi-
ments, ideally on time scales that include seasonal changes and complete life cycles of the seaweeds.

Introduction

At any time, several thousand marine species are shuffled between biogeographical regions of the 
world’s oceans (Johnson & Chapman 2007). Some of these species establish in their new commu-
nities and become widespread and abundant, being deemed invasive, with significant impacts on 
community composition and ecosystem properties (Williamson & Fitter 1996). The global number 
of non-indigenous seaweeds has reached more than 270 species (Williams & Smith 2007), many of 
them reported to negatively affect native seaweed communities in terms of cover, density and bio-
diversity (Schaffelke & Hewitt 2007, Engelen et al. 2015, Maggi et al. 2015). Identification of the 
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factors that control establishment and invasion success of non-native species is a key challenge in 
invasion ecology and important for risk assessment and management of non-indigenous seaweeds.

Herbivores have large influence on the abundance and community structure of both terrestrial and 
marine primary producers across ecosystems (e.g. Lubchenco & Gaines 1981, Hawkins & Hartnoll 1983, 
Hawkins et al. 1992, Hay & Steinberg 1992, Burkepile & Hay 2008, Poore et al. 2012). Consequently, 
herbivore-plant interactions have long been suggested to be crucial also for the outcome of plant invasions. 
On the one hand, herbivores are recognized to contribute to biotic resistance against the establishment 
and proliferation of non-native plants (Elton 1958, Maron & Vila 2001). On the other hand, herbivore for-
aging has been suggested to drive invasions, when native herbivores preferably consume native over the 
non-native plant species. The latter argument forms the basis for the enemy release hypothesis (ERH), 
which states that non-native species become invasive since they escape the regulation of their co-evolved 
enemies in their native range and are less affected by enemies compared to the native competitors in 
their new range (Darwin 1859, Elton 1958, Keane & Crawley 2002). The reduced negative impact of 
herbivores is expected to give the non-native species a competitive advantage over the native plants in the 
community, leading to dominance and a biological invasion (Keane & Crawley 2002).

The concepts of biotic resistance and enemy release originate from terrestrial plant systems; the 
findings from these systems have been summarized in several reviews and meta-analyses (Colautti 
et al. 2004, Levine et al. 2004, Liu & Stiling 2006, Parker et al. 2006, Chun et al. 2010). Recently, 
Kimbro et al. (2013) published a meta-analysis on biotic resistance in marine environments, indi-
cating negative effects of consumers on non-native marine primary producers. Seaweeds were only 
represented by seven studies in their analysis and seaweed data were analyzed together with data on 
a non-native salt marsh grass. Thus, a comprehensive quantitative synthesis of research on herbivore 
effects on non-native seaweeds is still lacking.

Seaweed communities are strongly dominated by generalist herbivores (Hawkins & Hartnoll 1983, 
Hawkins et al. 1992, Hay & Fenical 1992), which are more likely than specialists to include newly 
encountered species into their diet. Accordingly, generalist consumers have been suggested to counteract 
invasions by providing biotic resistance instead of facilitating invasions through enemy release (Parker 
& Hay 2005, Parker et al. 2006). There are, however, mechanisms by which non-native plants can 
escape generalist herbivores in their new range, especially by means of chemical defences (Wikström 
et al. 2006, Verhoeven et al. 2009, Forslund et al. 2010, Schaffner et al. 2011, Enge et al. 2012, Nylund 
et al. 2012). Seaweeds are known to be rich in secondary metabolites (Hay & Fenical 1992) and there is 
an increasing number of examples where potent chemical defences against native herbivores have been 
demonstrated in non-native seaweeds (Lemee et al. 1996, Lyons et al. 2007, Nylund et al. 2011, Enge 
et al. 2012). It is not known, however, if low palatability to generalist herbivores is a common trait of 
non-native seaweeds or if this trait is important for invasion success in seaweed communities.

The aim of this study was to review and synthesize current findings of consumer effects on non-
native seaweeds. As part of the predictions of the ERH, we specifically explored via a meta-analysis 
whether non-native seaweeds are less palatable than native species, and thus generally experience 
a reduced impact by herbivores compared to native competitors. We further examined if there are 
differences among 1) seaweed taxonomic groups, 2) seaweed functional groups, 3) herbivore groups 
or 4) regions. Furthermore, we reviewed and summarized the literature that assessed the effects of 
herbivory on the competitive outcome between non-native and native seaweeds in a community.

Material and methods

Literature search and data extraction

Relevant studies for the meta-analysis were identified in the online database ISI Web of Science in 
August 2015, with no restrictions on publication year, using the following combination of search 
terms: ((introduced OR invasive OR non-native OR exotic OR alien OR non-indigenous) AND 
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(seaweed* OR alga* OR macroalga*) AND (herbivor* OR consum* OR *graz* OR enem* OR 
 prefer*)). In order to retrieve studies that tested non-native seaweeds but without specifying the 
species as non-native in the title or abstract, we performed an additional search for all non-native 
seaweeds listed in Williamson & Smith (2007) using the search terms: ((‘algal species name’) 
AND (enem* OR herbivor* OR consum* OR graz*)). To determine if the seaweeds in these stud-
ies were non-native, we compared the study region with the reported natural distribution of the 
species. We further included three as yet non-peer-reviewed datasets (S.A. Wikström unpublished, 
K. Hill unpublished, S. Jakobsson unpublished). All titles and abstracts of the search results were 
screened for studies assessing feeding preferences or herbivore damage on non-native compared to 
native seaweeds, as well as for studies examining seaweed performances and competitive relation-
ships between the non-native and native seaweeds in the presence and absence of herbivory. To be 
included in the final dataset, the studies had to meet the following criteria: 1) the investigated sea-
weed was non-native to the study region while the seaweeds used for comparison and the herbivores 
were native to the study region; 2) the study assessed herbivore preference, damage or their effects 
on both non-native and native seaweed performance under laboratory or field conditions in two- or 
multiple-species experiments using living algal material; 3) the experimental design included proper 
controls and presented all necessary measures for calculating the effect size. We excluded data of 
epifaunal abundances on non-native compared to native seaweeds because abundance may reflect 
habitat choice rather than food preference (e.g. work on refuges from predation: Duffy & Hay 1991, 
Enge et al. 2013). We also excluded data from no-choice feeding experiments since consumption 
in a no-choice situation can be confounded by compensatory feeding (Cruz-Rivera & Hay 2000). 
Furthermore, studies using gut content analysis of herbivores collected in the field were excluded 
because it was not possible to relate gut content to the availability of seaweeds in the field. Finally, 
studies where herbivores were preconditioned on one of the experimental seaweeds by either being 
specifically collected from or fed with only that seaweed prior to the experiments were also excluded.

For the retained studies the following data were compiled (see Table 1): seaweed species name, 
taxonomic and functional group, the study region and its corresponding climate region, the origin of 
the non-native seaweeds, herbivore species identity and phylum, as well as the experiment type (i.e. 
two- or multiple-choice). Mean values and measures of dispersion were extracted from figures using the 
WebPlotDigitizer software (Rohatgi 2015) or directly from text, tables or original datasets. All retrieved 
studies on herbivore feeding preference reported consumption or relative growth of the seaweeds as the 
response variable, which were either presented already corrected for autogenic changes of the seaweeds 
or together with the means of controls for autogenic changes. In the latter case, the consumption or rela-
tive growth data were corrected for the autogenic changes before values were entered into the database. 
To obtain a reference value for the native seaweeds in multiple-choice experiments, we calculated the 
average consumption of all native seaweeds and used their pooled variance as a measure of variability, 
which assumes the means of the populations to differ but their variances to be the same.

Meta-analysis

Hedges’ d standardized mean difference (Hedges & Olkin 1985) was used as the effect size measure 
and was calculated as the difference between non-native and native seaweeds:  d = [(XNN – XN)/s], 
where XNN corresponds to the mean consumption of the non-native seaweed and XN to the mean 
consumption of the native species, s designates their pooled standard deviations and J is the small-
sample-size bias correction factor. Positive Hedges’ d values thereby reflect herbivore preference for 
the non-native seaweeds, while negative values reflect herbivore preference for the native seaweeds.

Many publications reported data of several independently performed two- or multiple-choice 
experiments using different native seaweed species and/or different herbivores, which resulted in 
up to 16 data entries from one study and for one non-native seaweed. To balance the influence of 
studies in the analyses and to decrease possible non-independence of these multiple entries, we 
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calculated a study-specific mean effect size for each herbivore species and non-native species across 
all experiments testing different combinations with native seaweeds in a study. In this way, we kept 
the resolution between the non-native seaweed and herbivore species, but reduced the problem of 
overweighing and consequent false precision estimates (Rothstein et al. 2013). We also calculated 
a study-specific mean effect size when experiments were repeatedly performed at different times 
during the year. In both cases, the study-specific mean effects were estimated using a fixed-effects 
model, which assumes the results of the different experiments in one study to vary only because of 
random sampling error. This procedure reduced the number of entries in the dataset with a factor 
of up to five for some publications and in total from 145 to 74 entries.

The meta-analysis on consumer preference for non-native versus native seaweeds was con-
ducted using the metafor-package in R (Viechtbauer 2010) and the OpenMee software (Dietz et al. 
2016). The weighted overall mean effect of herbivore preference for non-native or native seaweeds 
was calculated by a random-effects model using the restricted maximum-likelihood estimator for 
residual heterogeneity. Bootstrapped 95% confidence intervals were calculated for the overall mean 
effect size generated from 4999 iterations. To check the robustness of the meta-analysis outcome, 
we calculated the fail-safe number with the weighted method of Rosenberg (2005), which represents 
the number of additional studies with no effect needed to change the result of the meta-analysis 
from significant to non-significant. Publication bias was further examined with a funnel-plot and the 
rank correlation test for funnel plot asymmetry (Begg & Mazumdar 1994). The influence of outli-
ers on the overall mean effects size was tested by evaluating the change of the overall effect when 
one study at a time was left out of the analysis. Since hypothesis-driven research tends to favour 
large effect sizes in support of the hypothesis in earlier publications, we examined temporal trends 
in the data with a cumulative meta-analysis sorted by publication year (Jennions & Møller 2002).

We used meta-regression with mixed-effects models and with a restricted maximum-likelihood 
estimator for residual heterogeneity to assess if the predefined covariables explained any of the 
observed heterogeneity and to explore their influence on consumer preference as well as differences 
between subgroups. Specifically, we tested how much of the observed heterogeneity the non-native 
seaweed itself accounted for, if there were differences in consumer preferences among phyla or func-
tional groups of the non-native species, and if the climate region of the study site, herbivore phylum 
and experiment type influenced the study outcome. Origin and study region as covariables were omit-
ted from these analyses since subgroups were often only represented by one or two species and few 
data entries in some of the subgroups, which were considered insufficient for a valid interpretation.

Only five studies that tested for consumer effects on the performance of non-native and native 
seaweeds on a community scale were identified, too few to perform a formal meta-analysis. However, 
findings of the few existing studies were summarized and discussed.

Results

The literature search identified 35 studies published from 1992–2015 that examined feeding prefer-
ences of native herbivores for non-native compared to native seaweeds. These studies addressed in 
total 18 non-native seaweed taxa: four green algae (Chlorophyta), four brown algae (Phaeophyceae) 
and ten red algae (Rhodophyta) (Table 1). This is comparable with the taxonomic composition of all 
registered non-native seaweeds reported by Williams & Smith (2007): of 276 taxa, 45 were green 
algae, 66 brown algae and 165 red algae. Accordingly, between 6–9% of all non-native seaweeds 
in each of the taxonomic groups were covered by our meta-analysis. All comparisons were made 
between non-native seaweeds and native seaweeds with the exception of one study with five data 
entries where the palatability of non-native seaweeds was compared to a seagrass species. By far the 
most intensively studied seaweeds in the context of feeding preference of herbivores were Codium 
fragile ssp. tomentosoides (currently accepted name Codium fragile ssp. fragile) and Sargassum 
muticum, which also resulted in the highest number of entries for these species in the meta-analysis 
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(Table 1). More than two thirds of the non-native seaweeds included in the meta-analysis have their 
original distribution in the north-west Pacific and Indo-Pacific, whereas the most intensively studied 
region of introduction was the north-east Atlantic (Table 1). Isopods and amphipods (Arthropoda), 
gastropods (Mollusca), sea urchins (Echinodermata) and herbivorous fish (Chordata) constituted the 
majority of the tested herbivores in the studies (Table 1).

Meta-analysis of consumer preference

The weighted overall mean effect was estimated to be –0.528 with a bootstrapped 95% CI = 
(–0.872, –0.187). This effect was significantly different from zero (p = 0.002, Figure 1) and showed 

Overall mean

G. salicornia + Acanthophora spicifera 
+ Kappaphycus sp. (n=1)

Womersleyella setacea (n=1)
Mastocarpus stellatus (n=2)
Lophocladia lallemandii (n=1)
Gracilaria vermiculophylla (n=5)
Gracilaria salicornia (n=4)
Heterosiphonia japonica³ (n=5)
Bonnemaisonia hamifera (n=6)
Acrothamnion preissii (n=1)
Rhodophyta

Undaria pinnati�da (n=1)
Sargassum muticum (n=19)
Fucus serratus (n=5)
Fucus evanescens (n=4)
Phaeophyceae

Codium fragile ssp. tomentosoides² (n=14)
Codium fragile ssp. atlanticum (n=1)
Caulerpa racemosa var cylindracea¹ (n=2)
Caulerpa �liformis (n=2)
Chlorophyta

0.0 1.0 2.0
Hedges’ d standardized mean di�erence

–3.0 –2.0 –1.0 3.0

31.27* 466***   92.33   17.53

QM I2 R2Co-variable(B)

(A)

Species
9.34** 725***   92.95   11.72

QE

Phylum

Figure 1 (A) Forest plot of the estimated effect sizes (Hedges’ d standardized mean difference) grouped by 
each non-native species (open squares) and by the phylum of the non-native species (grey squares). The black 
square indicates the overall mean effect size of feeding preferences. Error bars represent 95% confidence inter-
vals. The numbers in brackets describe the number of dataset entries for each species. (B) The results of the 
meta-regression with the non-native seaweed or phylum of the non-native species as an explanatory variable 
in a random-effects model; * p < 0.5; ** p < 0.01; *** p < 0.001. 1Currently accepted name Caulerpa cylindra-
cea; 2Currently accepted name Codium fragile ssp. fragile; 3Currently accepted name Dasysiphonia japonica.
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that non-native seaweeds were on average less preferred by native herbivores compared to native 
seaweeds. The results of the different studies were, however, highly heterogeneous (residual hetero-
geneity among studies: Q1,74 = 909.67, p < 0.001, I2 = 93.8%). Including the predefined covariables in 
the model showed that the identity of the non-native seaweed, taxonomic and functional groups as 
well as the experiment type explained significant amounts of the observed heterogeneity (Figures 1 
and 2). Residual heterogeneity was always high indicating that there may be other moderators not 
embraced by our analysis that influenced the outcome.

Grouping the non-native species by their taxonomic group revealed that only non-native red sea-
weeds were of low palatability to native herbivores, while the non-native green and brown seaweeds 
did not differ significantly in palatability compared to native seaweeds (Figure 1). Grouping accord-
ing to functional groups suggested that only non-native filamentous seaweeds were less preferred, 
whereas the palatability of corticated or leathery non-native seaweeds did not differ from native 
counterparts (Figure 2). Due to the dataset structure, functional and taxonomic group were highly 
confounded: all green algae were corticated, all brown algae were leathery macrophytes and all 
filamentous algae were red seaweeds (Table 1). However, when functional groups were separately 

−2.0 0.0 1.0

Overall mean

Two−choice (15, n=53)
Multiple−choice (9, n=21)
Experiment type

Mollusca (10, n=24)
Echinodermata (9, n=16)
Chordata (3, n=6)
Arthropoda (9, n=51)
Herbivore phylum

Subtropical to tropical (11, n=30)
Temperate to subpolar (9, n=44)
Climate region

Leathery (4, n=29)
Corticated (7, n=30)
Filamentous (5, n=14)
Functional group

−1.0

7.75* 735***        93.29   8.30

1.55    818***     93.64    2.07

2.67    798***     93.98    0.00

4.66*   898***        93.63   2.90

QM I2 R2Co-variable (no of species, no of data entries) QE

Hedges’ d standardized mean di�erence

Figure 2 Forest plot of the estimated effect sizes (Hedges’ d standardized mean difference) grouped by 
explanatory variables (open squares). The black square indicates the overall mean effect size of the dataset. 
Error bars represent 95% confidence intervals. The numbers in brackets describe the number of non-native 
species and the number of dataset entries represented by each subgroup. The statistics of the meta-regression 
of a random-effects model using functional group of the non-native seaweed, climate region and experiment 
type as an explanatory variable are displayed to the right; * p < 0.5; ** p < 0.01; *** p < 0.001.
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tested for non-native red seaweeds, only filamentous seaweeds were again significantly less pre-
ferred (Zfilamentous = –4.28, p < 0.001; Zcorticated = –1.80, p = 0.07).

Analysis of the herbivore grouping revealed that arthropods and echinoderms found non-native 
seaweeds less palatable than native seaweeds, whereas molluscs and fish did not show any prefer-
ence (Figure 2). Furthermore, herbivores from temperate to subpolar regions significantly preferred 
native seaweeds to non-native seaweeds, but herbivores from tropical or subtropical regions did not 
show a preference (Figure 2).

The experiment type had a significant influence on the effect size. In contrast to the two-choice 
experiments, the multiple-choice experiments, in which consumption of the non-native seaweed was 
compared to the averaged consumption of all native seaweeds, did not detect an overall significant 
feeding preference for native or non-native seaweeds (Figure 2).

Sensitivity analysis, publication bias and temporal trends

There was no indication that the results obtained from the meta-analysis lacked robustness. Exclusion 
of any data entry in the meta-analysis always resulted in similar overall mean effect size and confi-
dence intervals (results not shown), which indicated that there were no serious outliers present. The 
cumulative meta-analysis by publication year showed that from the eighth data entry (2001), the 
overall mean effect size was constantly negative, oscillating between –0.628 and –0.302, though 
the 95% confidence interval included zero over some periods (Figure 3). Furthermore, Rosenberg’s 
fail-safe number was sufficiently large (4219) to conclude that the observed outcome was a reliable 
estimate of the overall effect size. Additionally, the funnel plot and rank correlation test for funnel 
plot asymmetry gave no indication that publication bias affected the observed outcome (rank cor-
relation test, Kendall’s Т = 0.098, p = 0.2196, Figure 4).

Review of community studies

Our literature search identified nine studies that examined adult performance of non-native sea-
weeds in the presence and absence of consumers. Only five reported effects on cover or biomass for 
both the non-native species and native seaweeds. These studies included one green, two brown and 
two red algal taxa and are summarized in Table 2. All taxa were also covered by the meta-analysis 
of feeding preference.

In the presence of herbivores, the filamentous red alga Bonnemaisonia hamifera reached higher 
cover and its biomass increased in short-term community experiments under laboratory conditions. 
In the absence of herbivores, B. hamifera was an inferior competitor compared to the native red 
seaweeds in the community and decreased in abundance (Enge et al. 2013, Sagerman et al. 2014). In 
contrast, the filamentous red alga Heterosiphonia japonica (currently accepted name Dasysiphonia 
japonica) dominated the community independent of herbivore presence due to its extreme growth 
rate (Sagerman et al. 2014). Compared to six native species, the leathery brown alga Sargassum 
muticum was the only seaweed that could maintain clear positive growth in the presence of herbi-
vores in a short-term laboratory community experiment, but was also a superior competitor in the 
absence of herbivores (Engelen et al. 2011). Grazing had no effect on the cover of the corticated green 
alga Codium fragile ssp. tomentosoides (currently accepted name Codium fragile ssp. fragile) in a 
13-week field experiment, while the native competitor Laminaria longicruris (currently accepted 
name Saccharina longicruris) could not persist and cover of turf algae strongly decreased under 
natural sea urchin densities. But again, Codium fragile ssp. tomentosoides had superior competitive 
abilities compared to Laminaria longicruris even in the absence of herbivores (Sumi & Scheibling 
2005). On sea urchin barrens, grazing could not prevent canopy development of the leathery brown 
Undaria pinnatifida over a 30-month period, while the native canopy species did not exceed more 
than 0.7% cover (Valentine & Johnson 2005). In addition, the native canopy species showed inferior 
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competitive abilities compared to U. pinnatifida in the absence of herbivores (Valentine & Johnson 
2005).

Discussion

Our meta-analysis showed that overall, non-native seaweeds tend to be less palatable than native 
seaweeds to herbivores in the new community. However, the meta-analysis also revealed consider-
able variability among the results of different studies. This variability could largely be explained 
by the identity of the seaweed taxon, indicating that the relative palatability of native compared 

−4.0 −3.0 −2.0 −1.0 0.0 1.0 2.0

1992 1995

19992001
2002
2004

2005
2006

2007
2008
2009

2010

2015

2012

2011

Hedges’ d standardized mean di�erence

Figure 3 Forest plot of the cumulative meta-analysis of herbivore feeding preference between native and 
non-native seaweeds, ordered by publication year. Each data point represents the change of the estimated 
overall mean effect size (Hedges’ d standardized mean difference) by adding the next newest entry into the 
meta-analysis. The dotted line indicates the absence of a significant effect. Error bars represent 95% confi-
dence intervals.
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to non-native seaweeds differs between the groups of red, brown and green seaweeds. It was only 
for reds, but not for the brown and green seaweeds, that the meta-analysis demonstrated an overall 
difference in herbivore preference between native and non-native species. Furthermore, the meta-
analysis revealed that filamentous non-native species, which were all red seaweeds in our analysis, 
tended to be of low palatability to native herbivores.

Feeding preference of herbivores is positively correlated to the nutritional quality and the shel-
ter provided by the seaweed, and seaweeds can in turn deter herbivores by structural and chemical 
defences (Lubchenco & Gaines 1981, Hay & Fenical 1992). The low herbivore preference for non-
native filamentous algae is an unexpected result because filamentous algae are commonly regarded 
to be palatable and highly susceptible to most consumers (Littler & Littler 1980, Steneck & Watling 

Table 2 Summary of community studies on herbivore effects on non-indigenous seaweeds

Species
Taxonomic 

group
Functional 

group Studies Method

Codium fragile ssp. 
tomentosoides1

Chlorophyta Corticated Sumi & Scheibling 2005 Field experiment

Sargassum muticum Phaeophyceae Leathery Engelen et al. 2011 Laboratory experiment

Undaria pinnatifida Phaeophyceae Leathery Valentine & Johnson 2005 Field experiment

Bonnemaisonia hamifera Rhodophyta Filamentous Enge et al. 2013, Sagerman et al.  
2014

Laboratory experiment

Heterosiphonia japonica2 Rhodophyta Filamentous Sagerman et al. 2014 Laboratory experiment

Note: The Functional group classification follows Littler & Littler (1984): filamentous = delicately branched, uniseriate to 
slightly corticated; corticated = coarsely branched, corticated; leathery = thick branched, heavily corticated or thick 
walled.

1 currently accepted name Codium fragile ssp. fragile
2 currently accepted name Dasysiphonia japonica

Hedges’ d standardized mean di�erence

In
ve

rs
e s

ta
nd

ar
d 

er
ro

r

0.489

1.685

2.880

4.075

5.270

−5.0 0.0 5.0 10.0

Figure 4 Funnel plot for the meta-analysis of feeding preferences using a random-effects model. Each data 
entry is represented by a circle showing the relation of the effect size (Hedges’ d standardized mean difference) 
to its inversed standard error. The black line indicates the estimated overall mean effect and the white region 
represents the region in which 95% of the studies are expected to lie in the absence of biases and heterogeneity.
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1982, Littler et al. 1983). Consequently, this group could be expected to face a higher degree of con-
sumptive biotic resistance in new regions, compared to non-native seaweeds from other functional 
groups. Our result matches recent findings suggesting that leathery and foliose algae are more sus-
ceptible to herbivores than filamentous or corticated algae (Poore et al. 2012), which indicates that 
structural traits, such as tissue toughness, is far from always a determining factor for food choice of 
herbivores and that feeding preferences are driven by other seaweed traits.

The presence of chemical defences can explain low palatability of certain seaweeds to marine 
herbivores (Hay & Fenical 1992, Pavia et al. 2012). Accordingly, it has been postulated that chemi-
cal defences can protect non-native seaweeds, as well as vascular plants, from being attacked by 
native herbivores in a new region, either by comparatively high defence concentrations or by molec-
ular structures that are evolutionarily novel to the native herbivores (Cappuccino & Arnason 2006, 
Wikström et al. 2006, Verhoeven et al. 2009, Enge et al. 2012). Red seaweeds in particular produce 
an immense diversity and high quantities of often halogenated secondary metabolites, which have 
been frequently demonstrated to possess effective antimicrobial (Persson et al. 2011, Nylund et al. 
2013), antifouling (Dworjanyn et al. 2006), allelopathic (Svensson et al. 2013) and antiherbivore 
activities (Kladi et al. 2005, Cabrita et al. 2010, Enge et al. 2012). The diversity of chemical defence 
compounds in red algae may explain why non-native red seaweeds showed especially low palat-
ability in our meta-analysis.

The establishment of a specific chemical basis for a low preference of potential native consum-
ers for an introduced organism is, however, a demanding task and marine examples are still rare. 
Evidence for chemical defences against native herbivores has so far only been provided for a few 
non-native seaweed species. The green algae, Caulerpa taxifolia and C. racemosa, produce caul-
erpenyne with effects on sea urchins (Amade & Lemée 1998, Dumay et al. 2002). Codium fragile 
ssp. fragile (=Codium fragile ssp. tomentosoides) possesses wound-activated defences involving 
dimethylsulfoniopropionate (DMSP), which deters native sea urchins (Lyons et al. 2007). The arc-
tic brown alga, Fucus evanescens*, contains significantly higher concentrations of phlorotannins 
(polyphenolic defence compounds) than native fucoids in its new range, deterring native isopods 
and molluscs (Wikström et al. 2006, Forslund et al. 2010). The highly invasive red alga, Gracilaria 
vermiculophylla, produces prostaglandins, hydroxylated fatty acids and arachidonic acid-derived 
lactones on wounding, which provides resistance against native isopods and molluscs (Nylund 
et al. 2011, Hammann et al. 2016). Another red seaweed, the filamentous Bonnemaisonia hamifera, 
produces volatile brominated compounds that provide defence against native isopods, gammarids 
and ophistobranch consumers (Enge et al. 2012). These examples show that chemical defence can 
explain the low palatability of some non-native seaweeds, but further studies are needed before it 
can be concluded that chemical defence is a common trait of low-preferred non-native seaweeds 
(especially of the filamentous red algae).

Notably, two of the species for which chemical defences have been characterized (Caulerpa rac-
emosa and Codium fragile ssp. tomentosoides) were not consistently of low preference to native her-
bivores in our meta-analysis. In both cases, the chemical defence compound was only documented 
to be active against one herbivore species, while multiple herbivores were tested in the feeding pref-
erence experiments. A specific chemical defence is usually not effective against all herbivore spe-
cies, since herbivores can adapt to and/or circumvent the effects of secondary metabolites (Sotka, 
2005). Furthermore, concentrations and the effectiveness of the chemical defence compounds can 
vary between seaweed and herbivore populations (Pavia et al. 2003, Sotka 2005), which makes it 

* Fucus evanescens may have expanded its range naturally, but available evidence suggests that the spread of this species 
to southern Scandinavia and the British Isles was aided by human transport. It exhibits a disjunct distribution with new 
occurrences that were discovered in harbours in the beginning of the 20th century, making introduction from shipping 
plausible. Thus, we chose to include Fucus evanescens in the definition of a non-native species that we used in the litera-
ture search, i.e. a species that has been translocated to a new range by humans. 
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important that the palatability of non-native species introduced into several regions are tested with 
a set of the native herbivores that are relevant in the new regions.

Herbivore preference can be a first indicator for plant performance and competitive ability, but 
cannot be directly translated into community composition and population dynamics under natural 
conditions. We found that studies using long-term community experiments assessing the effects 
of consumers on non-native seaweeds in interaction with native seaweeds are essentially lack-
ing. The few existing studies included in our review showed that performance of non-native sea-
weeds can be increased, equal or reduced in the presence of herbivores. To date, the most rigorous 
example of a successful seaweed invasion based on chemical defence concerns the filamentous red 
alga Bonnemaisonia hamifera (Figure 5). The documented chemical defence (1,1,3,3-tetrabromo-
2-heptanone) provides this relatively poor competitor (in the absence of native herbivores), with 
a strong competitive advantage in its new range in the presence of native herbivores (Enge et al. 
2013, Sagerman et al. 2014). In addition, the same brominated compound inhibits the recruitment of 
native algal competitors (Svensson et al. 2013) and reduces bacterial load (Nylund et al. 2008). Thus, 
the multiple ecological benefits of this compound outweigh the cost of its production for the invader 
in the new range (Nylund et al. 2013). In some of the other studies the non-native seaweeds often 
performed better than their native competitors in the presence of herbivores, but the non-native 
species were superior competitors also in the absence of herbivores. Thus, the extent to which low 
herbivore preference contributes to invasion success of non-native seaweeds remains elusive. There 
is a need for more studies on the effects of herbivores on non-native seaweed populations, ideally 
experiments that include seasonal changes and complete life cycles of the seaweed and grazers. This 
is a challenging task in marine environments with species with complex life cycles.

In conclusion, the results of our meta-analysis show that low palatability does not seem to be a 
universal trait among non-native seaweeds and only certain seaweeds escape native herbivores in 

A B

C

Figure 5 The invasive filamentous red seaweed Bonnemaisonia hamifera, which produces a potent chemi-
cal defence (1,1,3,3-tetrabromo-2-heptanone) that makes it unpalatable to native herbivores in the north 
Atlantic, thereby providing it with a strong competitive advantage over native seaweeds in its new range. 
(A) Tetrasporophytic phase, growing as small turfs, which consist of numerous sparsely branched filaments 
(B). Filaments are one cell-layer thick and have numerous gland cells, containing chemical defences, located 
between the vegetative cells (C). (From Nylund et al. 2008.)
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their new range. Accordingly, the prediction of the enemy release hypothesis that introduced species 
are less attacked by herbivores than their native counterparts in the new range (Keane & Crawley 
2002), does not hold for all non-native seaweeds. Interestingly, we found that non-native filamen-
tous red seaweeds tend to be especially less palatable to herbivores. This is an important finding 
considering the majority of seaweed introductions are filamentous or corticated red algae (Williams 
& Smith 2007). Due to their morphology, these species can often be cryptic or less apparent com-
pared to larger brown and green seaweeds. Probably, therefore, they are less frequently studied and 
often overlooked in their community impacts, even though effects on biodiversity and ecosystem 
processes have been proven (Schaffelke & Hewitt 2007, Sagerman et al. 2014). The low preference 
for many non-native filamentous red algae indicates that low impact of herbivores may contribute 
to invasion success in this group. However, to assess if consumers play a crucial role in seaweed 
invasions, future research should focus on examining consumer impacts on competitive interactions 
between non-native and native seaweeds.

Acknowledgements

This work was supported by the Swedish Research Council through grant no. 621–2011–5630 to 
H.P., by a grant from the Swedish Research Council Formas to S.A.W., and by the Linnaeus Centre 
for Marine Evolutionary Biology (http://www.cemeb.science.gu.se/). S.A.W. was partly financed 
by the Baltic Eye project. Stephen Hawkins and Ally Evans provided comments that improved the 
manuscript and Gunilla Toth and Göran Nylund helped with the editing.

References
Amade, P. & Lemée, R. 1998. Chemical defence of the mediterranean alga Caulerpa taxifolia: variations in 

caulerpenyne production. Aquatic Toxicology 43, 287–300.
Begg, C.B. & Mazumdar, M. 1994. Operating characteristics of a rank correlation test for publication bias. 

Biometrics 50, 1088–1101.
Britton-Simmons, K.H. 2004. Direct and indirect effects of the introduced alga Sargassum muticum on ben-

thic, subtidal communities of Washington State, USA. Marine Ecology Progress Series 277, 61–78.
Britton-Simmons, K.H., Pister, B., Sánchez, I. & Okamoto, D. 2011. Response of a native, herbivorous snail to 

the introduced seaweed Sargassum muticum. Hydrobiologia 661, 187–196.
Burkepile, D.E. & Hay, M.E. 2008. Herbivore species richness and feeding complementarity affect commu-

nity structure and function on a coral reef. Proceedings of the National Academy of Science USA 105, 
16201–16206.

Cabrita, M.T., Vale, C. & Rauter, A.P. 2010. Halogenated compounds from marine algae. Marine Drugs 8, 
2301–2317.

Cacabelos, E., Olabarria, C., Incera, M. & Troncoso, J.S. 2010. Do grazers prefer invasive seaweeds? Journal 
of Experimental Marine Biology and Ecology 393, 182–187.

Cappuccino, N. & Arnason, J.T. 2006. Novel chemistry of invasive exotic plants. Biology Letters 2, 189–193.
Chavanich, S. & Harris, L.G. 2002. The influence of macroalgae on seasonal abundance and feeding pref-

erence of a subtidal snail, Launa vincta (Montagu) (Littorinidae) in the Gulf of Maine. Journal of 
Molluscan Studies 68, 73–78.

Chun, Y.J., van Kleunen, M. & Dawson, W. 2010. The role of enemy release, tolerance and resistance in plant 
invasions: linking damage to performance. Ecology Letters 13, 937–946.

Colautti, R.I., Ricciardi, A., Grigorovich, I.A. & MacIsaac, H.J. 2004. Is invasion success explained by the 
enemy release hypothesis? Ecology Letters 7, 721–733.

Cruz-Rivera, E. & Hay, M.E. 2000. Can quantity replace quality? Food choice, compensatory feeding, and 
fitness of marine mesograzers. Ecology 81, 201–219.

Cruz-Rivera, E. & Hay, M. 2001. Macroalgal traits and the feeding and fitness of an herbivorous amphipod: 
the roles of selectivity, mixing, and compensation. Marine Ecology Progress Series 218, 249–266.



437

A REVIEW OF HERBIVORE EFFECTS ON SEAWEED INVASIONS

Cummings, D.O. & Williamson, J.E. 2008. The role of herbivory and fouling on the invasive green alga 
Caulerpa filiformis in temperate Australian waters. Marine and Freshwater Research 59, 279–290.

Darwin, C. 1859. On the Origin of Species by Means of Natural Selection, or, the Preservation of Favoured 
Races in the Struggle for Life. London: J. Murray.

Davis, A.R., Benkendorff, K. & Ward, D.W. 2005. Responses of common SE Australian herbivores to three 
suspected invasive Caulerpa spp.. Marine Biology 146, 859–868.

Dietz, G., Dahabreh, I.J., Gurevitch J, Lajeunesse, M.J., Schmid, C.H., Trikalinos, T.A. & Wallace, B.C. 2016. 
OpenMEE: Software for Ecological and Evolutionary Meta-analysis (Computer program). Available at 
(http://www.cebm.brown.edu/open_mee)

Duffy, J.E. & Hay, M.E. 1991. Food and shelter as determinants of food choice by an herbivorous marine 
amphipod. Ecology 72, 1286–1298.

Dumay, O., Pergent, G., Pergent-Martini, C. & Amade, P. 2002. Variations in caulerpenyne contents in 
Caulerpa taxifolia and Caulerpa racemosa. Journal of Chemical Ecology 28, 343–352.

Dworjanyn, S.A., de Nys, R. & Steinberg, P.D. 2006. Chemically mediated antifouling in the red alga Delisea 
pulchra. Marine Ecology Progress Series 318, 153–163.

Elton, C.S. 1958. The Ecology of Invasions by Animals and Plants. London: Springer.
Enge, S., Nylund, G.M., Harder, T. & Pavia, H. 2012. An exotic chemical weapon explains low herbivore dam-

age in an invasive alga. Ecology 93, 2736–2745.
Enge, S., Nylund, G.M & Pavia, H. 2013. Native generalist herbivores promote invasion of a chemically 

defended seaweed via refuge-mediated apparent competition. Ecology Letters 16, 487–492.
Engelen, A.H., Henriques, N., Monteiro, C. & Santos, R. 2011. Mesograzers prefer mostly native seaweeds 

over the invasive brown seaweed Sargassum muticum. Hydrobiologia 669, 157–165.
Engelen, A.H., Serebryakova, A., Ang, P., Britton-Simmons, K., Mineur, F., Pedersen, M.F., Arenas, F., 

Fernández, C., Steen, H., Svenson, R., Pavia, H., Toth, G., Viard, F. & Santos, R. 2015. Circumglobal 
invasion by the brown seaweed Sargassum muticum. Oceanography and Marine Biology: An Annual 
Review 53, 81–126.

Forslund, H., Wikström, S. & Pavia, H. 2010. Higher resistance to herbivory in introduced compared to native 
populations of a seaweed. Oecologia 164, 833–840.

Hammann, M., Rempt, M., Pohnert, G., Wang, G., Boo, S.M. & Weinberger, F. 2016. Increased potential for 
wound activated production of Prostaglandin E2 and related toxic compounds in non-native populations 
of Gracilaria vermiculophylla. Harmful Algae 51, 81–88.

Hawkins, S.J. & Hartnoll, R.G. 1983. Grazing of intertidal algae by marine-invertebrates. Oceanography and 
Marine Biology: An Annual Review 21, 195–282.

Hawkins, S.J., Hartnoll, R.G., Kain, J.M. & Norton, T.A. 1992. Plant-animal interactions on hard substrata 
in the north-east Atlantic. In Plant-Animal Interactions in the Marine Benthos, D.M. John et al. (eds). 
Oxford: Clarendon Press, 1–32.

Hay, M.E. & Fenical W. 1992. Chemical mediation of seaweed-herbivore interactions. In Plant-Animal 
Interactions in the Marine Benthos, D.M. John et al. (eds). Oxford: Clarendon Press, 319–338.

Hay, M.E. & Steinberg, P.D. 1992. The chemical ecology of plant-herbivore interactions in marine versus ter-
restrial communities. In Herbivores: Their Interactions with Secondary Metabolites, Evolutionary and 
Ecological Processes, G. Rosenthal & M. Berenbaum (eds). San Diego, USA: Academic Press, 371–413.

Hedges, L.V. & Olkin, I. 1985. Statistical methods for meta-analysis. Orlando: Academic Press.
Jennions, M.D. & Møller, A.P. 2002. Relationships fade with time: a meta-analysis of temporal trends in pub-

lication in ecology and evolution. Proceedings of the Royal Society of London B: Biological Sciences 
269, 43–48.

Johnson, C.R. & Chapman, A.R.O. 2007. Seaweed invasions: introduction and scope. Botanica Marina 50, 
321–325.

Keane, R. & Crawley, M.J. 2002. Exotic plant invasions and the enemy release hypothesis. Trends in Ecology 
& Evolution 17, 164–170.

Kimbro, D.L., Cheng, B.S. & Grosholz, E.D. 2013. Biotic resistance in marine environments. Ecology Letters 
16, 821–833.

Kladi, M., Vagias, C. & Roussis, V. 2005. Volatile halogenated metabolites from marine red algae. 
Phytochemistry Reviews 3, 337–366.



438

SWANTJE ENGE, JOSEFIN SAGERMAN, SOFIA A. WIKSTRÖM & HENRIK PAVIA

Lemee, R., Boudouresque, C., Gobert, J., Malestroit, P., Mari, X., Meinesz, A., Menager, V. & Ruitton, S. 
1996. Feeding behaviour of Paracentrotus lividus in the presence of Caulerpa taxifolia introduced in 
the Mediterranean Sea. Oceanologica Acta 19, 245–253.

Levin, P.S., Coyer, J.A., Petrik, R. & Good, T.P. 2002. Community-wide effects of noninigenous species on 
temperate rocky reefs. Ecology 83, 3182–3193.

Levine, J.M., Adler, P.B. & Yelenik, S.G. 2004. A meta-analysis of biotic resistance to exotic plant invasions. 
Ecology Letters 7, 975–989.

Littler, M.M. & Littler, D.S. 1980. The evolution of thallus form and survival strategies in benthic marine 
macroalgae: field and laboratory tests of a functional form model. American Naturalist 116, 25–44.

Littler, M.M. & Littler, D.S. 1984. Relationships between macroalgal functional form groups and substrata 
stability in a subtropical rocky-intertidal system. Journal of Experimental Marine Biology and Ecology 
74, 13–34.

Littler, M.M., Taylor, P.R. & Littler, D.S. 1983. Algal resistance to herbivory on a Caribbean barrier reef. 
Coral Reefs 2, 111–118.

Liu, H. & Stiling, P. 2006. Testing the enemy release hypothesis: a review and meta-analysis. Biological 
Invasions 8, 1535–1545.

Low, N.H.N., Drouin, A., Marks, C.J. & Bracken, M.E.S. 2015. Invader traits and community context con-
tribute to the recent invasion success of the macroalga Heterosiphonia japonica on New England rocky 
reefs. Biological Invasions 17, 257–271.

Lubchenco, J. & Gaines, S.D. 1981. A unified approach to marine plant-herbivore interactions. I. Populations 
and communities. Annual Review of Ecology and Systematics 12, 405–437.

Lyons, D.A. & Scheibling, R.E. 2007. Effect of dietary history and algal traits on feeding rate and food pref-
erence in the green sea urchin Strongylocentrotus droebachiensis. Journal of Experimental Marine 
Biology and Ecology 349, 194–204.

Lyons, D.A., Van Alstyne, K.L. & Scheibling, R.E. 2007. Anti-grazing activity and seasonal variation of 
dimethylsulfoniopropionate-associated compounds in the invasive alga Codium fragile ssp. tomentosoi-
des. Marine Biology 153, 179–188.

Maggi, E., Benedetti-Cecchi, L., Castelli, A., Chatzinikolaou, E., Crowe, T.P., Ghedini, G., Kotta, J., Lyons, 
D.A., Ravaglioli, C., Rilov, G., Rindi, L. & Bulleri, F. 2015. Ecological impacts of invading seaweeds: a 
meta-analysis of their effects at different trophic levels. Diversity and Distributions 21, 1–12.

Maron, J.L. & Vila, M. 2001. When do herbivores affect plant invasion? Evidence for the natural enemies and 
biotic resistance hypotheses. Oikos 95, 361–373.

Monteiro, C.A., Engelen, A.H. & Santos, R.O.P. 2009. Macro- and mesoherbivores prefer native seaweeds 
over the invasive brown seaweed Sargassum muticum: a potential regulating role on invasions. Marine 
Biology 156, 2505–2515.

Nejrup, L.B., Pedersen, M.F. & Vinzent, J. 2012. Grazer avoidance may explain the invasiveness of the red 
alga Gracilaria vermiculophylla in Scandinavian waters. Marine Biology 159, 1703–1712.

Nylund, G.M., Cervin, G., Persson, F., Hermansson, M., Steinberg, P.D. & Pavia, H. 2008. Seaweed defence 
against bacteria: a poly-halogenated 2-heptanone from the red alga Bonnemaisonia hamifera inhibits 
bacterial colonisation at natural surface concentrations. Marine Ecology Progress Series 369, 39–50.

Nylund, G.M., Enge, S. & Pavia, H. 2013. Cost and benefits of chemical defence in the red alga Bonnemaisonia 
hamifera. PLoS ONE 8, e61291.

Nylund, G.M., Pereyra, R.T., Wood, H.L., Johannesson, K. & Pavia, H. 2012. Increased resistance towards 
generalist herbivory in the new range of a habitat-forming seaweed. Ecosphere 3, 1–13 Art125.

Nylund, G.M., Weinberger, F., Rempt, M. & Pohnert, G. 2011 Metabolomic assessment of induced and acti-
vated chemical defence in the invasive red alga Gracilaria vermiculophylla. PLoS ONE 6, e29359.

Parker, J.D., Burkepile, D.E. & Hay, M.E. 2006. Opposing effects of native and exotic herbivores on plant 
invasions. Science 311, 1459–1461.

Parker, J.D. & Hay, M.E. 2005. Biotic resistance to plant invasions? Native herbivores prefer non-native plants. 
Ecology Letters 8, 959–967.

Pavia, H., Baumgartner, F., Cervin, G., Enge, S., Kubanek, J., Nylund, G.M., Selander, E., Svensson, J.R. 
& Toth, G.B. 2012. Chemical defences against herbivores. In Chemical Ecology in Aquatic Systems, 
C. Brönmark & L.-A. Hansson (eds). Oxford: Oxford University Press, 210–235.

Pavia, H., Toth, G.B., Lindgren, A. & Åberg, P. 2003. Intraspecific variation in the phlorotannin content of the 
brown alga Ascophyllum nodosum. Phycologia 42, 378–383.



439

A REVIEW OF HERBIVORE EFFECTS ON SEAWEED INVASIONS

Pedersen, M.F., Stæhr, P.A., Wernberg, T. & Thomsen, M.S. 2005. Biomass dynamics of exotic Sargassum 
muticum and native Halidrys siliquosa in Limfjorden, Denmark – –implications of species replace-
ments on turnover rates. Aquatic Botany 83, 31–47.

Persson, F., Svensson ,R., Nylund, G.M., Fredriksson, J., Pavia, H. & Hermansson, M. 2011. Ecological role of 
a seaweed secondary metabolite for a colonizing bacterial community. Biofouling 27, 579–588.

Poore, A.G.B., Campbell, A.H., Coleman, R.A., Edgar, G.J., Jormalainen, V., Reynolds, P.L., Sotka, E.E., 
Stachowicz, J.J., Taylor, R.B., Vanderklift, M.A. & Duffy, J.E. 2012. Global patterns in the impact of 
marine herbivores on benthic primary producers. Ecology Letters 15, 912–922.

Prince, J.S. & LeBlanc, W.G. 1992. Comparative feeding preference of Strongylocentrotus droebachiensis 
(Echinoidea) for the invasive seaweed Codium fragile ssp. tomentosoides (Chlorophyceae) and four 
other seaweeds. Marine Biology 113, 159–163.

Rohatgi, A. 2015. WebPlotDigitalizer. Version 3.10. Austin, Texas. Available at (http://arohatgi.info/
WebPlotDigitizer/app/).

Rosenberg, M.S. 2005. The file-drawer problem revisited: a general weighted method for calculating fail-safe 
numbers in meta-analysis. Evolution 59, 464–468.

Rothstein, H.R., Lortie, C.J., Stewart, G.B., Koricheva, J. & Gurevitch, J. 2013. Quality standards for research 
synthesis. In Handbook of Meta-Analysis in Ecology and Evolution. J. Koricheva et al. (eds). Princeton: 
Princeton University Press, 323–338.

Sagerman, J., Enge, S., Pavia, H. & Wikström, S.A. 2014. Divergent ecological strategies determine different 
impacts on community production by two successful non-native seaweeds. Oecologia 175, 937–946.

Sagerman, J., Enge, S., Pavia, H. & Wikström, S.A. 2015. Low feeding preference of native herbivores for the 
successful non-native seaweed Heterosiphonia japonica. Marine Biology 162, 2471–2479.

Schaffelke, B. Evers, D. & Walhorn, A. 1995. Selective grazing of the isopod Idotea baltica between Fucus 
evanescens and F. vesiculosus from Kiel Fjord (western Baltic). Marine Biology 124, 215–218.

Schaffelke, B. & Hewitt, C.L. 2007. Impacts of introduced seaweeds. Botanica Marina 50, 397–417.
Schaffner, U., Ridenour, W.M., Wolf VC, Bassett, T., Muller, C., Muller-Scharer, H., Sutherland, S., Lortie, 

C.J. & Callaway, R.M. 2011. Plant invasions, generalist herbivores, and novel defense weapons. Ecology 
92, 829–835.

Scheibling, R. & Anthony, S. 2001. Feeding, growth and reproduction of sea urchins (Strongylocentrotus 
droebachiensis) on single and mixed diets of kelp (Laminaria spp.) and the invasive alga Codium fragile 
ssp. tomentosoides. Marine Biology 139, 139–146.

Smith, J.E., Hunter, C.L., Conklin, E.J., Most, R., Sauvage, T., Squair, C. & Smith, C.M. 2004. Ecology of the 
invasive red alga Gracilaria salicornia (Rhodophyta) on O’ahu, Hawai’i. Pacific Science 58, 325–343.

Sotka, E.E. 2005. Local adaptation in host use among marine invertebrates. Ecology Letters 8, 448–459.
Steinarsdóttir, M.B., Ingólfsson, A. & Ólafsson, E. 2009. Trophic relationships on a fucoid shore in south-

western Iceland as revealed by stable isotope analyses, laboratory experiments, field observations and 
gut analyses. Journal of Sea Research 61, 206–215.

Steneck, R.S. & Watling, L. 1982. Feeding capabilities and limitation of herbivorous mollusks – a functional-
group approach. Marine Biology 68, 299–319.

Stimson, J., Cunha, T. & Philippoff, J. 2007. Food preferences and related behavior of the browsing sea urchin 
Tripneustes gratilla (Linnaeus) and its potential for use as a biological control agent. Marine Biology 
151, 1761–1772.

Strong, J.A., Maggs, C.A. & Johnson, M.R. 2009. The extent of grazing release from epiphytism for Sargassum 
muticum (Phaeophyceae) within the invaded range. Journal of the Marine Biological Association of the 
United Kingdom 89, 303–314.

Sumi, C.B.T. & Scheibling, R.E. 2005. Role of grazing by sea urchins Strongylocentrotus droebachiensis 
in regulating the invasive alga Codium fragile ssp. tomentosoides in Nova Scotia. Marine Ecology 
Progress Series 292, 203–212.

Svensson, J.R., Nylund, G.M., Cervin, G., Toth, G.B. & Pavia, H. 2013. Novel chemical weapon of an exotic 
macroalga inhibits recruitment of native competitors in the invaded range. Journal of Ecology 101, 
140–148.

Thornber, C.S., Kinlan, B.P., Graham, M.H. & Stachowicz, J.J. 2004. Population ecology of the invasive 
kelp Undaria pinnatifida in California: environmental and biological controls on demography. Marine 
Ecology Progress Series 268, 69–80.



440

SWANTJE ENGE, JOSEFIN SAGERMAN, SOFIA A. WIKSTRÖM & HENRIK PAVIA

Tomas, F., Box, A. & Terrados, J. 2011a. Effects of invasive seaweeds on feeding preference and performance 
of a keystone Mediterranean herbivore. Biological Invasions 13, 1559–1570.

Tomas, F., Cebrian, E. & Ballesteros, E. 2011b. Differential herbivory of invasive algae by native fish in the 
Mediterranean Sea. Estuarine, Coastal and Shelf Science 92, 27–34.

Trowbridge, C.D. 1995. Establishment of the green alga Codium fragile ssp. tomentosoides on New Zealand 
rocky shores: current distribution and invertebrate grazers. The Journal of Ecology 83, 949–965.

Trowbridge, C.D. & Todd, C.D. 1999. The familiar is exotic: I. Codium fragile ssp. atlanticum on Scottish 
rocky intertidal shores. Botanical Journal of Scotland 51, 139–160.

Valentine, J.P. & Johnson, C.R. 2005. Persistence of the exotic kelp Undaria pinnatifida does not depend on 
sea urchin grazing. Marine Ecology Progress Series 285, 43–55.

Verhoeven, K.J.F., Biere, A., Harvey, J.A. & van der Putten, W.H. 2009. Plant invaders and their novel natural 
enemies: who is naïve? Ecology Letters 12, 107–117.

Viechtbauer, W. 2010. Conducting meta-analyses in R with the metafor package. Journal of Statistical 
Software 36, 1–48.

Weinberger, F., Buchholz, B., Karez, R. & Wahl, M. 2008. The invasive red alga Gracilaria vermiculophylla 
in the Baltic Sea: adaptation to brackish water may compensate for light limitation. Aquatic Biology 3, 
251–264.

Wikström, S.A., Steinarsdóttir, M.B., Kautsky, L. & Pavia, H. 2006. Increased chemical resistance explains 
low herbivore colonization of introduced seaweed. Oecologia 148, 593–601.

Williams, S.L. & Smith, J.E. 2007. A global review of the distribution, taxonomy, and impacts of introduced 
seaweeds. Annual Review of Ecology, Evolution, and Systematics 38, 327–359.

Williamson, M. & Fitter, A. 1996. The varying success of invaders. Ecology 77, 1661–1666.
Yun, H.Y. & Molis, M. 2012. Comparing the ability of a non-indigenous and a native seaweed to induce anti-

herbivory defenses. Marine Biology 159, 1475–1484.

View publication statsView publication stats

https://www.researchgate.net/publication/324149492

