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ABSTRACT: Consequences of congeneric quantitative
variation in secondary metabolites of seaweeds on diet
specificity and host association in specialist marine her-
bivores have received little attention. We investigated
quantitative variation in caulerpenyne and oxytoxin 1
in 7 species of green seaweeds from the genus
Caulerpa, along with the feeding preferences and host
associations of 4 co-occurring sacoglossan molluscs. C.
taxifolia and C. sertularioides contained high concen-
trations of metabolites and were preferred least by all
herbivores. Algae with intermediate metabolite con-
centrations (C. racemosa, C. serrulata, and C. cupres-
soides) were preferred by Elysia tomentosa and Lo-
biger viridis. Oxynoe viridis and Stiliger smaragdinus
had strong preferences for different low concentration
Caulerpa species (C. racemosa var. laetevirens and C.
lentillifera), suggesting not all feeding preferences are
based exclusively on the major metabolites. In situ host
associations of L. viridis and S. smaragdinus mirrored
their feeding preferences, but this was not the case for
E. tomentosa. Furthermore, those algal species with the
highest and lowest metabolite concentrations had the
lowest overall densities of sacoglossans. The results im-
ply that the direct influence of quantitative variation in
Caulerpa chemistry may only be limited to host associa-
tions in some sacoglossans. However, feeding pressure
from multiple herbivore species with unique prefer-
ences could still contribute to variation in chemical
defence amongst congeneric algae.
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Mimicry by the sacoglossan sea slug Stiliger smaragdinus
(center) of its exclusive host seaweed Caulerpa lentillifera
(left, right and behind).

Photo: Nicholas Paul

INTRODUCTION

The selective force of specialist herbivores is con-
sidered an important driver in the evolution of quantita-
tive and qualitative variation in plant chemical defences
(Feeny 1992, Cornell & Hawkins 2003). For this reason,
linking variation in seaweed chemical defences to the
diet specificity of marine herbivores (e.g. Poore et al.
2008) is an important precursor to addressing theory de-
rived from specialist associations in terrestrial systems
(Futuyma & Moreno 1988, Feeny 1992, Cornell & Haw-
kins 2003), in particular coevolution (Hughes & Gliddon
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1991, Sotka 2005). Because most marine herbivores
(fishes, sea urchins, and gastropods) are generalists (Hay
& Steinberg 1992), examples of chemically mediated,
marine specialist interactions come from a broader
phylogenetic pool of species than the traditional plant—
herbivore model (e.g. sponge—predator, Becerro et al.
1998; indirect associations, Hay 1992, Stachowicz & Hay
2000). However, 2 groups of herbivores (amphipods and
sacoglossan opisthobranch molluscs) do contain con-
sumers with consistently narrow host ranges (Hay 1992,
Poore et al. 2008). Of these, the sacoglossans are almost
exclusively associated with chemically rich seaweeds
(siphonous green algae, Jensen 1997, Williams & Walker
1999), which provides an opportunity to contrast the ef-
ficacy of chemical defences in closely related seaweeds
against multiple specialised herbivores.

Sacoglossans have notable functional specialisations
that suggest a close evolutionary relationship with
their siphonous seaweed prey. These specialisations
include intricate, modified teeth that pierce and suck
the cytoplasm from seaweeds (Clark 1992), the seques-
tration of functional chloroplasts as a supplementary
energy source through photosynthesis (Williams &
Walker 1999, Evertsen et al. 2007), the sequestration
of natural products, presumably for their own defence
(Paul & Van Alstyne 1988, Gavagnin et al. 1994,
Becerro et al. 2001, Marin & Ros 2004), and intriguing
crypsis in both morphology (Marin & Ros 2004) and
colouration (Clark & Busacca 1978). However, infor-
mation on feeding specificity in sacoglossans is pre-
dominantly restricted to host associations and saco-
glossan traits, such as feeding morphology and
sequestration of functional chloroplasts (Clark &
Busacca 1978, Jensen 1983, Thibaut et al. 2001, Gian-
guzza et al. 2002). Post-settlement behavioural re-
sponses of sacoglossans (such as diet preferences)
have been less frequently described (Jensen 1989,
Trowbridge & Todd 2001, Gianguzza et al. 2002,
Trowbridge et al. 2009), with no demonstrable links
between host chemical defences and sacoglossan asso-
ciations or densities. These links should be comple-
mentary considerations in the evolution of specialisa-
tion (Futuyma & Moreno 1988).

One mechanism employed by seaweeds that directly
influences diet preference and, presumably, host asso-
ciations is chemical defence. Variation in marine sec-
ondary metabolites exists at a number of scales (Paul &
Puglisi 2004) and the ecological consequences of such
variation have been well described for community
level comparisons (Hay et al. 1989, Becerro et al. 2003)
and at much finer scales (e.g. intra-individual variation
or inducible defences, Cronin & Hay 1996, Becerro et
al. 1998). A notable gap is the consequence of con-
generic variation in chemical defences (but see Trow-
bridge & Todd 2001), even though some seaweed

genera, for example the conspicuous Caulerpa, are
speciose with demonstrable quantitative variation in
secondary metabolites (Meyer & Paul 1992, Amade &
Lemée 1998, Jung et al. 2002). If specialist marine
herbivores are important drivers of interspecific varia-
tion in seaweed chemical defences, then patterns of
feeding preferences amongst congeners could reveal
important modes of selection for both seaweed traits
and herbivore diet specialisation.

On the Great Barrier Reef in tropical northeastern
Australia there are a range of co-occurring species of
Caulerpa (Kraft 2007), as well as many sacoglossan
herbivores known to associate with siphonous green
algae (e.g. Elysia sp. and Cyerce nigricans on Chloro-
desmis fastigiata, Hay et al. 1989), but no broader
information on feeding preferences exist. The sym-
patric diversity of both congeneric seaweed hosts and
sacoglossans that include Caulerpa species in their
diets provide an opportunity to correlate the concen-
trations of the major secondary metabolites among
Caulerpa species with 2 aspects of sacoglossan eco-
logy: feeding preferences and host association. Here
we assess the chemical defence of Caulerpa species in
the context of seaweed-specialist interactions by
asking: (1) What are the congeneric quantitative dif-
ferences in secondary metabolites between 7 species
of Caulerpa? (2) What preferences do 4 species
(different genera) of associated sacoglossan molluscs
have for these Caulerpa species? (3) Is there any
evidence that these preferences correlate with the
concentration of secondary metabolites in the algae;
and, based on hypotheses from the former questions?
(4) Do host associations reflect the quantitative varia-
tion in seaweed chemical defences and/or feeding
preferences?

MATERIALS AND METHODS

Algal collection. Seven native species of Caulerpa
common to tropical northeastern Australia (Kraft
2007) were sampled from the shallow subtidal (<1 m
depth) on 2 occasions, 5 wk apart in July and August
2007. C. taxifolia, C. lentillifera, and C. racemosa var.
laetevirens were collected from Kissing Point, Towns-
ville (19°10'S, 146°45'E), a predominantly muddy
substratum with rock protrusions. C. serrulata, C. sertu-
larioides, and C. racemosa var. racemosa were col-
lected from the reef flat attached to coral rubble in
Nelly Bay on Magnetic Island (19°10'S, 146°50'E),
and C. cupressoides was collected from the sandy flat
at Good Fortune Bay, 30 km north of Bowen (20°0'S,
148°10"E). Each of these species (and infraspecies) is
unique in its gross morphology and was identified
using Kraft (2007). We did not assign an infraspecies
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for C. cupressoides (however, the likely variety is var.
mamillosa, Kraft 2007). We shorten C. racemosa var.
racemosa (Kraft 2007) to C. racemosa. Voucher speci-
mens are lodged at the Royal Botanical Gardens, Syd-
ney, Australia.

For chemical analyses, 10 whole (undamaged) indi-
viduals of each species were collected on each occa-
sion, placed into separate press seal bags with seawa-
ter, and transported to the laboratory for extraction. For
feeding assays, algae were collected and maintained
at the Marine and Aquaculture Research Facilities Unit
(MARFU), James Cook University (JCU), Townsville,
Australia, in outdoor tanks with recirculating seawater
prior to use (typically 1 to 2 d, but no longer than 1 wk).
For sacoglossan abundance in the field, individual sea-
weeds (up to n = 23 per species per sample date) were
carefully detached by dislodging the rhizoids and
placed into separate press seal bags for analysis in the
laboratory. This was done in 2008, over the same time-
frame (July—August, n = 3 sample times) as the chemi-
cal analyses in 2007.

Herbivore collection. Sacoglossans were difficult to
locate directly in the field; however, after earlier (pre-
July) collections of all 7 Caulerpa species had been
held in 350 1 tanks (separated by sample site) for a few
weeks, animals were identified when they became less
cryptic after growing in size. Sacoglossans collected
from Caulerpa species were identified (as per Burn
1998) as 2 shelled species, Oxynoe viridis and Lobiger
viridis, and 2 unshelled species, Elysia tomentosa and
Stiliger smaragdinus. The shelled Lobiger and Oxynoe
species are considered Caulerpa specialists (Jensen
1983, 1997), whereas shell-less sacoglossans such as
Elysia are also associated with other seaweed genera
such as Codium, Bryopsis, Udotea, and Halimeda (Paul
& Van Alstyne 1988, Jensen 1997, Becerro et al. 2001,
Marin & Ros 2004, Trowbridge 2004). The collection of
4 different genera of sacoglossans (hereafter Oxynoe,
Lobiger, Elysia, and Stiliger) provided a means to
assess the preferences of a diverse group of sacoglos-
sans against a broad assemblage of Caulerpa species.

At least 2 d prior to feeding assays, sacoglossans
were transferred to a 68 1 indoor tank supplied with
flow-through seawater (35 to 36 %0) with constant aera-
tion. A 12 h light:12 h dark cycle was maintained with
the temperature remaining constant at 27 to 29°C. Ani-
mals were fed a mixed assemblage of all 7 Caulerpa
species prior to their use in feeding assays.

Isolation of Caulerpa secondary metabolites. Initial
analysis of crude methanol (MeOH) extracts for each of
the 7 species of Caulerpa by reverse phase HPLC elec-
trospray ionisation mass spectrometry (RP-HPLC-ESI-
MS) showed that 2 major metabolites were present in
all species. These metabolites were isolated from the
extract of cultured C. taxifolia (540 g) and separated

using RP-C18 step gradient flash vacuum liquid col-
umn chromatography with Phenomonex Sepra C18
material and 10, 70, 80 and 100 % MeOH in H,O mix-
tures as eluent. The 80 and 100 % fractions contained
the 2 metabolites of interest as confirmed by RP-HPLC-
ESI-MS. Both of these fractions were subjected to
further purification using a Shimadzu HPLC system
consisting of a SCL-10Avp system controller equipped
with a LC-10AT pump, SPD-M10Avp photodiode array
(PDA) detector, FRC-10A fraction collector and SIL-
10A auto sampler (all Shimadzu) connected to a semi-
preparative Phenomenex Luna C18, 5 pm, 250 X
21.2 mm HPLC column. All HPLC data were collected
using Shimadzu Class-VP software. Chromatography
was conducted at 8 ml min~! with a gradient elution
from 32 % acetonitrile (ACN):H,O to 95% ACN:H,O
over 60 min, held at 95% ACN:H,O for 30 min before
being ramped down to 32% ACN:H,O over 5 min.
Caulerpenyne (28.2 mg, Fig. la) and oxytoxin 1
(3.6 mg, Fig. 1b) were isolated from fractions collected
from these 4 HPLC runs, as characterised by compari-
son of their proton (*H) and carbon (}*C) nuclear
magnetic resonance (NMR) spectra (Bruker Avance
300 and 600 MHz NMR spectrometers) as well as mass
spectra and UV spectra to literature values (Amico et
al. 1978, Gavagnin et al. 1994). Standards were stable
in MeOH stored at -20°C (as per Amade & Lemée
1998).

Quantification of Caulerpa secondary metabolites.
Quantitative analysis of caulerpenyne and oxytoxin 1
in the 7 Caulerpa species was performed by RP-HPLC-
ESI-MS using a method modified from Jung et al.
(2002). Initial comparisons of extraction techniques
(including preparation method and solvent type)
demonstrated that extraction of fresh algae with
MeOH (Amade & Lemée 1998) yielded the most con-
sistent and reproducible quantitative analyses for
Caulerpa species. MeOH extraction of C. taxifolia snap
frozen with liquid nitrogen (Jung et al. 2002) gave vari-
able yields of caulerpenyne and oxytoxin 1. Therefore,
to quantify caulerpenyne and oxytoxin 1, fresh algae
were collected, blotted dry of excess water, and 1.5 to
3 g portions (comprised of fronds, stolons, and rhizoids)
were weighed for extraction. Algae were macerated in
2 ml of MeOH with 0.064 mg ml~! coumarin as an inter-
nal standard and stored at —20°C in the dark to extract
for 15 h.

MeOH extracts were subsequently filtered under
reduced pressure vacuum (10 pm Teflon®) into 7 ml
scintillation vials and returned to the freezer for 2 d
prior to analyses. A 200 pl aliquot was taken and cen-
trifuged for 2 min at 13500 x g to remove any algal
debris. For each aliquot, 30 pl was then directly quan-
tified by RP-HPLC-ESI-MS using an Agilent 1100
HPLC system comprising a degasser, binary pump,
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Fig. 1. Caulerpa spp. Concentration (mg g~' fresh weight [FW];
mean *= SE) of secondary metabolites in 7 Caulerpa spp. at 2
sampling times (July and August; n = 10 per sp. at each sample
time). Mass spectral data were analysed at 256 and 269 nm for
caulerpenyne and oxytoxin 1, respectively. Caulerpa spp. sharing
the same letter do not significantly differ at oo = 0.05 (Tukey's
honestly significant difference, HSD, multiple comparison).
Groups of Caulerpa spp. with respect to total secondary metabo-
lite concentrations are indicated as high, intermediate, or low

PDA, and Gilson 215 Liquid Handler autosam-
pler/collector connected to a Phenomenex Gemini
C18, 3 pym, 50 x 4.6 mm column coupled to a
Bruker Daltonics Esquire 3000 plus mass spectro-
meter with an electrospray ionisation trap. Chro-
matography was conducted at a flow rate of 1 ml
min~! using gradient elution from 9.5 % ACN:H,0
to 95% ACN:H,O over 20 min, held at 95%
ACN:H,0O for 5 min before being ramped down to
9.5% ACN:H,0 over 1 min and equilibrated at
9.5% ACN:H,O for a further 5 min in readiness for
the next injection. All RP-HPLC-ESI-MS data
were collected using Bruker Daltonics Esquire
Control v5.3 and Hystar v3.1.

Linear calibration curves for caulerpenyne, oxy-
toxin 1, and the internal standard (coumarin) were
used for quantification. Chromatographic peaks
were integrated for caulerpenyne at 256 nm and
for oxytoxin 1 at 269 nm. The response was linear
for caulerpenyne (5 repeat injections of 30 pl at 5
different concentrations), from 0.0055 to 0.35 mg
ml?t (r2 = 0.998, p < 0.001), and for oxytoxin 1
(5 repeat injections of 30 pl at 4 different concen-
trations), from 0.0047 to 0.30 mg ml™! (r? = 0.998,
p < 0.001); the concentration of coumarin was
0.072 mg ml™',

Quantification was accomplished by measuring
peak areas for each compound and the internal
standard (peaks identified based on UV, mass, and
retention time as determined above). The ratio of
peak areas (compound:internal standard) was cal-
culated for each metabolite (caulerpenyne and
oxytoxin 1) and converted to mass (mg) by refer-
ence to the internal standard concentration and
the response factor for each compound. Finally,
the mass of the compounds were then standard-
ised to the fresh weight (FW) of the algae
extracted, to yield mg of metabolite per g FW.

FW concentrations were used for formal com-
parisons between species in the present study, as
they provide a more meaningful measure of the
amount of secondary metabolites a suctorial
feeder encounters during feeding. However, FW
data are also standardised to mg of metabolite per
g dry weight (DW). These values were calculated
using the mean wet:dry ratio of samples (n = 10
per species), separate to those used for chemical
analyses and collected prior to feeding assays in
August.

The quantification method was used to deter-
mine the concentrations of caulerpenyne and oxy-
toxin 1 in individuals (n = 10) of each Caulerpa
species (n = 7) at 2 different sampling times that
corresponded to the time over which feeding
assays were conducted. Concentrations of the 2
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secondary metabolites were analysed using a 2-factor
ANOVA (SPSS 14.0) with Caulerpa species and sam-
pling time as fixed factors. Caulerpenyne and oxytoxin 1
data were log-transformed prior to analysis to satisfy
assumptions of homogeneity of variance. C. racemosa
var. laetevirens data were not formally analysed be-
cause of small variance associated with very low con-
centrations of secondary metabolites. Post hoc compar-
isons of main effects using Tukey's honestly significant
difference (HSD) multiple comparisons were made as
required.

Combined (total) mass data of caulerpenyne and
oxytoxin 1 were further combined to provide a means
to assess total metabolite concentrations. No formal
comparisons were made between species with the esti-
mated concentrations of metabolites per g DW.

Feeding assays. A multiple choice feeding assay
using an experimental design modified from Sotka &
Hay (2002) and Prince et al. (2004) was conducted to
measure the feeding preferences of each species of
sacoglossan on the 7 Caulerpa species. Each replicate
feeding assay consisted of a round 850 ml container
(treatment, with herbivore) within a 1000 ml rectangu-
lar container (control, without herbivore). Small open-
ings around the base of each treatment container
allowed water flow to the control container.

Sacoglossans were held without food for 24 h and
then simultaneously offered a choice of pre-weighed
fronds of fresh tissue from each of the 7 species of
Caulerpa. Two fronds (treatment and control) were
removed from the same individual of each species,
placed in seawater for a few minutes to allow wound
plug formation, patted dry, and weighed (1 mg).
Treatment fronds from the 7 species were randomly
placed around the edges of the treatment container
with control fronds situated in the control container.
Filtered seawater flowed constantly through the treat-
ment container, into the control container, and back to
the main system.

Sacoglossans (1 per replicate) were placed in the
middle of the treatment container and feeding was
observed every hour for 6 h, as most consumption
occurred over this time, and every 3 h thereafter. A
replicate was terminated if an animal had consumed at
least one half of a species of algae or until 12 h had
elapsed. Treatment and control fronds were subse-
quently patted dry, reweighed, and the change in wet
mass of each piece determined. Herbivores were only
used once (Elysia, n = 18; Lobiger, n = 20; Stiliger, n =
20; Oxynoe, n = 9) and their mass (FW, +1 mg) was
recorded post-assay.

Controls were used to account for changes in plant
mass unrelated to sacoglossan feeding (autogenic
change). The change in wet mass of each piece
was scaled for autogenic change using the formula

|T; x (C¢/Cy)] — Tz, where T; and T; represent the tissue
subject to grazing and C; and C; represent the control
tissue, before (i) and after (f) the experimental run
(Sotka & Hay 2002) giving consumption (mg ind.”!) on
each Caulerpa species.

Non-parametric Friedman's tests (SPSS 14.0) were
used to analyse feeding preference by each saco-
glossan species, based on mean consumption (mg ind.™!)
of each Caulerpa species (Conover 1999). Prior to
analysis, consumption data were rank-transformed
within each replicate feeding assay. Friedman's post
hoc comparisons were used to determine pairwise dif-
ferences between mean consumption on each Caulerpa
species by each sacoglossan species.

Host associations. Having established quantitative
variation in metabolites and congener feeding prefer-
ences (see 'Results’), we subsequently tested whether
host associations of sacoglossans reflected the chemi-
cal groupings of Caulerpa species. This was done over
the same months that chemical analyses and feeding
preferences were conducted (July and August, n = 3
sample times) in the following year. To do this we lim-
ited our field study to 2 of the 3 previous sites (Kissing
Point and Nelly Bay), which contained a consistently
high diversity of Caulerpa species.

Host associations of sacoglossans on Caulerpa were
determined by haphazardly sampling each Caulerpa
species from the shallow subtidal (n = 4 to 23 ind. per
species, dependant on availability). This was done on
3 occasions approximately 4 wk apart from early July
to late August 2008. C. taxifolia, C. lentillifera, and C.
racemosa var. laetevirens were collected from Kissing
Point. C. sertularioides, C. serrulata, C. racemosa, and
C. racemosa var. laetevirens were collected from Nelly
Bay. C. cupressoides was not present at either site at
any time.

Each seaweed individual was carefully sorted and
the numbers of sacoglossans recorded and weighed
(FW, +1 mg) for each Caulerpa species at each time, as
well as seaweed biomass (FW, £0.1 g). Density data
were standardised between Caulerpa species by the
number of animals per kg seaweed. Due to the high
frequency of zero counts per individual (see ‘Results’),
no formal analyses of host distributional data were
conducted. Furthermore, because our intent was to
compare host association amongst a priori chemical
groupings, Caulerpa species from high, intermediate,
and low groupings were pooled across sites (e.g. C.
racemosa var. laetevirens from Nelly Bay and Kissing
Point were considered as 2 separate low concentration
replicates). Data presented are means for each chemi-
cal grouping across sample times (n = 3 sample times),
calculated in turn from the mean of low (n = 3, Species
x Site), intermediate (n = 2) and high (n = 2) Caulerpa
species for each sample time.
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RESULTS
Quantification of Caulerpa secondary metabolites

Three groupings of Caulerpa species were apparent
across both 2007 sampling times (July and August) for
caulerpenyne (Fig. 1a), oxytoxin 1 (Fig. 1b), and total
secondary metabolite (Fig. 1c) concentrations. C. taxi-
folia and C. sertularioides formed a high concentration
group with mean concentrations of caulerpenyne and
oxytoxin 1 ranging from 0.30 to 0.61 and 0.16 to
0.31 mg g' FW, respectively, over the 2 sampling
periods. Three Caulerpa species comprised a group
with intermediate concentrations of secondary meta-
bolites (Fig. 1c). C. racemosa, C. serrulata, and C.
cupressoides contained on average (calculated from
the difference in group means) 3.4 times less cauler-
penyne (0.044 to 0.17 mg g~! FW; Fig. 1a) and 3.5 times
less oxytoxin 1 (0.044 to 0.086 mg g~! FW; Fig. 1b) than
species within the high group. Species with the lowest
concentration of secondary metabolites were C. lentil-
lifera and C. racemosa var. laetevirens, for which lev-
els of caulerpenyne and oxytoxin 1 were on average
10.2 (0.0046 to 0.018 mg g~! FW; Fig. 1a) and 5.6
(0.0054 to 0.020 mg g~! FW; Fig. 1b) times lower than
Caulerpa species with intermediate levels, respectively.

There was significant variation in the concentration
of caulerpenyne and oxytoxin 1 between species as
well as variation in secondary metabolite concentra-
tions over time (Table 1, Fig. 1a,b). Caulerpenyne was
higher across all species in July compared to August
(p =0.007; Table 1), and species that grouped for total
metabolite concentrations (Fig. 1c) still had significant
differences in caulerpenyne content (e.g. Caulerpa
cupressoides < C. racemosa = C. serrulata; C. lentil-
lifera > C. racemosa var. laetevirens; Fig. 1a). A sig-
nificant interaction between sampling month and spe-
cies for oxytoxin 1 (p < 0.001; Table 1) was driven by

Table 1. 2-factor ANOVA testing the effect of the fixed factors

Caulerpa spp. and sample time on the concentration of

caulerpenyne and oxytoxin 1. Caulerpa racemosa var. laete-
virens data not included in analyses

Source df MS F P
Caulerpenyne

Species 5 26.36 67.89 <0.001
Sample time 1 2.96 7.62 0.007
Species * Sample time 5 0.79 2.04 0.078
Error 108 0.39

Oxytoxin 1

Species 5 16.83 149.73 <0.001
Sample time 1 0.74 6.59 0.012
Species * Sample time 5 0.36 3.22 0.009
Error 108 0.11

decreases (up to 50 %) in metabolite concentrations for
2 species (C. cupressoides and C. taxifolia) from July to
August (Fig. 1b). A similar but non-significant (p =
0.078; Table 1) trend was observed for caulerpenyne
(Fig. 1a). The variation between July and August in
total (combined) secondary metabolite concentration
did not alter the groupings of seaweeds into low, inter-
mediate, and high concentrations (Fig. 1c).

Caulerpa species had different wet:dry ratios (F 63 =
185.13, p < 0.001), ranging from 21:1 for C. lentillifera
to 9:1 for C. cupressoides (Table 2). No obvious trend
existed between wet:dry ratios of each species and its
categorisation as either high, intermediate, or low con-
centration (Table 2, Fig. 1c). The mean wet:dry conver-
sions for each species were used to estimate the con-
centration of metabolites per unit dry weight (Table 2).
The conversion from metabolite concentration per g
FW to DW reduced the magnitude of differences in
caulerpenyne and oxytoxin 1 concentrations amongst
species for each month (Fig. 1c versus Table 2), but did
not substantially alter the rank order of the concentra-
tions of Caulerpa species.

Table 2. Wet:dry ratios (mean = SE; n = 10) used for conversion of caulerpenyne and oxytoxin 1 concentrations from mg g~! fresh

weight (FW) (Fig. 1a,b) to mg g~! dry weight (DW) for each replicate of all Caulerpa spp. from July and August. Caulerpa spp. main-

tained the broad categories of high, intermediate, and low concentrations, although they were not as distinct as the FW comparison

(Fig. 1c). Significant differences in wet:dry ratios for species are indicated by different superscripted letters (1-factor ANOVA, Tukey's
HSD, p < 0.05). Concentrations of mg g~ DW were calculated from FW values and were not formally analysed

Species Wet:dry Caulerpenyne Oxytoxin 1 Total metabolite
(mg g~' DW) (mg g~' DW) (mg g' DW)
Jul Aug Jul Aug Jul Aug

C. r. laetevirens 19.24 + 0.46° 0.09 +£0.02 0.13 £0.02 0.10+0.02 0.12+0.01 0.19+0.04 0.25+0.03
C. lentillifera 21.41 +0.33" 0.39+0.15 0.37+0.10 0.44 £0.09 0.39 +0.06 0.83+0.22 0.76 £ 0.13
C. cupressoides 8.99 + 0.23¢ 1.03+0.18 0.39 +0.09 0.65+0.06 0.39 +0.06 1.69+0.19 0.79+0.10
C. racemosa 19.03 + 0.37* 2.59 +0.48 2.54 £0.40 144 +0.11 1.14+0.08 4.03+0.48 3.68+0.43
C. serrulata 11.73 + 0.21¢ 1.99+0.34 1.48+0.28 0.99+0.11 1.01+0.10 2.98 £0.40 2.50+0.34
C. sertularioides 12.13 £ 0.30¢ 4.79+0.87 3.62+0.68 3.14+0.32 3.78+0.34 7.92+1.18 7.40+0.92
C. taxifolia 9.50 + 0.60° 5.80+0.72 3.30+0.35 242+0.15 1.56=+0.11 8.22+0.84 4.86+0.39
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All sacoglossans had significant preferences for spe-
cific species of Caulerpa. These varied between herbi-
vores, but only Caulerpa species containing intermedi-
ate or low concentrations of secondary metabolites
were consumed (Fig. 2a—d). C. taxifolia and C. sertu-
larioides, which contain high concentrations of second-
ary metabolites, were consistently the least preferred
algal species across all herbivores assayed (Fig. 2a—d).
Essentially, no herbivore consumed these species.

Caulerpa cupressoides, C. racemosa, and C. serru-
lata, which contained intermediate levels of cauler-
penyne and oxytoxin 1, were preferred over all other
species by both Elysia (Friedman's test, y? = 29.52, n =
18, df = 6, p < 0.001; Fig. 2a) and Lobiger (xz =60.13,
n = 20, df = 6, p < 0.001; Fig. 2b). In these assays, the
highest mean consumption by both species of saco-
glossan was on C. racemosa and C. serrulata (Fig. 2a,b).

Stiliger and Oxynoe had significant preferences for
Caulerpa species with low secondary metabolite con-
centrations (Fig. 2c¢,d). Oxynoe showed significant
preference for C. racemosa var. laetevirens (Fried-
man's test, Xz =18.91,n=29, df =6, p < 0.01; Fig. 2d);
however, this preference was not exclusive, as 2 spe-
cies with intermediate metabolite concentration, C.
serrulata and C. racemosa, were also consumed at
appreciable levels (Fig. 2d). Conversely, Stiliger pre-
ferred only C. lentillifera (x* = 33.36, n = 20, df = 6, p < Stiliger
0.001; Fig. 2c), with consumption being almost exclu-
sively on the species (Fig. 2c).

Host associations

There were some clear trends in the association
of the 3 dominant sacoglossans (Elysia, Lobiger, and
Stiliger) pertaining to the chemical groupings of
Caulerpa species. The sacoglossans were partitioned
in association between the 3 groupings, with the mean
abundance of Elysia on high concentration Caulerpa
species (Fig. 3a) similar to Lobiger on intermediate
species (Fig. 3b) and Stiliger on low concentration spe-
cies (Fig. 3c). Some Caulerpa species had much higher
sacoglossan densities than others and Caulerpa associ-
ations differed markedly between sacoglossan species.

Fig. 2. Caulerpa spp. Consumption (mg ind.”}; mean + SE) by 4
sacoglossan species in multiple choice feeding assays.
Caulerpa spp. sharing the same letter do not significantly dif-
fer at o = 0.05 (Friedman's multiple comparison). Masses
(mean + SE) of sacoglossans were: Elysia = 0.911 = 0.189 g
(n = 18), Lobiger = 0.512 + 0.113 g (n = 20), Stiliger = 1.966 + O'(‘ o o
0.207 g (n = 20), and Oxynoe = 0.577 +0.115g(n=9) Caulerpa species
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In contrast to feeding preferences, Elysia were most
commonly associated with Caulerpa sertularioides
(16 = 11 animals kg~! seaweed; mean + SE), a species
that contains high levels of secondary metabolites
(Fig. 2a). On average, Elysia were more abundant on
high concentration Caulerpa species than those with
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Fig. 3. Caulerpa spp. Abundance (animals kg™! seaweed;

mean of 3 sample times + SE) of 4 sacoglossan species on

chemical groupings of Caulerpa spp. (n = 6). Mean abun-

dance on species for each chemical grouping (independent

of site) were used to calculate overall means (low, n = 3; inter-
mediate, n = 2; high, n = 2)

intermediate or low levels of secondary metabolites
(Fig. 3a). However, Elysia were not found on C. taxifo-
lia (the highest chemical grouping species), although
they were present at low densities on both intermedi-
ate and low concentration Caulerpa species (<1 animal
kg™! seaweed; Fig. 3a). Rarely were multiple Elysia
found on an individual seaweed (e.g. 2 animals on 1
individual of C. sertularioides and 1 of C. racemosa).

Lobiger abundance was greatest on Caulerpa spe-
cies with intermediate levels of secondary metabolites
(Fig. 3b), mirroring its feeding preferences (Fig. 2b).
Lobiger mean density on intermediate level Caulerpa
species, most commonly C. serrulata (10 + 5 animals
kg~! seaweed; mean + SE), were 7 times higher than on
Caulerpa species with low secondary metabolite con-
centrations (Fig. 3b). They were not found on either of
the high concentration species, C. sertularioides or C.
taxifolia. Lobiger were consistently associated with C.
serrulata and C. racemosa, but were also found at Kiss-
ing Point where neither species was present. In this
case they associated with C. racemosa var. laetevirens
(a low concentration species), and no animals were
found on the other seaweeds, C. taxifolia or C. lentillif-
era. Sometimes multiple Lobiger were found on single
seaweeds (e.g. 2 animals on 6 individuals of C. serru-
lata and 3 animals on a single C. racemosa individual).

The 2 sacoglossans with the narrowest diet prefer-
ence, Stiliger and Oxynoe (Fig. 2c¢,d), were most lim-
ited in their distribution on Caulerpa species. Only
2 Oxynoe were found over the 3 sampling periods,
and care should be taken with interpreting this data
with respect to host association with intermediate
chemical groupings (Fig. 3d). Stiliger was exclusively
found on C. lentillifera (19 + 14 animals kg™! seaweed;
mean + SE).

Sacoglossans were present at densities in the range
of 1 animal per 20 Caulerpa individuals for Elysia and
Lobiger, 1 per 50 for Stiliger and 1 per 150 for Oxynoe.
The size of sacoglossans (mean mass + SE) were: Elysia
0.681 + 0.162 g; Lobiger 0.304 + 0.072 g; Stiliger
0.175 = 0.094 g; and Oxynoe 0.077 + 0.076 g. The total
biomass of seaweeds and number of animals pooled
across the sample times were: C. taxifolia 0.5 kg, no
animals; C. sertularioides 0.7 kg, Elysia = 9; C. serru-
lata 1.8 kg, Elysia = 1, Lobiger = 17, Oxynoe = 1; C.
racemosa 3.1 kg, Elysia =3, Lobiger =4, Oxynoe=1; C.
lentillifera 1.1 kg, Stiliger = 6; C. racemosa var. laete-
virens from Nelly Bay 1.9 kg, Elysia = 2, Lobiger = 2;
and C. racemosa var. laetevirens from Kissing Point
1.6 kg, Lobiger = 1.

Furthermore, there was some variation in sacoglos-
san abundance over the 3 sampling times that did not
appear to depend on the presence of Caulerpa (e.g.
more than 10 individuals of each Caulerpa species
were collected at each site and sample time, except for
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C. lentillifera on one occasion). This means that the
absence of any animals on C. taxifolia was unlikely to
be an artefact of sampling (i.e. the same number of
individuals and a similar biomass to C. sertularioides
were sampled). The only sacoglossans commonly asso-
ciated with Caulerpa species at these sites were the
4 sacoglossan species assessed.

DISCUSSION

Sacoglossans are arguably the best described exam-
ple of a group of marine specialist herbivores because
of their narrow host ranges (Hay 1992, Poore et al.
2008) and unique morphological specialisations (Clark
1992, Marin & Ros 2004). In the present study, the dis-
tinct groupings of Caulerpa species into high, interme-
diate, and low concentrations of caulerpenyne and
oxytoxin 1 provided an opportunity to examine po-
tential consequences of congeneric quantitative sec-
ondary metabolite variation on feeding preferences
and host associations of 4 specialist sacoglossans. The
lack of substantial consumption by any sacoglossan of
either high concentration species, C. taxifolia and C.
sertularioides, suggests that quantitative variation in
chemical defences can influence the diet selection of
marine specialists, at least relative to less defended
Caulerpa species. However, chemical data and feeding
preferences did not entirely conform to host distribu-
tions. Only 2 sacoglossans (Lobiger and Stiliger) mir-
rored their preferences in field associations. Elysia, on
the other hand, did not, and was associated with one
high concentration seaweed. Therefore, any direct
effects of quantitative variation in Caulerpa host chem-
istry on feeding preference and host association may
be limited to a subset of sacoglossans.

Three concepts linking host seaweed chemistry and
feeding preferences to sacoglossan field associations
are supported by our data. The first relates to feeding
preferences for Caulerpa species with intermediate
levels of secondary metabolites, where both high and
low threshold values may deter feeding and ultimately
influence host associations of Lobiger. From the saco-
glossan perspective this may represent a ‘Goldilocks’
scenario, with preferences influenced by secondary
metabolite concentrations that are ‘just right’ in bal-
ancing the potentially toxic effect of the chemical
defences with a requirement for food, as well as pos-
sible ecological roles for sequestered metabolites
(e.g. Paul & Van Alstyne 1988). Secondly, Elysia and
Lobiger had similar feeding preferences but very dif-
ferent patterns of host association. Elysia were most
abundant on one of the high concentration seaweeds
(C. sertularioides), although, in a similar manner to
Lobiger, it was not found on the other high seaweed

(C. taxifolia) and was rarely found on low concentra-
tion species. These contrasting patterns of host use
cannot be attributed to the direct effects of quantitative
variation in chemical defences. An alternative expla-
nation is that resource partitioning by competing
sacoglossans occurs between seaweed hosts (as can
be inferred from Caribbean sacoglossan distributions,
Clark & DeFreese 1987). The final concept is that spe-
cies-specific feeding and/or host cues exist for some
sacoglossans (e.g. Stiliger and C. lentillifera), but these
cues are unlikely to be the major seaweed secondary
metabolites (caulerpenyne and oxytoxin 1).

A clear empirical role for caulerpenyne in feeding
deterrence has rarely been demonstrated (Targett et
al. 1986, Pennings & Paul 1992, Erickson et al. 2006),
and never for sacoglossans, yet many studies assume
or suggest that caulerpenyne acts as a feeding deter-
rent or that it has broad spectrum effects against
microbes (reviewed in Paul et al. 2007). The paradigm
that chemical defences based on caulerpenyne are an
important ecological strategy for Caulerpa species
remains ambiguous because of the instability of the
major compounds in their purified forms (Amade &
Lemée 1998, Jung et al. 2002). Our correlative assess-
ment of feeding preferences across seaweed species,
specifically focused on specialists, supports the para-
digm that caulerpenyne and related metabolites can
be feeding deterrents at high concentrations. How-
ever, caulerpenyne is not effective at intermediate con-
centrations and, at these concentrations, may even be
preferred by Elysia and Lobiger, both of which are
known to sequester Caulerpa metabolites (Cimino et
al. 1990, Gavagnin et al. 1994, 2000). Similar trends of
preferred diets with intermediate to low levels of sec-
ondary metabolites (rather than very high) exist for
other seemingly specialised opisthobranchs (Nagle et
al. 1998, Ginsburg & Paul 2001, Vergés et al. 2008).
Avoiding very high concentrations of secondary meta-
bolites could relate to detoxification limits for seaweed
chemical defences (e.g. Sotka & Whalen 2008), but for
the present study it is unlikely, given that the majority
of Elysia were found on a high concentration seaweed
(C. sertularioides).

The different feeding preferences and varied host
associations among sacoglossans have implications for
specialist-driven selection of specific seaweed chemi-
cal defences. The possibility exists for diffuse coevolu-
tion involving multiple herbivores in this system (e.g.
Fox 1981). Feeding preferences could have selected for
high levels (an upper threshold) in Caulerpa chemical
defence, in an attempt to ‘'radiate and escape’ as sug-
gested for terrestrial plants in response to specialisa-
tion by herbivores (Cornell & Hawkins 2003). Similarly,
any preference for seaweeds with intermediate con-
centrations could manifest as an indirect defence for
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low concentration Caulerpa species (e.g. C. racemosa
var. laetevirens), where such species are common but
are avoided by sacoglossans with broader diet niches
(e.g. Elysia and Lobiger).

Both Stiliger and Oxynoe had strong but different
preferences for low concentration seaweeds (Caulerpa
lentillifera and C. racemosa var. laetevirens, respec-
tively). The exclusive preference and association of
Stiliger may be explained by qualitative variation in
minor natural products and/or the release of metabo-
lites from the seaweeds (i.e. chemical cues). Extremely
narrow host ranges are common in limapontioids
(= stiligerioids) (Jensen 1999); for example, Stiliger
aureomarginatus only feeds on Codium spongiosum
(Raven et al. 2001). A specific cue would provide an
opportune trait for selection of host specificity between
Stiliger and C. lentillifera, and may function in saco-
glossan larval metamorphosis (e.g. Krug & Manzi 1999,
Krug & Zimmer 2000). Unlike Stiliger, the preference
of Oxynoe was not exclusive and field samples re-
vealed individuals on C. racemosa and C. serrulata,
despite that its preferred food was available at both
sites. This apparent lack of specificity has also been
documented for Oxynoe viridis in other parts of Aus-
tralia feeding on multiple Caulerpa species (Raven et
al. 2001).

Correlative studies have limitations, in particular an
inability to definitively control aspects of seaweed and
sacoglossan morphologies, as well as nutrition. For
example, partitioning the effect of secondary metabo-
lites from morphology requires manipulative experi-
ments using artificial diets (e.g. Nagle et al. 1998).
However, assays of this kind have not been employed
for sacoglossans because their suctorial feeding mode
precludes the use of traditional (e.g. agar-based) artifi-
cial diets. By using a diverse number of seaweeds and
herbivores, some aspects were partially controlled in
the assays and for field comparisons. Both high con-
centration species (Caulerpa taxifolia and C. sertulari-
oides) possess a feather-like form and were avoided by
all sacoglossans, yet it is known that sacoglossans can
physically feed on them (Thibaut et al. 2001, authors’
pers. obs.). Two superficially similar algae, C. serrulata
and C. cupressoides, were also consumed in the pre-
sent study. Furthermore, feeding preferences did not
correlate with a gross measure of Caulerpa biology (in
wet:dry ratios, Table 2) nor did they correlate with
nutrient content (similar to Jensen 1983). For example,
both C. taxifolia and C. serrulata have high nutrient
values (% N fresh weight of >0.1 %), whereas C. lentil-
lifera and both C. racemosa varieties have contents
almost 4 times lower (<0.03 % N fresh weight, Paul &
de Nys 2008). Given the difficulties associated with
artificial diets, future studies could take advantage of
environmental and/or between individual quantitative

variation in secondary metabolites within Caulerpa
species (e.g. July versus August, and within-species
variance).

Here we have provided correlative links between
chemical defence, feeding preferences, and host use
by 2 of 4 sacoglossan herbivores, as well as evidence of
contrasting strategies in chemical defence of sympatric
Caulerpa species. The strikingly different degrees of
investment in chemical defences are difficult to recon-
cile given the apparent ineffectiveness against special-
ist associations in the field, despite distinct preferences
in feeding assays. Acknowledging that many factors
influence diet preference and host association, includ-
ing seaweed and herbivore morphology (Steneck &
Watling 1982, Pennings & Paul 1992), as well as the
predictability of host algae (e.g. annuals versus peren-
nials) and competition between herbivores, some of
the links between diet preference, host association,
and the variation in secondary metabolite concentra-
tions of congeners are compelling, specifically the
intermediate preferences of Lobiger. Given the recent
insights generated from the identification of signalling
molecules and chemical cues in both plankton ecology
(Pohnert et al. 2007) and opisthobranch alarm cues
(Kicklighter et al. 2007), similar scrutiny of the chemi-
cal cues facilitating diet and host preference of saco-
glossans—including the relationship between quan-
titative  variation in chemical defences and
post-settlement feeding cues—can reinvigorate dis-
cussion on chemically mediated specialisation and
coevolution in seaweed-herbivore interactions.
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