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Abstract
Generalist consumers potentially limit introduced prey populations when they are willing and able to consume those prey,
but because generalist consumers vary in feeding preference, they are not equally effective in resisting invasions. Previous
work suggested that during the introduction of the red seaweed Gracilaria vermiculophylla to North American and European
shorelines, populations evolved enhanced levels of constitutive and activated prostaglandin-based defenses against Littorina
snails and the isopod Idotea balthica. However, when we offered tissue from a total of 700 G. vermiculophylla thalli from
14 native Japanese and 25 non-native sites to a North American population of the generalist amphipod Ampithoe valida,
native and non-native populations were consumed at statistically indistinguishable rates. In contrast to previous results using
Idotea and Littorina, we found no evidence that mechanical wounding of G. vermiculophylla altered palatability of thalli to A.
valida. These results indicate either the strength of anti-herbivore defense varies across the geographic range in the seaweed’s
native range in the Northwest Pacific, that the effectiveness of G. vermiculophylla to deter herbivores varies across generalist
herbivore species, or both. In either case, we question the conclusion that rapid phenotypic shift in anti-herbivory traits to
generalist herbivores occurred in this species. Future studies should focus on whether shifts in anti-herbivore defenses are
adaptive by experimentally assessing species-specific herbivore impacts in native and non-native ranges.
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Non-native plants can profoundly alter community structure
and ecosystem functioning in both terrestrial and marine
habitats (Vila et al. 2011; Maggi et al. 2015). Among the
many ecological factors that promote successful invasions
(Sakai et al. 2001), one frequently cited factor is the lower
rates of attack by herbivores and pathogens relative to attack
rates on native plants. Lower attack rates result either when
few specialist herbivores invade with their host plants, local
herbivores are unwilling or unable to consume these novel
plants because they produce chemical defenses with which
they have not shared evolutionary history, or both (e.g.,
Keane and Crawley 2002; Colautti et al. 2004; Nyberg and
Wallentinus 2005). In some cases, however, native herbivores preferentially attack non-native plants relative to
native plants, because these non-native plants are novel and
have not been exposed to evolutionary arms races with local
herbivores (see Parker et al. 2006). Thus, evolutionary novelty can argue for both limitation and facilitation of plant
invasions (Lind and Parker 2010).
One common line of evidence for the importance of
enemy-release to invasion success is the rapid evolution of
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anti-herbivory traits. If a direct comparison of non-native
and native populations in a single species reveals greater
anti-herbivory traits among non-native populations, then
this supports the notion that such traits were important in
the invasion success. However, recent reviews of terrestrial plants indicate that non-native species only sometimes
produce greater levels of chemical defenses in their nonnative range (Felker-Quinn et al. 2013; see also Lind and
Parker 2010). There is also evidence that these evolutionary
changes in anti-herbivory traits will depend on the relative
importance of specialist and generalist consumers in the
native and non-native range (Müller-Schärer et al. 2004).
One limitation to most studies is that they typically do
not compare non-native populations with the native populations that served as the source of the invasion (Colautti and
Lau 2015). A comparison with non-source native populations may be misleading when there is geographic variation
in palatability, as individuals from the source region may
be avoided by herbivores in both the native and non-native
ranges (termed prior adaptation; sensu Hufbauer et al. 2012).
Among non-native seaweeds, there is growing evidence
that the generalist herbivores, which dominate marine systems (Sotka et al. 2009), tend to prefer native species over
non-native species (e.g., Wikström et al. 2006; Weinberger
et al. 2008; Monteiro et al. 2009; Cacabelos et al. 2010; Enge
et al. 2012; Engelen et al. 2011; Nejrup and Pedersen 2012).
In the three studies in which native and non-native populations were compared for their anti-herbivory traits, there
was consistent feeding preference for the native populations
(e.g., Schwartz et al. 2016; Forslund et al. 2010; Hammann
et al. 2016). However, in none of these cases was the native
source population identified, and, as such, it is difficult to
distinguish rapid evolution during or after the invasion from
geographic variation that evolved before the invasion.
The red seaweed Gracilaria vermiculophylla (Ohmi)
Papenfuss is native to the Northwest Pacific but has rapidly
expanded along North American and European coastlines
over the past several decades (Rueness 2005; KruegerHadfield et al. 2017). Krueger-Hadfield et al. (2017) used
population genetics to delineate the invasion history of this
alga. The authors found the coasts of Honshu and Hokkaido
Islands in Japan had served as the ultimate source of the
invasion. While G. vermiculophylla evolved a tolerance to
low salinities, extreme temperatures, and low light (Raikar et al. 2001; Yokoya et al. 1999; Rueness 2005; Nejrup
and Pedersen 2012), there are reasons to think that invasion success was also facilitated by an evolved resistance
to generalist herbivores. Nylund et al. (2011) mechanically
wounded non-native G. vermiculphylla thalli and found an
up-regulation of secondary metabolites, including prostaglandins. Extracts from mechanically wounded tissues
were also less palatable to the generalist herbivore Idotea
balthica (Nylund et al. 2011). Similarly, Hammann et al.
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(2016) found that these wounding responses were stronger
among non-native relative to native thalli. Hammann et al.
(2013) also showed that generalist Littorina snails preferred
native over non-native G. vermiculophylla thalli even in the
absence of wounding, indicating greater levels of constitutive anti-herbivore defenses. Hammann et al. (2013, 2016)
assayed native populations (China, South Korea) that did not
serve as a major source of the invasion (Krueger-Hadfield
et al. 2017). Therefore, the shift in palatability may have
reflected geographic variation in the native range, or microevolution during or after introduction.
To assess geographic variation in the palatability of G.
vermiculophylla, we quantified the feeding response of the
amphipod Ampithoe valida to thalli from native and nonnative sites. A. valida is a generalist, largely herbivorous
consumer (Cruz-Rivera and Hay 2000; Reynolds et al. 2012)
found in high-salinity estuaries in which G. vermiculophylla
is now commonplace. A. valida is comprised of three lineages separated by ~ 3 million years (Pilgrim and Darling
2010; Harper and Sotka, unpublished data): two Pacific lineages co-occur with G. vermiculophylla in Japan and western
North America, while an Atlantic lineage co-occurs with G.
vermiculophylla along the eastern United States. Our objectives were to (1) compare the palatability of native and nonnative populations of G. vermiculophylla using no-choice
feeding assays, and (2) assess whether G. vermiculophylla
thalli from a single non-native population induce chemical
defenses that deter A. valida.

Methods
Collection of Gracilaria vermiculophylla
Between May and October 2015, G. vermiculophylla thalli
were sampled from 14 Japanese and 25 North American
and European sites (Fig. 1; Table S1). The native region
was divided into source and non-source regions based on
the population genetic study of Krueger-Hadfield et al.
(2017). In the non-native range, there were at least three
different invasions along each of the North American and
European coastlines, justifying separating each invaded
coastline into its own region. Because the non-native range
was dominated by the diploid phase of the biphasic life
cycle (Krueger-Hadfield et al. 2016), and because haploids
and diploids may differ in palatability (Thornber 2006),
we targeted only diploid thalli in our feeding assays. For
all thalli, ploidy was determined by reproductive structures (if present) under a microscope at 40× magnification.
However, not all thalli bore reproductive structures when
they were collected. Therefore, we used 10 microsatellites (Kollars et al. 2015; Krueger-Hadfield et al. 2016)
to genotype a subset of 16 thalli from each of the native
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Fig. 1  Native (top panel) and
non-native (bottom panel) populations of G. vermiculophylla
collected. Native source and
non-native populations (white
circles) and native non-source
populations (black circles) are
represented (see Supplemental
Table 1)

and non-native populations used in our assays to confirm
site-level estimates of ploidy, particularly for sites in the
native range where haploids and diploids are both found
(see Krueger-Hadfield et al. 2016, 2017). Previously, we
found a 100% match between reproductive haploid and
diploid thalli in which haploids only had one allele and
diploids had one or two, respectively (Kollars et al. 2015;
Krueger-Hadfield et al. 2016, 2017). In the native range,
genotyped thalli were largely diploid (> 0.88), though a
fraction of thalli from Moune Bay (mou) and Hikiyama
(hik) were vegetative haploids at the time of collection. In
the non-native range, almost all thalli collected were diploid (> 0.98). Therefore, we are confident that the majority
of the thalli used in our assays were diploid.
Thalli were individually packed in Ziploc bags with a
wet paper towel and sent in large insulated bags packaged
with ice to the Grice Marine Laboratory in Charleston,
SC, USA. The thalli sampled at Fort Johnson, SC were
similarly placed in Ziploc bags with wet paper towels in a
15 °C incubator for 1–2 days to replicate shipment. Thalli
were incubated in filtered seawater from the Charleston

Harbor for 24–48 h at 15 °C with a 12:12 light cycle before
assays began. All thalli were assayed within 3–5 days of
collection.

Collection and culturing of Ampithoe valida
Amphithoe valida individuals were collected from docks in
Charleston Harbor, SC and used to seed cultures kept in 4-L
plastic bins with Charleston Harbor seawater on a 12:12 light
cycle. Seawater was changed every 2–3 days and fresh Ulva
spp. was added as a food source. Before conducting assays,
amphipod lengths were measured using ImageJ ver. 1.48
(Schneider et al. 2012) from pictures taken via an iPhone
6 (Apple, Cupertino, CA, USA). Lengths were measured
by drawing a line from the tip of the head to the back of the
pleon. Individuals were, then, returned to cultures that typically numbered in the hundreds after being used in feeding
assays. Individuals could have been used in multiple assays,
but we allowed amphipods to feed on Ulva spp. for 1 week
before being used in the next assay.
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Feeding assays

Results and discussion

Assays were conducted from May to October 2015
(Table S1). Two 4 cm G. vermiculophylla apices were
excised from a single thallus and placed into separate
250 mL plastic cups (30 × 24 × 18 cm). Apices were then
allowed to relax for 24 h before beginning the assay to
eliminate any inductive effects from excision. In one cup,
we placed one amphipod, while the 2nd cup held an apex
without an amphipod to account for autogenic changes in
mass. Each tip was blotted dry and weighed before and
after each assay. To measure dry mass, autogenic control
tips were individually placed in pre-weighed foil packets in
a drying oven at 65 °C. We assayed between 14 and 20 thalli
per population (Table S1). Assays ran for 24 h in the dark
at room temperature. Consumption rates (measured as dry
mass) per amphipod were standardized by amphipod length
(as assessed with ImageJ). We used lmerTEST (Kuznetsova
et al. 2016) within R (R Core 2017) to perform a mixedmodel one-way ANOVA, with population treated as a random intercept, and assessed whether consumption rate differed among the five regions from which G. vermiculophylla
was collected (source, non-source, western North America,
eastern United States, and Europe; Krueger-Hadfield et al.
2017). Significance was assessed using a Chi-squared test in
an analysis of deviance framework. We used a series of oneway lmerTEST to assess the effect of region (native versus
non-native), collection date and sea surface temperature of
the hottest month (July) on palatability. Sea surface temperature was collected from BioOracle (Tyberghein et al. 2012)
as described in Sotka et al. (2018).

Ampithoe valida consumed G. vermiculophylla thalli from
the Japanese and non-native regions at statistically indistinguishable rates (Fig. 2; F4,30.4 = 0.537; p = 0.710).
There was detectable, population-level variation in palatability (Fig. 2), but this variation could not be explained
by regional categories (e.g., native vs. non-native regions;
F1,34.6 = 0.648, p = 0.426), nor water temperature at time of
collection (F1,33.8 = 0.126, p = 0.725), nor date of collection (F1,35.5, p = 0.897). The lack of regional differences in
palatability when offered to A. valida stands in contrast to
previous results for Littorina snails, which largely avoided
non-native G. vermiculophylla thalli (Hammann et al. 2013,
2016).
Ampithoe valida showed no preference for G. vermiculophylla thalli adjacent to wounded or unwounded apices
(Fig. 3; t = 1.805, df = 14, p = 0.091). This result contrasts
with the avoidance by the isopod Idotea baltica to wounded
tips (Nylund et al. 2011), but we cannot exclude the possibility that this difference was generated because of differences
in experimental protocols.
How do we reconcile our result with Hammann et al.
(2013) that detected strong differences in tissue palatability between native and non-native thalli? One possibility
is that the native Chinese and South Korean populations
surveyed by Hammann et al. (2013) had higher palatability
than did the Japanese populations surveyed here. Alternatively, microevolution, if it occurred, favored the evolution
of defenses against Littorina and Idotea, but not Ampithoe.
Distinguishing among these alternatives will require a direct
comparison of the palatability of individuals from the source
populations (i.e., northeastern coast of Japan) versus nonnative populations toward Littorina and Idotea, as was performed here for A. valida.

Wounding assay
We also assessed whether Ampithoe valida was deterred by
a wounded thallus. This study was inspired by previous studies (Nylund et al. 2011, Hammann et al. 2016) that applied
extracts from mechanically wounded or grazed tissues to
undamaged thalli. Fifteen G. vermiculophylla thalli were
collected from Charleston Harbor in March 2015. One haphazardly chosen branch from each thallus was mechanically
wounded using a pestle at the uppermost 2 cm of the branch
until the wounding was visible. After wounding, thalli were
incubated in seawater for one hour at room temperature.
Another haphazardly chosen branch from the same thallus
was chosen as a control apex, and was also incubated in
seawater for one hour at room temperature. The wounded
portion of the apex was then cut off, and a 4 cm piece of
the adjacent branch proximal to the wounded portion was
used in a choice feeding assay against a control branch. The
assay was run as described for no-choice assays, with the
exception that all replicates were removed after 48 h. Results
were analyzed with a paired t test, blocked by replicate bowl.
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Fig. 2  Consumption of native (source and non-source) and non-native
populations (western North America, eastern United States, Europe)
of G. vermiculophylla by the amphipod A. valida in no-choice feeding assays. The circles represent the average consumption rate by A.
valida for each population. Bars and error bars represent the means
and standard errors across population-level consumption rates. Milligrams consumed of dry mass was standardized by the length of the
amphipod (mm) and time (per 24 h)
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defenses are adaptive by experimentally assessing speciesspecific herbivore impacts in native and non-native ranges
in the field, using both specialist and generalist consumers
(Müller-Schärer et al. 2004). To our knowledge, this experiment has not been pursued among any invasive seaweeds.
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Fig. 3  Consumption rate (mg per 48 h) of thalli that were near to
wounded and unwounded tissue of G. vermiculophylla in a feedingchoice assay. Each line represents the response of an individual replicate. Dots indicate means

In a related project, we recently discovered that the currently accepted morphospecies Ampithoe valida can be
found in Japan and North America on G. vermiculophylla
(Harper, Krueger-Hadfield, and Sotka, unpublished data).
Ampithoe valida represents a set of three cryptic mitochondrial lineages, which may indicate either species- or subspecies designation (Pilgrim and Darling 2010; Harper and
Sotka, unpublished data). Two mitochondrial lineages occur
within Japan and the western North American coastline, and
reflect the most basal of these cryptic lineages. The third
lineage dominates the east coast of United States, and is
likely native to this region, given its deep separation (~ 2%
sequence divergence) from the other two lineages. Thus, the
willingness of east coast A. valida to consume G. vermiculophylla is relatively unsurprising, given that a genetically
distinct lineage of A. valida in Japan uses the alga as a host.
However, such willingness does not compromise an experimental test for shifts in palatability, given that populationlevel shifts in palatability can be detected using a single
herbivore (e.g., Hammann et al. 2013).
Herbivory can act as a strong agent that limits plant invasions (Parker et al. 2006). However, as is the case for terrestrial systems (Lind and Parker 2010; Felker-Quinn et al.
2013), evidence that the evolution of lowered palatability
may help to explain invasion success of seaweeds remains
equivocal, as relatively few seaweeds have been assayed
for their palatability (but see, Forslund et al. 2010; Enge
et al. 2012; Hammann et al. 2013; Schwartz et al. 2016, this
study). Moreover, these studies are snap-shot estimates of
palatability, which can be a poor proxy because palatability evolves quickly within the non-native range, and varies
temporally (Kooyers and Olsen 2012; Sultan et al. 2013).
Thus, we suggest, as do others (Hierro et al. 2005), that we
require studies that assess whether shifts in anti-herbivore
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