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Abstract

In marine systems, algal abundance and community composition is often heavily influenced by top-down control by
herbivores. As a result, examining the extent to which native herbivores exert grazing pressure on non-native marine
algae can provide valuable insight into mechanisms controlling invasion success. The purpose of this study was to
examine the grazing preferences of two common intertidal and subtidal herbivores on three congeneric species of
marine algae with unique colonization histories in San Diego, California, USA, to determine if grazing pressure, or lack
thereof, may help explain invasion success. We provide evidence that neither native Sargassum agardhianum, nor
non-native Sargassum horneri, are particularly palatable to purple urchins or black turban snails, but that non-native
Sargassum muticum is consumed by both native herbivores. We also provide evidence that when given a choice of all
three species neither herbivore exhibits a significant grazing preference for any algal species. We suggest that other
mechanisms may determine the invasion success of the two non-native algal species and the overall distribution and
abundance patterns of these species, and we discuss potential directions for future work.
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Background

Numerous hypotheses have been posed and tested to
explain how interactions between native and non-native
species regulate biological invasions. According to the
Enemy Release Hypothesis, a lack of regulation of intro-
duced species by native enemies can directly facilitate
invasion [1, 2]. Experiments testing this hypothesis have
produced variable results depending upon the type of
enemy regulation examined (e.g. predation versus para-
sitism), study species, stage of invasion, and experimen-
tal design [1, 3-6]. A number of studies conducted in
marine systems suggest that reduced grazing pressure by
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native herbivores may facilitate the invasion of marine
algae [7-9]. On the contrary, according to the New Asso-
ciations or Increased Susceptibility Hypothesis, a lack of
evolved defenses can result in an increased susceptibility
of non-native species to regulation by native species that
can inhibit their widespread invasion [3, 4, 10]. Exam-
ining grazing preference through grazing assay experi-
ments can help determine if either of these mechanisms
may influence the biotic resistance of host ecosystems
and thus the invasion success of non-native species.

History of Sargassum spp. in southern California

San Diego, California, USA provides a unique oppor-
tunity to test these two competing hypotheses through
examining the influence of grazing pressure and prefer-
ences of native marine herbivores on the invasion success
of non-native seaweed species. Three congeneric species
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of Sargassum seaweeds with unique histories of coloniza-
tion can be found along this coastline: Sargassum agar-
dhianum, Sargassum muticum, and Sargassum horneri.
Sargassum agardhianum is native to southern California,
and can be found throughout San Diego County in low
density patches on intertidal and shallow subtidal reefs
that experience a range of wave exposures [11-13]. Sar-
gassum muticum was introduced to North America from
Northeast Asia in the early 20th Century and quickly
spread throughout the west coast, reaching southern
California in the early 1970s [11, 14, 15]. As is the case
in locations around the globe, S. muticum has been a
highly successful invader in southern California. It is now
a common component of intertidal and subtidal com-
munities along this coast, and is therefore considered a
non-native naturalized species [13, 14, 16—18]. The non-
native invasive S. horneri was first discovered in southern
California in Long Beach Harbor in 2003, the first docu-
mentation of this species outside of its native range [17].
Sargassum horneri has since spread rapidly throughout
southern California and down the coast of Baja Califor-
nia, México, forming invasive high-density stands in a
variety of locations [13, 15, 18—24]. This species was first
noted in San Diego County in 2007, and an in-depth sur-
vey of the coastline between 2012 and 2014 revealed its
presence at nine locations [13].

Past work on grazing and invasion in Sargassum spp.

The role of herbivore grazing on the invasion success
of Sargassum species has been explored in multiple
instances and locations. It has been suggested that graz-
ing preferences of macro- and mesoherbivores may pro-
vide a competitive advantage to non-native S. muticum
in Portugal and Spain [8, 25, 26]. Schwartz et al. [27]
similarly found that North Sea mesograzers exhibited a
grazing preference for native Fucus vesiculosus over non-
native S. muticum (introduced to the North Sea), and S.
fusiforme and S. horneri (native to Japan, but not pre-
sent in the North Sea), suggesting that Enemy Release
may contribute to invasion success in this location. In
contrast, in Washington, USA, it was found that native
herbivorous snails exert significant grazing pressure on
non-native S. muticum [28], suggesting Increased Sus-
ceptibility may be a regulating mechanism. A meta-anal-
ysis paired with an experimental study from Denmark
also suggests that it is unlikely that the Enemy Release
Hypothesis is generally a suitable explanation for the
invasion potential of this alga [6].

Little information exists on the grazing susceptibility of
S. horneri but, in a recent study, Marks et al. compared
the grazing rates of native herbivores on S. horneri to its
native and introduced congeners S. palmeri and S. muti-
cum, as well as to native Macrocystis pyrifera and Eisenia
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arborea, at Santa Catalina Island in southern California.
This study found that grazing rates were significantly
higher on the two native kelps than on any of the Sargas-
sum species, and the authors concluded that this reduced
palatability may contribute to the invasion success of S.
horneri at this location [29]. In another study, Caselle
et al. suggest that the invasion success of S. horneri at
Santa Catalina Island has likely been influenced by vari-
able grazing pressure exerted by purple urchins [30].
They hypothesize that at high densities, purple urchins
(Strongylocentrotus purpuratus) graze algal species indis-
criminately and thus may inhibit invasion success, at
intermediate densities preferential herbivory on native
algae may facilitate invasion of S. horneri, and at low den-
sities, any grazing pressure may be too weak to reduce
the competitive advantage of native algae. Beyond these
examples, the consequences of grazing preference on
the invasion success of this alga have not, to the authors’
knowledge, been explored.

The general goal of this study was to provide informa-
tion on the potential regulating roles of two abundant
herbivores on the invasion success of the non-native
naturalized alga S. muticum and the non-native invasive
S. horneri. First, a single-choice grazing assay was con-
ducted with two abundant generalist southern Califor-
nia herbivores—the black turban snail Tegula funebralis,
and the purple urchin Strongylocentrotus purpuratus—to
determine if these algae were palatable to native herbi-
vores, and to compare grazing rates on these algae when
offered individually. Then, to determine if native her-
bivores prefer the native, naturalized, or invasive Sar-
gassum species, grazing preferences were assessed in a
multiple-choice feeding assay with all three Sargassum
species offered simultaneously. Our results are discussed
in the context of two competing hypotheses on the regu-
lating role of native herbivores on biological invasions.
We hypothesized that if Enemy Release is a regulating
mechanism in this system, then native herbivores will
exhibit a grazing preference for native over naturalized
and non-native Sargassum. If Increased Susceptibility
exists, then the order of palatability and preference will
be the opposite. Alternatively, if no grazing or preference
is apparent, then the results will be inconclusive regard-
ing these mechanisms, and other mechanisms may be
more important in determining invasion success in this
system.

Materials and methods

Experimental design

Single-choice grazing assays, where Strongylocentrotus
purpuratus and Tegula funebralis were presented with
the three Sargassum species separately, were run to deter-
mine if the herbivores would consume the algal species if
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given no other choice. These single-choice experiments
were also used to determine if differences existed in the
consumption of these algal species by each herbivore
species when presented individually. The results of the
single-choice assay were then used to inform our inter-
pretation of the results of subsequent multiple-choice
assays [31]. In these multiple-choice assays, herbivores
were presented all three algal species simultaneously to
evaluate relative preferences for or against the seaweed
species. Here, preference was defined as a deviation by
the herbivores in grazing behavior when confronted with
a choice (multiple-choice assay), as compared to their
behavior when given no choice (single-choice assay).

Assays were conducted at the Scripps Institution of
Oceanography (La Jolla, CA, USA) in August—November
2014 in flow through aquaria (2L glass jars). Aquaria were
supplied a continuous flow of ambient seawater and air,
and placed under LED lights with a light-dark cycle set
to match the local sunrise-sunset schedule. Seawater was
pumped directly from the Scripps Pier to ensure aquaria
matched ambient temperature and nutrient conditions
of nearshore shallow subtidal waters. Assays consisted of
aquaria in both a treatment (algae + herbivore) and con-
trol (algae, no herbivore) arena. There were equal num-
bers of replicates in the treatment and control arenas to
allow us to account for autogenic change in subsequent
analyses [32, 33]. For both assay types (single and mul-
tiple-choice), 3 identical trials were run for each spe-
cies of herbivore. In each trial in the single-choice assay
there were n=5 treatment and n=5 control replicates
for each algal species making a total of n=30 aquaria per
trial. There were n=15 total treatment and control rep-
licates per algal species in each single-choice herbivore
assay. For each trial in the multiple-choice assay there
were n=10 treatment and n =10 control replicates, mak-
ing a total of n=20 aquaria per trial. There were n=30
total treatment and control replicates per algal species in
each multiple-choice herbivore assay (Additional file 1:
Fig. S1).

Algae were collected and allowed to acclimate in
aquaria for 4 days prior to the experimental run. Simul-
taneously, the two herbivores were collected and starved
for 4 days. At the start of the acclimation period each alga
was hand trimmed so that all algae offered were of simi-
lar size (approximately 20 cm long). All epibionts were
then removed with a salt water rinse. At the beginning
of the grazing period each alga was spun-dry in a salad
spinner, then blotted dry, and dry weights were recorded.
The base of each algal frond was attached to a stand and
weighted to stay centered in the assay jars. Algae and her-
bivores were then placed in the aquaria, and a piece of
clear plastic mesh (1 cm?) was attached to the rim of each
jar using a rubber band to prevent algal fragments or
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herbivores from leaving the jars. After the 4 day grazing
period, all algae were spun and blotted dry and final mass
was recorded. New herbivores were used in each trial to
ensure that grazing rates were not skewed by potential
acclimation of individual grazers to specific trial species
and conditions. Algae were discarded at the end of each
trial period, and the herbivores were returned to their
collection location.

Statistical analysis

To determine if grazing occurred in the single-choice
assay, treatments and controls were compared for each
algal species and each herbivore using a one-tailed
two-sample ¢ test (A mass treatment<A mass control).
Change in algal mass was calculated as A mass=post-
assay mass — pre-assay mass. Data from replicates where
herbivores perished were discarded (one control and one
treatment replicate in the single-choice Strongylocentro-
tus purpuratus assay on S. horneri). To determine if dif-
ferences existed in the consumption of these algal species
by each herbivore species when presented individually,
one-way analysis of variance (ANOVA) was used with
control-corrected values. Control corrected change in
algal mass was calculated as: A mass=— ((T; x C/C)) —
T;), where T, and T, are pre- and post-assay algal weights
from treatment aquaria, and C; and C; are pre- and post-
assay algal weights from paired controls [8, 25, 34—36].
Data were checked for normality and homogeneity of
variance, and it was determined that the assumptions of
the tests were met.

We followed guidelines established by past studies to
analyze multiple-choice assay results [8, 25, 34-36]. In
the multiple-choice assay, change in algal mass in each
replicate was control-corrected using the same formula
outlined above. As treatments in multiple-choice assays
lack independence, Friedman nonparametric tests of
rank were used to test for statistically significant differ-
ences in change in mass [32, 33, 35, 36]. All statistical
analyses were conducted using R [37].

Species collections, and statement of human and animal
rights

All Sargassum, Tegula funebralis, and Strongylocentro-
tus purpuratus individuals were collected under permits
issued by the California Department of Fish and Wildlife.
The three species of Sargassum and the herbivore spe-
cies were collected in the shallow subtidal (0—5 m depth)
at two locations: Mission Point Park in Mission Bay (32°
45.725' N, 117° 14.751’ W) and the Marine Room in
La Jolla Cove (32° 51.047' N, 117° 15.892' W). Collec-
tions were done on SCUBA by carefully scraping algae
and plucking invertebrates from the bottom. All of the
S. horneri, S. muticum, and herbivores were collected at
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Mission Point Park in Mission Bay, where both species
were previously determined to be abundant [13]. Sargas-
sum agardhianum was collected in La Jolla Cove.

Results

Single-choice assay

Results from the single-choice experiments suggested
that S. muticum was the only algal species that experi-
enced significant grazing. Results from t-tests comparing
controls and treatments indicated that both Strongylo-
centrotus purpuratus and Tegula funebralis consumed
statistically significant quantities of S. muticum (Fig. 1,
asterisk, one-tailed two-sample t-test, df=28, t=1.73,
P=0.04, and df=28, t=3.11, P=0.002, respectively).
Comparing effect sizes (Cohen’s d) across algal species,
we can see that the effect of grazing by Strongylocen-
trotus purpuratus was intermediate on S. agardhianum
(d=0.31), smallest on S. horneri (d=0.15), and largest
on S. muticum (d=0.63). The effect of grazing by Tegula
funebralis was smallest on S. agardhianum (d=0.06),
intermediate on S. horneri (d=0.30), and largest on S.
muticum (d=1.13).

Comparing control corrected change in mass in the
single-choice experiment allowed us to determine
whether grazing significantly differed across algal spe-
cies (Fig. 2). Grazing rates were either near zero, or
were low across all treatments. In all results, nega-
tive values indicate tissue loss, whereas positive values
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indicate growth. In the Strongylocentrotus purpuratus
assay mean control corrected change in mass (+ SE) was
—0.08+0.08 g for S. agardhianum, 0.02+0.04 g for
S. horneri, and —0.07+0.05 g for S. muticum (Fig. 2).
In the Tegula funebralis assay mean control corrected
change in mass (& SE) was —0.21+0.14 g for S. agardhi-
anum, —0.07+0.08 g for S. horneri, and —0.44£0.14 g
for S. muticum (Fig. 2). Results from one-way ANOVA
indicated no significant difference in control corrected
change in mass across algal species in either the Stron-
gylocentrotus purpuratus or the Tegula funebralis arena
(df=2, F=2.10, P=0.13, and df=2, F=0.76, P=0.47,
respectively). Effect sizes for the differences in grazing
across algal species were considered small and medium
for Strongylocentrotus purpuratus and Tegula funebralis
according to Cohen’s f (f=0.19 and 0.30).

Multiple-choice assay

In order to determine if a grazing preference for or
against any algal species existed, we compared changes
in mass of the three algal species in both herbivore are-
nas of the multiple-choice assay (Fig. 3). In the Strongy-
locentrotus purpuratus arena, mean control corrected
change in mass (+SE) was 0.15+£0.07 g for S. agardhi-
anum, —0.01+0.03 g for S. horneri, and —0.14£0.07 g
for S. muticum (Fig. 3). In the Tegula funebralis arena,
mean control corrected change in mass (£SE) was
—0.10+0.07 g for S. agardhianum, —0.124+0.03 g for
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Fig. 1 Single-choice assay results. Mean change in mass (& SE) for control (diagonal lines) and treatment (open) pairs of three algal species [S.
agardhianum (n=15, red), S. horneri (n=14, 15, yellow), S. muticum (n=15, green)] offered to two grazers (Strongylocentrotus purpuratus and Tegula
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Fig. 2 Control corrected single-choice assay results. Mean control corrected change in mass (& SE) for three algal species [S. agardhianum (n =15,
red), S. horneri (n=14, 15, yellow), S. muticum (n =15, green)] offered to two grazers (Strongylocentrotus purpuratus and Tegula funebralis)
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Fig. 3 Multiple-choice assay results. Mean change in mass (& SE, n=30) for three algal species [S. agardhianum (red), S. horneri (yellow), S. muticum
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S. horneri, and —0.074+0.04 g for S. muticum (Fig. 3). species in our multiple-choice grazing assays (Friedman
No statistically significant preference by either herbi- nonparametric test of rank, df=2 and 2, Friedman Chi
vore was detected for or against any of the Sargassum  squared=2.06 and 1.40, and P=0.35 and 0.49).
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Discussion

In marine environments, herbivores can directly influ-
ence the invasion success of non-native algae in differ-
ent ways: through providing a competitive advantage
over native algae by releasing them from grazing pres-
sure (Enemy Release, e.g. Monteiro et al. [8]) or through
suppressing them by preferentially attacking non-natives
with a lack of evolved defenses (New Associations, e.g.
Pedersen et al. [6]). As a result, analyzing grazing rates
and preferences can provide crucial insight into mecha-
nisms influencing the invasion process of non-native
marine algae. This study presents data on grazing behav-
ior of two native herbivores on three species of Sargas-
sum to test whether either hypothesis helps explain the
invasion success of the Sargassum species in southern
California.

Results from our single-choice assays suggest that
only S. muticum was palatable to both herbivore spe-
cies. But when comparing control-corrected change in
mass across algal species we found no significant dif-
ferences in consumption across taxa. As a result, both
herbivores may exert some level of grazing pressure on
this species, but the widespread success of S. muticum
across the Pacific coast of North America suggests that
this pressure has been insufficient to prevent invasion.
However, given that S. muticum has been present along
the Pacific coast for over 100 years, it is also possible that
herbivores have over time shifted grazing preferences
to include this species as one of their dietary items. It is
possible that this species was not particularly palatable
to native herbivores in early stages of invasion, as may be
the case for S. horneri [29, 30]. Enemy Release may also
operate to some degree if grazing pressure on this alga is
lower than on other native algal species not examined in
this study. The observed lack of palatability of S. horneri
suggests that the native herbivore species examined in
this experiment may not exert significant grazing pres-
sure on this alga, but this may change over time. Future
studies should include more in situ manipulative experi-
ments with a wider variety of algal taxa as well as grazer
species to better examine variation in grazing pressure
across taxa. Our findings may help to explain one mecha-
nism that may affect the recent rapid spread of S. horneri
within the southern California bight and on the coast of
Baja California, but further work is needed.

Our multiple-choice assay results suggest that the her-
bivore species examined in this experiment exhibit no
significant preference for or against any of these Sargas-
sum species, as their behavior when presented each spe-
cies individually was comparable to their behavior when
all species were presented simultaneously. In neither
instance was a significant difference in grazing across
species detected. While not statistically significant,
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Strongylocentrotus purpuratus did show a trend in prefer-
ence with S. muticum being most preferred and S. horneri
the least. Perhaps with a larger sample size these trends
would become more apparent. Tegula funebralis how-
ever, showed no noticeable trend across species. Based
upon our results, we were unable to determine whether
grazing preference by these herbivores might influence
colonization of this new invader on the CA coast. It is
possible that a comparison including more native algal
species would yield more informative results. Both the
Increased Susceptibility and Enemy Release Hypotheses
depend on the assumption that native invertebrates do
eat the native algae. While Strongylocentrotus purpura-
tus is widely recognized as a voracious and undiscerning
herbivore with the capacity to convert kelp forests along
this coastline into barrens [38, 39], we were not able to
show that this herbivore even consumes the native S.
agardhianum. Tegula funebralis has also been shown
to be a generalist herbivore [40], but past studies on its
dietary preferences have not, to our knowledge, included
S. agardhianum, and we were not able to demonstrate
palatability of this species. Whether the observed lack of
palatability of these Sargassum species may result from
chemical defenses or their physical characteristics is
unclear. The ability of chemical and physical features of
algae to deter grazers has been demonstrated for a wide
variety of marine algae, including other members of the
genus Sargassum [41, 42]. In one study, it was suggested
that secondary metabolites produced by non-native S.
muticum could explain reduced palatability and thus
invasion success, but more studies examining this mech-
anism are needed [27]. Future work can improve upon
this study by conducting assays crossing more herbivore
species and native and non-native algae to more broadly
compare palatability and better evaluate the influence of
grazing preferences on invasion success.

Demonstrating predator preference through assay
experiments can be problematic, a topic that has been
subject to much discussion and debate in the literature
[31, 33, 43-48]. Though it is beyond the scope of this
paper to comprehensively review these challenges, it is
worth mentioning a few that are particularly relevant
to seaweed grazing assays. In brief, it is crucial to pro-
vide a clear definition of what constitutes preference,
as failing to do so can dramatically change the inter-
pretation of results [31]. To address this, Underwood
and Clarke proposed a two-stage experimental design
that has subsequently been refined, in which prey
items are first offered separately, then simultaneously,
and the data from both stages are compared to deter-
mine if preferences exist [31, 44—46]. When designing
assay experiments with prey such as algae that may
grow or lose tissue during the experiment, one must
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also appropriately utilize controls so as to account for
autogenic change unrelated to the action of the preda-
tor [33, 43, 49]. In addition, because prey items offered
simultaneously do not necessarily constitute inde-
pendent samples, statistical analyses must be carefully
chosen [31, 33, 44, 45]. Future work aimed at demon-
strating the influence of grazing preference on invasion
success of seaweeds must proceed with careful consid-
eration of these, and other, potential sources of bias.

We are at a critical time in history to study intro-
duced macroalgae along the coast of California. The
majority of non-native algal species introduced to this
area have appeared in the past 30 years. Further, it has
been speculated that environmental shifts associated
with climate change, including increases in the fre-
quency and intensity of ENSO events, may be making
the California and Baja California coasts more suscepti-
ble to invasion by non-native algal species through cre-
ating more space and reducing natural resistance [15].
Some highly invasive species such as S. horneri are still
in the early stages of their invasion history. These spe-
cies provide an important opportunity to gain insight
into the early stages of algal invasions. The widespread
invasion success of S. muticum, recent rapid spread of
S. hormeri, and general potential for widespread eco-
logical impacts associated with the spread of non-
native marine algae all suggest that further examining
the underlying mechanisms that facilitate or inhibit the
invasion of these species is valuable [50].

In a diverse community such as the kelp forests of
southern California, a variety of biological charac-
teristics—including the relative abundance, identity,
and functional traits of both native algae and herbi-
vores—can influence the biotic resistance of locations
to invasion [51-53]. Our work highlights the interac-
tions between only a few of many players in our local
kelp forest communities. Future studies should exam-
ine the various ways in which native kelp forest ecosys-
tems vary in their biotic resistance to highly successful
and invasive species such as S. muticum and S. horneri.
Doing so can inform how management strategies such
as manual removal [54] or the establishment of limited
take or no-take marine protected areas may mitigate
the impacts of these invasive species [30]. Quantitative
surveys complemented by lab experiments, and docu-
menting the impacts of these species on recipient com-
munities using in situ experiments are the next step
in progressing our knowledge of the invasion ecology
of these species [5]. Such research will provide infor-
mation that can help inform management action to
mitigate the ecological and economic impacts of these
seaweeds in invaded areas around the world.
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Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/510152-020-00541-w.

Additional file 1: Figure S1. Schematic of experimental design for single-
choice and multiple-choice grazing assays.
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