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from Japan were the least preferred. Since nutritional value 
did not correlate with feeding preference and algal extracts 
had the same effect as algal powder, we could demonstrate 
a deterrent activity of algal secondary metabolites. The pref-
erence of herbivores for the sympatric S. muticum popula-
tion compared to the allopatric Japanese population could 
indicate a resource allocation from chemical defense to 
reproduction and growth. Due to the low palatability of Sar‑
gassum spp. from Japan, it might be reasonable to include 
additional Sargassum species in North Sea monitoring to 
prevent their establishment in European waters.

Introduction

Introduction of non-indigenous marine species (NIMS) by 
anthropogenic influences is one of the key pressures that 
threaten marine biodiversity and resources of the world’s 
oceans (Vitousek et al. 1997; Millennium Ecosystem Assess-
ment 2005; Halpern et al. 2008; Carlton 2009; Davidson et al. 
2015). From all detected NIMS of all major animal, plant and 
algal phyla, macroalgae not only constitute a large component 
of the globally introduced biota, but also cause significant 
economic and environmental damage over which we have 
only limited post-invasion control and management options 
(Ribera and Boudouresque 1995; Thresher 1999; Schaffelke 
et al. 2006; Anderson 2007; Schaffelke and Hewitt 2007).

To enable a targeted monitoring and adaptive inva-
sion management, the search for specific invasive traits is 
of increasing interest. Although invasion success has usu-
ally been correlated with numerous species traits such as 
reproduction strategy, growth rate, and dispersal poten-
tial (Rejmánek and Richardson 1996; Nyberg and Wal-
lentinus 2005), several studies contradict this assumption 
(Smith and Knapp 2001; Daehler 2003; Seabloom et al. 
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2003) and rather highlight the link between the success of 
marine bioinvasion and the presence of chemical defenses 
by introduced organisms (Wikström et al. 2006; Cassano 
et al. 2008). In order to verify the importance of chemical 
defenses for the invasion success, more investigations are 
needed.

Since predator–prey interactions deeply shape marine 
ecosystems, the effectivity of antipredator metabolites 
might help to explain the success of widespread NIMS. 
Several theories have been proposed to explain the linkage 
between invasion success and enemy defense. The ‘enemy 
release hypothesis’ (ERH) states that introduced species in 
the new range are less affected by local enemies, as these 
fail to recognize them as adequate food or hosts (Keane 
and Crawley 2002). The ‘evolution of increased competi-
tive ability hypothesis‘ (EICA) extends this assumption by 
assuming that plants experiencing reduced herbivory in a 
new range should be under strong selection to allocate less 
resources to defenses and more to growth and reproduc-
tion, resulting in an evolution of increased competitive abil-
ity in these plant populations (Blossey and Notzold 1995). 
The ERH has been contradicted by the notion that native 
generalist herbivores prefer alien to native species because 
the newcomers have not been selected to resist their new 
enemies (Parker and Hay 2005; Morrison and Hay 2011). 
However, recent studies corroborated that aliens may have 
an advantage over native competitors since they contain 
potent defense compounds toward which the native con-
sumers are evolutionarily naïve. This so-called novel weap-
ons hypothesis (NWH) is indirectly supported by correla-
tion studies, showing that highly invasive plants are more 
likely to possess novel chemical defenses compared to non-
invasive species (Cappuccino and Carpenter 2005; Cappuc-
cino and Arnason 2006). Enge et al. (2012) corroborated 
the NWH showing that the low consumption of the suc-
cessful invader Bonnemaisonia hamifera might be attrib-
uted to a chemical defense toward which the indigenous 
consumers are evolutionarily naïve.

Despite increasing research on traits which promote 
invasion success and on links between invaders’ second-
ary metabolites and feeding preference of local herbivores, 
there is still little direct evidence in support of the NWH 
or the evolutionary adaptation of chemical defenses to the 
invaded ecosystem. Most studies investigating correlations 
between plant invasion and palatability originate from ter-
restrial organisms and have produced inconsistent results 
(Dietz and Edwards 2006). In this study, we compared the 
palatability of an invasive alga with closely related noninva-
sive species in order to find further support for the ERH or 
the NWH.

We used the brown algal species Sargassum muticum 
(Yendo) Fensholt as a model for a highly invasive seaweed. 
Originating from the Pacific (Chinese and Japanese Sea), 

it has been non-intentionally introduced to Europe with 
oysters in the early 1970 s (Critchley 1983). Thereupon, 
it was reported from various locations along the Atlantic 
coast of Western Europe from Portugal to Scandinavia. 
S. muticum was first recorded in the German part of the 
North Sea in 1988 (Kornmann and Sahling 1994; Karlsson 
and Loo 1999) and is nowadays present in suitable habi-
tats (i.e., rocky shores and artificial hard substrata) on most 
European Atlantic coasts (Engelen et al. 2015). It is still 
extending its range and has recently arrived on the coast of 
Morocco (Sabour et al. 2013). S. muticum produces several 
defense compounds effective against bacteria, fungi, algal 
competitors and herbivores (Plouguerné et al. 2008; Bazes 
et al. 2009; Plouguerné et al. 2010) and is a rich source of 
phlorotannins (Tanniou et al. 2014), suggesting that the 
invasive success of S. muticum might be partly explained 
by its effective chemical defense. A low herbivore prefer-
ence for S. muticum has been assumed to give the invader 
a competitive advantage over the native algal community 
along the Portuguese coast, thereby contributing to the 
invasiveness of S. muticum (Monteiro et al. 2009). Sev-
eral studies evaluated herbivory on invasive algal species 
in their introduced range, and in most cases, grazers from 
the introduced range preferred native to non-native algae 
(Weinberger et al. 2008; Monteiro et al. 2009; Cacabe-
los et al. 2010; Engelen et al. 2011; Nejrup et al. 2012). 
However, only few studies compared native and introduced 
populations of the same—or of closely related algal spe-
cies. The study of Wikström et al. (2006) revealed that the 
brown alga Fucus evanescens is less exposed to herbivory 
in its introduced range in Sweden than in its native range 
in Iceland, probably due to increased chemical defenses in 
introduced populations. Similarly, Hammann et al. (2013) 
found a higher palatability of native compared to invasive 
Gracilaria vermiculophylla but with high regional variabil-
ity between the native populations and without considering 
different life history stages. Thus, differences in palatabil-
ity might also be explained by different herbivore prefer-
ences for haploid, diploid or even polyploid stages (Pereira 
and da Gama 2008).

Palatability relies not only on chemical defensive 
metabolites but also on the nutritional value or structural 
characteristics of algal food. Since herbivores are usually 
nitrogen-limited, they are assumed to prefer algae with a 
high protein content and a high proportion of nitrogen, i.e., 
with a low carbon-to-nitrogen (C:N) ratio (Mattson 1980; 
Cruz-Rivera and Hay 2003). In general, herbivores look 
for energy-rich compounds and nutrients, such as proteins, 
nitrogen, and carbohydrates, and the availability of these 
primary compounds is therefore expected to affect food 
preference strongly (Mattson 1980).

In this study, we compared the palatability and nutri-
tional value of invasive S. muticum and two Sargassum 
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species from Japan: Sargassum fusiforme (Harvey) Setch-
ell, which is currently not recorded as invasive, and Sargas‑
sum horneri (Turner) C. Agardh, which has recently been 
recorded along the southern region of the Pacific coast 
but has not yet reached the North Sea (Marks et al. 2015). 
Feeding preference was also compared to the local domi-
nant North Sea brown alga Fucus vesiculosus Linnaeus 
1753. Additionally, we compared intraspecific differences 
in palatability and chemistry of an invasive S. muticum pop-
ulation from the German North Sea and a native population 
from Japan and looked for possible adaptations and result-
ing chemical modification during the invasion process. We 
performed feeding assays and chemical analyses to test the 
following hypotheses: (1) the invasive alga S. muticum is 
less preferred by North Sea herbivores compared to a co-
occurring competing brown alga as stated by the NWH; (2) 
the invasive alga S. muticum is less preferred by North Sea 
herbivores compared to close relatives which might explain 
its invasiveness; (3) S. muticum originating from invasive 
populations is in general less palatable than S. muticum 
from native populations because it has been selected for 
resistance against North Sea herbivores during the inva-
sion process and (4) the evolved increased herbivore resist-
ance is due to a different chemistry of invasive and native 
S. muticum due to changing environmental conditions and 
grazing pressure.

Materials and methods

Collection of organism and extract preparation

Whole algal thalli of adult Sargassum species were sam-
pled before maturation in Japan and Germany. Three Sar‑
gassum species (Phaeophyceae), S. fusiforme, S. horneri 
and S. muticum were obtained from Japan by Scuba div-
ing at a depth of 1–3 m in the Seto Inland Sea, Oshima, 
Japan (33°55′04.4″N132°27′42.7″E) during March 2013. 
The invasive Sargassum muticum from Germany was col-
lected in June 2014 in the sheltered rocky intertidal zone of 
Heligoland, Germany (54° 11′05.3″N, 7°52′31.4″E). Fucus 
vesiculosus was collected by hand from Nassau harbor in 
Wilhelmshaven, Germany (53°30′54.7″N8°08′57.8″E) 

in April 2012. After collection, all Sargassum specimens 
were immediately transferred to the laboratory in insulated 
boxes filled with seawater, where they were gently washed 
with sterile seawater and cleaned from associated epibiota. 
Individuals of each algal species were pooled, wet weight 
(±0.01 g) was measured with a balance, and the volume 
of each species was determined by water displacement in 
a graduated cylinder (Table 1). Since we wanted to assess 
herbivore preferences based on chemical characteristics, 
the algae were subsequently frozen and freeze-dried to 
avoid changes in algal chemistry due to transport. Freeze-
dried Sargassum spp. from Japan were sent to Germany for 
further processing and ground into fine powder to increase 
extraction efficiency. One part of the freeze-dried algal 
powder from Japan and from Germany was kept for the 
feeding assays, while the other was used for extraction of 
secondary metabolites.

Freeze-dried algal powder was extracted three times 
with ethylacetate (EtOAc)/methanol (MeOH) (AppliChem 
GmbH) (1:1, v/v) and finally with 100 % methanol. For 
each gram of algal weight, 20 mL of solvent was used. 
Each extract was filtered through Watman No. 1 filters, and 
remaining solvents were removed by rotary evaporation. 
The obtained extracts were combined, dried in a centrifu-
gal vacuum concentrator, weighed and stored in a freezer at 
−20 °C until used in feeding assays (Table 1).

Feeding assay

Study organisms

The palatability of the invasive S. muticum from the North 
Sea, hereafter S. muticum (inv.), was compared with the 
two noninvasive Sargassum species (S. fusiforme, S. 
horneri) and native S. muticum from Japan, hereafter S. 
muticum (nat.), using two common North Sea herbivores: 
Littorina littorea (Gastropoda), and Psammechinus mil‑
iaris (Echinodermata), and the omnivore: Idotea baltica 
(Isopoda). These species occur abundantly on seaweeds 
and are considered to be generalist consumers (Toth et al. 
2007; Enge et al. 2012; Kelly and Scheibling 2012; Nylund 
et al. 2012). Isopods were taken from an I. baltica culture 
of the Alfred Wegener Institute, Bremerhaven, Germany. 

Table 1  Extracted dry weight 
(dw), volume, yield of crude 
extract and the specific tissue 
concentration of freeze-dried 
algal tissue of Sargassum spp. 
from Japan and Germany and of 
F. vesiculosus from Germany

Algal species Location Crude extract

Dwalga [g] Vol.alga [ml] Extract [g] Tissue conc. [mg ml-1]

S. fusiforme Seto Inland Sea, Japan 55 362.1 7.97 22.02

S. horneri 45 397.8 9.77 24.55

S. muticum 60 474.78 13.75 28.96

F. vesiculosus North Sea 60 306.72 10.86 35.41

S. muticum 104.43 645.93 19.5 30.19
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Isopods were fed with customary fish food and the brown 
alga Ascophyllum nodosum, and maintained in an aerated 
200 L flow-through tank with a 12/12 h light/dark cycle 
within a constant temperature room of 15 °C. New I. bal‑
tica individuals from drift algae collected in the Heligoland 
Bight were constantly introduced into the culture. During 
the experimental phase, isopods were maintained on their 
natural diet A. nodosum to avoid a preconditioning to any 
of our test algae.

Littorina littorea were collected between June and Sep-
tember 2014 from tide pools in the higher intertidal zone 
of the North Sea (53°30′46.9″N8°08′39.8″E). Snails were 
directly transferred to 27 L aerated seawater aquaria with 
a 12/12 h light/dark cycle and fed with Ulva sp. and A. 
nodosum up to 2 days before being used in experiments. 
Although it is known that some animals change their feed-
ing preferences when they are starved, previous studies 
revealed similar feeding preferences for fed and 2 weeks 
starved L. littorea (Imrie et al. 1990; unpublished data). 
We used this fasting period to ensure feeding within 24 h. 
Water was exchanged manually two times a week, and tem-
perature varied between 18–20 °C.

Psammechinus miliaris were collected around 
the German North Sea archipelago Heligoland 
(54°10′57″N 7°53′07″E) in July 2014. Sea urchins were 
maintained in 27 L aerated flow-through outdoor aquaria 
with flow-through seawater from the adjacent North Sea. 
Sea urchins were fed with fresh Ulva sp. and A. nodo‑
sum during a 4 weeks acclimation phase and between 
experiments.

Prior to the experiments, all herbivores were offered arti-
ficial food containing agar and pulverized Ulva sp. to get 
used to the agar-based diet. Snails were left without food 
2 days before the experiment to ensure active feeding dur-
ing the assays. Individual snails and isopods were only 
used once for the feeding experiments. Due to the smaller 
stock of sea urchins, they were applied in different feeding 
assays but with an interval of at least 4 weeks.

Artificial food preparation

Two kinds of artificial algal food were tested to analyze 
the feeding preferences of L. littorea, I. baltica and P. mil‑
iaris: powdered algae and algal extracts. Artificial food pel-
lets containing powdered algae were produced to exclude 
the morphological characteristics. Consequently, feeding 
preferences were based on chemical and nutritional algal 
characteristics only. Food pellets with algal extracts were 
prepared to exclude both the morphologic structure and the 
nutritional value of Sargassum species to ensure that feed-
ing preferences were predominantly due to chemical char-
acteristics (Hay et al. 1994).

Artificial food preparation was adapted from Hay et al. 
(1994) and Schupp and Paul (1994). To prepare the artifi-
cial food, 1.08 g agar was dissolved in 30 mL distilled H2O 
and heated in a microwave. Dried and ground algae were 
added at natural concentrations corresponding to 30 mL 
volume to obtain the algal powder food pellets. Natural 
concentration was calculated as algal dry weight per 1 mL 
algal volume times 30 (Table 1). For the food with algal 
extracts, lyophilized Ulva sp., a local palatable green alga, 
served as basis for the artificial food. 3.3 g Ulva sp. powder 
was added to the microwaved agar and stirred rapidly for 
even distribution of the algal powder. Crude extracts of Sar‑
gassum spp. and F. vesiculosus were redissolved in 5 mL 
methanol and incorporated into the Ulva-agar mixture at 
natural volumetric concentration. Most of the methanol 
evaporates when added to the hot algal mixture, minimizing 
potential toxic effects. Additionally, the Ulva-agar mixture 
was treated with the same amount of methanol and con-
sumed readily (data not shown). To achieve pieces of algal 
food in equal size and thickness, the hot agar-algae mixture 
was pressed onto a stainless steel window screen for sea 
urchin and on plastic window screen for snail and isopod 
food. After cooling, the agar food was firmly attached to 
the window screen and cut into pieces of 2 × 2 cm for sea 
urchins and 1 × 1 cm for snails and isopods and immedi-
ately used in feeding assays (Hay et al. 1994; Rohde et al. 
2004)

Two‑choice feeding assays

In a crossed design, Sargassum spp. and F. vesiculosus 
were tested in two-choice feeding preference tests (n = 20) 
with each herbivore. Each of the three herbivores was 
allowed to choose between the same two varieties of artifi-
cial agar food, either as algal powder or extract. The assays 
were conducted in 17 × 13 cm boxes filled with filtered 
seawater and one herbivore per box. In the case of L. lit‑
torea, three snails were inserted in each replicate due to 
low consumption rates. Herbivores were allowed to feed 
until half of one agar piece was consumed or until 48 h had 
passed. Preference was quantified as the number of entirely 
eaten window screen squares. Replicates where no food 
was consumed were excluded from statistical analysis.

Algal chemical defense and nutritional characteristics

Algal nutritional value was characterized by measuring 
the wet/dry weight ratio (ww/dw), the amount of phe-
nolic compounds, proteins and mannitol concentration. 
All the chemical analyses were run from algal material 
which was freeze-dried immediately after collection, pul-
verized and stored at −20 °C until final determination. 
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Such a procedure is advised to preserve the chemical 
constituents in the best possible way (Waterman and 
Mole 1994). Phenolic, protein and mannitol content were 
measured photometrically using a microplate reader (see 
below, Thermo Fisher Scientific Inc., Waltham, MA., 
USA).

Quantification of polyphenols

The total phenolic content of all species used in the feed-
ing assays was determined with a microplate-adapted 
Folin–Cioalteu assay following the procedure described in 
Zhang et al. (2006). Phloroglucinol (1,3,5-trihydroxyben-
zene, Sigma-Aldrich, Germany) was used as a standard, 
and a calibration curve was generated with concentrations 
of 0, 6.25, 12.5, 25, 50 and 100 µg mL−1. Total phenolic 
contents (TPCs) were expressed as percentages of phenolic 
compounds per algal dw. The Folin–Ciocalteu method 
quantifies non-phenolic hydroxylated aromatic compounds 
as well, but since these interfering substances make up 
<5 % of the total reactive compounds, they were neglected 
(van Alstyne 1995). In the following, the term ‘phlorotan-
nins’ is used for total phenolics, since brown algae are not 
known to contain others polyphenols (Targett and Arnold 
1998).

Protein determination

The protein content was quantified using the microplate-
adapted Bradford method (Bradford 1976). For the cali-
bration curve, Bovine serum albumin (BSA) was used as 
a standard in concentrations of 20, 30, 40, 50, 60, 80 and 
100 µg mL−1. Algal samples (0.1 g) were extracted with 
1 M sodium hydroxide, and the absorbance was measured 
at 595 nm.

Mannitol determination

To determine mannitol concentrations, 0.1 g of each algal 
sample was extracted and analyzed after Vas’kovskii and 
Isai (1972), with the difference that periodate oxidation 
was stopped after 10 s. The short reaction time is important 
since this method is not specific for mannitol and it also 
stains some other polyols. However, the formation of for-
maldehyde from mannitol is particularly fast, which allows 
the quantification of algal mannitol content.

C/N ratio

Nitrogen and carbon contents were determined by using 
an elemental analyzer (Flash EA 1112, Thermo Fisher, 
Germany).

Statistics

Statistical calculations were performed using SPSS IBM 
Statistics version 23, Illinois, USA. Normality and homo-
geneity of variances were determined using the Kolmogo-
rov–Smirnov test and Levene’s tests, respectively. Since 
no homoscedasticity was achieved in the feeding prefer-
ence assays, means of the Wilcoxon signed-ranks paired 
test have been used to identify significant differences in the 
feeding preference assay.

A one-way ANOVA was used to assess differences of 
algal characteristics in terms of phlorotannin, mannitol 
and protein contents of Sargassum spp. and F. vesiculosus 
extracts. Pairwise differences were analyzed using Tukey 
post hoc tests.

Spearman’s rank correlation was performed to examine 
relationships between feeding preferences of the three her-
bivore species and determined algal characteristics.

In all cases, the threshold for significance was α = 0.05.

Results

Feeding preferences

All herbivore species demonstrated very similar feeding 
preferences in the two-choice feeding assays. All herbi-
vores preferred the local brown algae F. vesiculosus and 
the invasive population of S. muticum (inv.), while the S. 
muticum population from Japan, as well as Sargassum fusi‑
forme and Sargassum horneri, were less consumed in all 
assays. Not all combinations were tested since the assump-
tion that A > C when A > B and B > C seems to be justified 
when the preferences among five species could be linearly 
arranged without contradiction between preference results. 
However, at both extremes of the proposed preference gra-
dient, preferences were not always clear (Fig. 1a–c). Thus, 
the resulting ranking of the Japanese species should be con-
sidered with some caution (Table 2). Especially, the gastro-
pod L. littorea and the echinoderm P. miliaris were overall 
less selective than the isopod I. baltica and most choices 
were not significant. Nevertheless, L. littorea significantly 
preferred F. vesiculosus over every Sargassum species and 
S. muticum (inv.) over Sargassum spp. from Japan (Fig. 1b, 
p < 0.05). Surprisingly, both L. littorea and P. miliaris 
clearly differentiated between the invasive and native S. 
muticum with 97 and 81 % more consumption of the artifi-
cial food containing North Sea S. muticum extracts, respec-
tively (Fig. 1b, c).

Artificial food type (algal powder or extract) and her-
bivore species had overall no significant influence on the 
ratio of consumed algae (Table 2). In the case of L. littorea 
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(a)

(b)

(c)

Fig. 1  Mean consumption (+SD, n = 20) by the North Sea herbi-
vores a Idotea baltica, b Littorina littorea, and c Psammechinus mil‑
iaris. Herbivory was tested in two-choice experiments with artificial 
food containing either algal powder or algal extracts of the species 
S. fusiforme (SF; striped), S. horneri (SH; dotted), S. muticum (SM 

(nat)) from Japan (blank), as well as S. muticum (SM (inv.; black) and 
F. vesiculosus (FV; gray) from the North Sea. Significant consump-
tion differences are indicated by asterisks above the bars (n.s. = non-
significant, *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon signed-
ranks test)
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and P. miliaris, the ranking of algal species remained equal 
with changing food type. Rank four and five as well as 
two and three changed during assays with I. baltica when 
offered food pellets containing algal extracts compared to 
algal powder.

Algal characteristics

Mean phlorotannin concentration of F. vesiculosus and 
native S. muticum ranged from 3.32 to 5.87 % dw, respec-
tively, and exceeded other Sargassum spp. by up to 6.7 
times in the case of S. horneri (Fig. 2a). The protein con-
tent of F. vesiculosus (3.58 % dw) was significantly lower 
compared to Sargassum spp. and was around 33 % below 
the native S. muticum, which exhibited the highest protein 
concentration with 10.64 % dw (Fig. 2b). The native S. 

muticum and S. fusiforme are characterized by elevated pro-
tein content, while native and invasive S. muticum exhibited 
higher mannitol contents (Fig. 2b, c). Mannitol content of 
the native S. muticum was about 21 times higher compared 
to S. horneri but was even exceeded by the mannitol con-
centration of F. vesiculosus which averaged 12.24 % dw 
(Fig. 2c). The C/N ratio ranged between the lowest ratio for 
S. fusiforme with 9.33 and the high ratios for the native S. 
muticum and F. vesiculosus with 19.84 and 22.08, respec-
tively (Fig. 2d).

A Spearman’s rank-order correlation was run to deter-
mine the relationship between algal preference ranking 
and the nutritional value of powdered algal food (Table 3). 
There was a significant positive correlation between isopod 
feeding preference, phlorotannin (rs = 0.655, p = 0.008), 
mannitol content (rs = 0.895, p < 0.001) and C/N ratio 

Table 2  Ranking of feeding preferences of the North Sea herbivores 
Idotea baltica, Littorina littorea and Psammechinus miliaris when 
fed with two types of artificial food containing either algal powder 
or algal crude extract of F. vesiculosus (FV), the Sargassum species  
S. fusiforme (SF), S. horneri (SH) and S. muticum (SM). SM included 

specimens both from the North Sea population (inv.) and a population 
from Japan (nat.). Preference ranking derived from food consumption 
in two-choice feeding trials is defined as the difference of consumed 
food whether significant or not. 5 is the most and 1 the least preferred 
species

Herbivore Food type Feeding preference from most (5) to least preferred (1)

5 4 3 2 1

I. baltica Powder FV SM (inv.) SM (nat.) SF SH

Extract SM (inv.) FV SF SM (nat.) SH

L. littorea Powder FV SM (inv.) SF SH SM (nat.)

Extract FV SM (inv.) SF SH SM (nat.)

P. miliaris Powder FV SM (inv.) SH SF SM (nat.)

Extract FV SM (inv.) SH SF SM (nat.)

Fig. 2  Tissue contents 
(means + SD; n = 3) of a phlo-
rotannin, b protein, c mannitol 
and d C/N ratio for Sargassum 
spp. from Japan (white bars; S. 
muticum (SM (nat), S. fusiforme 
(SF), S. horneri (SH)) and F. 
vesiculosus (FV) and S. muti‑
cum (SM (inv.) from the North 
Sea (black bars). Different 
letters above the bars indicate 
significant differences between 
tissue concentrations (ANOVA, 
Tukey post hoc test, p < 0.05)

(a) (b)

(c) (d)
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(rs = 0.753, p = 0.001). While protein content did not 
significantly correlate with isopod feeding preference 
(p = 0.187), it was negatively correlated with the feeding 
preference of L. littorea (rs = −0.655, p = 0.01) and P. 
miliaris (rs = −0.862, p < 0.001).

Discussion

Herbivory is especially intense in marine environments, 
with approximately 70 % of benthic primary production 
being consumed by herbivores globally (Poore et al. 2012). 
Therefore, feeding preferences of native generalist herbi-
vores may determine community composition and could 
influence algal invasion success in two opposing ways: 
Native generalists could either preferentially attack exot-
ics which are not defended against herbivores in their new 
range and consequently suppress their abundance (e.g., 
Lind and Parker 2010; Morrison and Hay 2011), or release 
less preferred invaders from predation (Wikström et al. 
2006; Monteiro et al. 2009; Nejrup et al. 2012).

In our study, the three tested local herbivores clearly pre-
ferred the local brown alga F. vesiculosus over S. muticum 
(inv.), while the three Sargassum species from Japan were 
less consumed in all assays. The detected preference for a 
native alga is consistent with the ERH and several studies 
which quantified grazing on invasive seaweed species in 
their new range. In most cases, grazers from the invaded 
region preferred native over non-native algae (Cappuccino 
and Carpenter 2005; Weinberger et al. 2008; Monteiro et al. 
2009; Cacabelos et al. 2010; Engelen et al. 2011; Nejrup 
et al. 2012). The lower grazing pressure on S. muticum 
compared to its abundant competitor F. vesiculosus might 
partly explain the invasive success of S. muticum in the 
North Sea. Engelen et al. (2011) investigated whether the 
low food preference for S. muticum reported by Monteiro 
et al. (2009) also holds when tested with different foods 
and herbivores. Their results confirmed the avoidance of S. 
muticum compared to native algae by all tested herbivores. 
Additionally, the high growth rate of S. muticum was less 
affected by the grazers compared to native seaweeds which 
showed a decreased growth rate in the presence of grazers. 
Similarly as in our study, Johnsen et al. (2013) found an 
overall tendency for the avoidance of S. muticum compared 

to native algae by P. miliaris. Nevertheless, the ERH does 
not only relate to the complete absence of grazing on a 
non-native species, but also to relative grazing pressure on 
non-native species when compared with native, co-occur-
ring species. Preference for and higher consumption of the 
dominant brown alga F. vesiculosus may lower the graz-
ing pressure on the non-native S. muticum and even release 
it from potential competition with indigenous species, 
thereby increasing the overall fitness and the space exten-
sion of invasive S. muticum within its new range. Since S. 
muticum (inv.) was not completely refused by the tested 
herbivores in our study, it can be argued that it was the 
reduction in herbivore intensity rather than the escape from 
(native) herbivores that provided the invasive macroalga 
with an advantage over the local F. vesiculosus (Vermeij 
et al. 2009). Since there are no publications about herbivory 
of S. muticum in its native range, the threat of predation 
by those diverse herbivores inhabiting S. muticum’s native 
range can merely be assumed (Trowbridge et al. 2009).

Artificial algal food type (powder or extract) had over-
all no significant influence on the ratio of consumed algae 
(Table 2), thus indicating that algal chemistry is responsible 
for herbivore preference. This is concurrent with the NWH, 
since S. muticum might possess exotic metabolites to which 
North Sea herbivores are evolutionarily naïve. Additionally, 
chemical metabolites seem to be efficient against a broad 
range of generalist herbivores, given that different herbi-
vores did not change the general pattern of preference for 
the local North Sea algae compared to Sargassum species 
from Japan.

Low preference of herbivores for S. muticum has been 
linked to the presence of secondary metabolites, such as 
the relatively high levels of phenolic compounds (Monteiro 
et al. 2009). This correlates with our result that the least 
preferred S. muticum (nat.) exhibited the highest phloro-
tannin content compared to all other tested species. How-
ever, the native S. horneri and S. fusiforme were similarly 
avoided by herbivores and revealed the lowest phlorotannin 
contents. Previous studies have shown opposing effects of 
phlorotannin on herbivores (Targett and Arnold 1998; Deal 
et al. 2003), suggesting that adaptations to utilize phloro-
tannin-rich algae for food have evolved among marine her-
bivores. Especially, I. baltica has been shown to be adapted 
to feed on phlorotannin-rich species. This herbivore even 

Table 3  Spearman’s rank-
order correlation between 
algal preference ranking and 
nutritive value for the three 
herbivores used in feeding 
assay. Significant correlations 
are written in bold (p < 0.05)

Herbivore Phlorotannins Protein Mannitol C:N ratio

rs p rs p rs p rs p

I. baltica 0.655 0.008 −0.36 0.187 0.895 <0.001 0.753 0.001

L. littorea −0.033 0.908 −0.655 0.010 0.426 0.114 0.273 0.325

P. miliaris −0.065 0.817 −0.862 <0.001 0.327 0.234 0.382 0.160
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preferred those algae with the highest phlorotannin content 
in feeding choice experiments (Jormalainen et al. 2001). 
Furthermore, we found a positive correlation between pref-
erence ranking and phlorotannin content, meaning that 
preference increases with increasing phlorotannin con-
centrations, and also suggesting that other metabolites are 
responsible for feeding deterrence of Japanese Sargassum 
species. Protein content decreased with increasing feeding 
preferences of I. baltica, L. littorea and P. miliaris. Thus, 
the most preferred F. vesiculosus and S. muticum (inv.) 
exhibited the lowest protein per dry weight. I. baltica feed-
ing preference and C/N ratio is however positively corre-
lated, meaning that most preferred F. vesiculosus exhibited 
the highest C/N ratio. Herbivores are generally nitrogen-
limited and depend on the intake of food with a high pro-
tein content and a high proportion of nitrogen, thus with 
a low (C/N) ratio (Mattson 1980; Cruz-Rivera and Hay 
2003). Therefore, the preference for algae with low nitro-
gen content might be another indication that algal palatabil-
ity is determined by other algal characteristics, such as the 
quality and quantity of secondary metabolites. Only algal 
mannitol content might contribute to feeding preference 
with a significant positive correlation between I. baltica 
feeding preference and an increasing amount of mannitol 
per dry weight. Mannitol-containing food has previously 
been shown to attract I. baltica (Weinberger et al. 2011) 
since mannitol food concentration positively co-varied with 
egg size and therefore plays an important role in the repro-
ductive performance of isopods (Hemmi and Jormalainen 
2002, 2004).

Interestingly, both L. littorea and P. miliaris clearly dif-
ferentiate between the invasive and native S. muticum with 
a 97 and 81 % higher consumption of food containing 
North Sea S. muticum extracts, respectively. This result is 
contrary to our initial hypothesis that invasive S. muticum 
populations are in general less palatable than S. muticum 
from native populations because they have been selected 
for resistance against herbivores during the invasion pro-
cess. It seems rather likely that the defensive level of S. 
muticum decreased after the establishment in the North 
Sea. Since there is not much known about S. muticum–her-
bivore interactions in Japan, we only can hypothesize what 
happened during its invasion process. Japanese shores have 
a higher density of macroalgae and herbivores, probably 
resulting in more species interactions compared to other 
temperate shores (Trowbridge et al. 2009). Thus, Japanese 
S. muticum might invest more energy in costly defenses 
against herbivores and competitors to persist in this highly 
competitive environment. Anti-feeding compounds might 
have aided the establishment of S. muticum, which bene-
fited from the higher grazing pressure on its strongest com-
petitor F. vesiculosus. These suggestions are in line with the 
‘novel weapons hypothesis’ (NWH). Many studies suggest 

that well-defended introduced species can get a significant 
advantage over native competitors and rapidly become 
abundant in communities dominated by generalist consum-
ers (Callaway and Ridenour 2004; Cappuccino and Carpen-
ter 2005; Cappuccino and Arnason 2006; Forslund et al. 
2010). After the positive establishment of S. muticum in its 
new range, it might have come to a resource allocation shift 
from the production of defense metabolites to reproduc-
tion and/or growth (i.e., evolution of increased competitive 
ability or EICA hypothesis; Blossey and Notzold 1995). A 
terrestrial metaanalysis by (Hawkes 2007) which compared 
conspecifics in native and introduced ranges provides fur-
ther clues for possible evolutionary adaptations of intro-
duced organisms due to altered environmental conditions. 
Furthermore, the author’s analyses suggested that conspe-
cifics were generally larger and allocated more to repro-
duction in the introduced range compared with the native 
range. In fact, S. muticum is one of the smaller Sargassum 
species in Japan (75–120 cm; Josefsson and Jansson 2011; 
Yendo 1907), but grows considerably larger when intro-
duced into new areas and reaches a length of >4 m in the 
German North Sea (Polte and Buschbaum 2008). However, 
the size of S. muticum in its native range is controversial. 
The sampled S. muticum used in the present study was 
about 1–1.5 m long and reached maximum length of 2 m 
after maturation (pers. communication), but there are recent 
findings of large specimens of up to 3.2 m (Engelen et al. 
2015). It seems that there have been two phases of inva-
sion (Dietz and Edwards 2006) into the North Sea. In phase 
one, the pre-adapted highly defended S. muticum arrived 
in the new range where it benefited from grazer avoidance 
compared to the local dominant brown alga F. vesiculosus. 
Grazer attacks decreased growth rates of F. vesiculosus and 
therefore facilitated the rapid establishment of S. muticum 
in the German North Sea. In phase two, the continuous low 
grazing pressure resulted in a resource allocation shift from 
the production of defense metabolites to reproduction or 
growth, which is reflected by the higher length of S. muti‑
cum in the North Sea compared to Japan. This caused a 
selection of the less defended but more vigorous or compet-
itive genotypes (Blossey and Notzold 1995; Callaway and 
Ridenour 2004; Cano et al. 2009). However, this mecha-
nism is highly speculative and other studies found opposite 
results. Non-native populations of the East Asian seaweed 
Gracilaria vermiculophylla have been shown to be gener-
ally less palatable to marine herbivores than native popu-
lations, and the increased capacity for activated chemical 
defense is suggested to have contributed to their invasion 
success (Hammann et al. 2016). Furthermore, Le Cam et al. 
(2015) found limited genetic polymorphism of S. muticum 
populations in the invaded ranges and a perfect match of 
the invaded genotype in one of the native population, 
implying a restricted probability of genetic adaptation due 
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to the release from predation. A resource allocation shift 
might therefore rather result from gene expression regula-
tion than from real adaptation through gene modification.

Additionally, differences in feeding preference might 
arise from other confounding factors. The more apical and 
younger areas of the thallus are usually defended more 
strongly (Pavia et al. 2002), and the sampling of Sargassum 
populations of different developmental stages might result 
in more or less feeding deterrence. Phenolic content of S. 
muticum in Brittany peaked during the reproductive period, 
which was hypothesized as providing a maximum protection 
of the fertile receptacles from both grazing and solar radia-
tion (Plouguerné et al. 2006). Thus, different tissue types 
or developmental stages of native and invasive S. muticum 
might result in different feeding preferences. We tried to 
minimize these factors in this study by sampling whole algal 
thalli of Sargassum spp. North Sea and Japanese populations 
and before maturation only. Furthermore, algal metabolites 
can differ among populations over scales of hundreds of kil-
ometers. Phlorotannin concentration of Ascophyllum nodu‑
sum populations differed significantly at scales of meters up 
to one kilometer, whereas only little variations were found 
among populations located 1000 km apart (Pavia and Åberg 
1996). Therefore, general assumptions about invasive and 
native Sargassum spp. should be handled with caution.

While S. muticum was significantly less preferred to F. 
vesiculosus by all tested herbivores, there is no clear evi-
dence that it is better defended than its native, non- or 
weakly-invasive relatives. S. muticum (nat.) has in fact 
been the least preferred by two out of three tested herbi-
vores. However, this is just a weak indication for explaining 
the invasion success of S. muticum compared to S. horneri 
or S. fusiforme. There have been a number of other traits 
besides, or in conjunction with, herbivore defense (Carpenter 
and Cappuccino 2005; Engelen et al. 2011) that have been 
found to be important for the establishment and dispersal of 
introduced species: Faster growth or higher fecundity (van 
Kleunen et al. 2010; Engelen et al. 2011), positive response 
to disturbance (Deysher and Norton 1982), and invasion 
melt-downs where non-native herbivores selectively suppress 
native plants and facilitate invasion by non-native plants that 
have evolved with these invasive herbivores (Parker et al. 
2006). S. muticum shows several of these characteristics with 
its high reproductive output, fast growth and great potential 
to colonize uninhabited areas (Deysher and Norton 1982; 
Wernberg et al. 2000; Engelen et al. 2011). Additionally, S. 
muticum exerts other adverse effects on the local algal com-
munity. The introduction of S. muticum in Limfjorden has 
led to a decline in slow growing perennial species, such as 
Fucus vesiculosus, Fucus serratus, Saccharina latissima and 
Codium fragile. It has been suggested that the reduction of 
these algae is due to competition for space with S. muticum 
(Stæhr et al. 2000). Furthermore, S. muticum is less affected 

by herbivory and can compensate grazing losses through 
high growth rates, while growth of local co-occurring spe-
cies is reduced due to grazing. On the other hand, it can be 
argued that the well-defended Japanese S. fusiforme and S. 
horneri might invade the North Sea in future as well. The 
high growth rates of S. muticum of 4 cm day−1 under opti-
mal conditions (Jephson and Gray 1977) has not yet been 
achieved by S. horneri (0.1–0.9 cm day−1 in situ; Gao and 
Hua 1997) or S. fusiforme (0.2 cm day−1 in the laboratory; 
Zou 2005). However, S. horneri has recently been detected 
in California, USA, from where it spread rapidly along 
the southern region of the Pacific Coast and might achieve 
higher growth rates with further dispersal (Miller et al. 2007; 
Marks et al. 2015). It might therefore be reasonable not to 
focus on S. muticum only, but to include other Sargassum 
species in North Sea monitoring programs to prevent their 
establishment in European waters.

In conclusion, the invasion success of S. muticum in 
the North Sea might have been facilitated by feeding pref-
erences of local herbivores. The invasive S. muticum was 
less preferred compared to its local competitor F. vesiculo‑
sus which might have facilitated the expansion of S. muti‑
cum in its new range. The native S. muticum population 
from Japan was less preferred compared to its allopatric 
population from the North Sea. This might be the result of 
a resource allocation shift due to reduced grazing pressure 
in the North Sea.

More comparisons between invasive and noninvasive 
related species should be conducted in various environ-
ments differing in grazing pressure and competition in 
order to get a closer insight into invasive traits and evolu-
tionary adaptations.

Since other Sargassum species from Japan are equally 
defended against grazers like S. muticum from Japan, they 
should be included in European monitoring programs.
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