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Ecosystems are influenced by competition for limited resources, a driver of niche partitioning. Over
time, the emergence of novel traits facilitating new resource exploitation can reduce competition.
However, additional layers of complexity, like symbiosis, complicate our understanding of the patterns
shaping reef communities. Therefore, empirical evidence of niche partitioning reducing competition in
symbiotic benthic communities is limited. Using a unique common garden experiment, we examined
the nutritional strategies of six giant clam holobionts and characterized their symbiont assemblages.
Variation in trophic strategies confirmed trophic niche partitioning, as species fell along a continuum
from highly heterotrophic to highly autotrophic. Tridacna gigas and T. derasa, listed as critically
endangered and endangered, respectively, were the most autotrophic and fast-growing species. We
found significant phylogenetic signals in trophic niche scores, growth rate, and shell length, indicating
the role of natural selection in shaping giant clam nutritional ecology. We conclude that niche
partitioning is a driver of giant clam evolution with benefits and costs; high autotrophy reliance results
in greater growth rates yet may increase vulnerability to disturbances. Given the impact of human
activities on giant clams, conservation efforts should focus on these ecosystem engineers, especially
highly autotrophic and geographically constrained species.

Symbiotic relationships between organisms from different kingdoms serve
as a source of evolutionary innovation leading to adaptative strategies. The
concept of niche partitioning postulates that competition between species
for scarce resources applies evolutionary pressure, resulting in new nutrient-
acquisition adaptations'. Microbial partners can participate in the host’s
survival, reproduction, protection, and/or resource access™’. For example,
symbiotic interactions between autotrophic (e.g., photo- or chemosynthetic
such as green algae or nitrogen-fixing bacteria) and heterotrophic (e.g., host
consumers) organisms enable them to overcome nutritional constraints by
increasing their resource access’. Symbiosis, therefore, provides opportu-
nities for resource partitioning by varying the reliance on autotrophy and
heterotrophy, ultimately promoting species coexistence within an
ecosystem’.

Coral reefs are home to unparalleled biodiversity, much of which is
dependent on associated microbiomes to meet energetic requirements for
growth and reproduction in a nutrient-poor environment®. Symbioses
thrive in these oligotrophic benthic habitats, as nutritional symbioses, or
trophic symbioses, confer a competitive edge over non-symbiotic species
(e.g., obligate suspension-feeding invertebrates). Many marine invertebrate
holobionts (i.e., a host and associated microbial symbionts) found on reefs,
such as corals and giant clams, are associated with dinoflagellate algae from

the Symbiodiniaceae family. This association allows the heterotrophic host
to access inorganic carbon (e.g. carbon dioxide) and nitrogen (e.g. nitrate) in
exchange for metabolic wastes, leading to a recycling of these nutrients
within holobionts™.

Symbiosis can introduce additional variation into the trophic niches of
holobionts through association with different symbionts®. Indeed, genera
and species of Symbiodiniaceae fit into different ecological niches, including
those structured by temperature’ and nutrient availability'’. As a result,
hosting different symbiont species can confer considerable advantages to the
host. Recent evidence suggests that across holobiont taxa, dependence on
symbiont-derived nutrition varies along a spectrum that ranges from a high
dependence on autotrophy to predominant heterotrophy''. Niche parti-
tioning along this continuum contributes to the coexistence of similar
species on reefs. However, this has only been explored in a few taxonomic
groups, and evidence for evolutionary niche partitioning within these taxa is
limited".

This scarcity of research extends to giant clams (subfamily Tridacni-
nae), which represent understudied holobionts despite their conspicuous
presence and crucial ecological role. These iconic symbiotic coral reef
invertebrates act as ecosystem engineers, providing food sources, substrate,
and shelter for a diversity of reef organisms'*"*. Consisting of only 12 species
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across two genera, the phylogenetic relationships of Tridacninae are com-
prehensively mapped'>'®. Their biogeography varies considerably, with a
few species occurring broadly across the Indo-Pacific and others restricted
to the center of the coral triangle'’. Depending on their location, giant clams
can host one or more different genera of Symbiodiniaceae: Symbiodinium,
Cladocopium, Breviolum, Durusdinium and/or Gerakladium'*™"'. Relatively
little is known about the trophic niche of giant clams. The trophic capacity of
seven species has been evaluated by prior studies, though no more than four
species have been assessed simultaneously, from the same location, nor
using the same methods™”.

In this study, we investigated trophic niche partitioning across six co-
occurring species of giant clams, all of similar age and size within each
species, sourced from a common garden located in the Philippines. Using
Stable Isotope Bayesian Ellipse in R (SIBER) analysis, we quantified nutrient
sharing and recycling within giant clams by measuring the overlap between
host and symbiont “isotopic niches”, proxies for trophic niche. Giant clam
trophic strategies were compared using a recently developed trophic niche
index, Host Evaluation: Reliance on Symbionts (HERS), which quantifies
the host dependence on associated symbiont nutrition***. To gain a holistic
picture of trophic niche partitioning in the giant clams, we characterized
associated Symbiodiniaceae assemblages with next-generation sequencing.
We further assessed whether nutrient sharing and other aspects of clam
biology and ecology, such as growth rates and maximum depth, were linked
to the phylogenetic relationships between clam hosts. We hypothesized that
sympatric clams would exhibit trophic resource partitioning through
associations with distinct symbiont assemblages, and that functional traits—
including trophic strategy—would produce significant phylogenetic signals,
supporting trophic niche partitioning as an evolutionary mechanism that
drove divergence and speciation in Tridacninae.

Results

Stable isotope analysis

We measured carbon and nitrogen stable isotope values of clam host tissue
and associated Symbiodiniaceae in six co-occurring species that were cul-
tured in a hatchery prior to be transplanted in a common garden located in

the Tabunan lagoon (Semirara, Philippines): Hippopus hippopus, Hippopus
porcellanus, Tridacna derasa, Tridacna gigas, Tridacna maxima, and Tri-
dacna squamosa. Host stable isotope values were generally higher than those
of symbionts; mean §"C ranged between —17.7 +0.7 (T. maxima) and
—12.3+0.9%o0 (T. derasa) for clams and —18.9+0.9 (T. maxima) and
—13.1£0.7%o (T. derasa) for Symbiodiniaceae while mean §"°N ranged
between 4.7 + 0.2 (T. maxima) and 5.2 + 0.3%o (H. hippopus) for clams and
42+0.2 (T. maxima) and 4.9 +0.1%o (T. gigas) for symbionts (Supple-
mentary Table 1). Particulate organic matter (POM) values averaged
-18.9 + 1.7 for §°C and 2.1 + 1.1 for "N (Supplementary Data 1).

Overall patterns of nutrient exchange were quantified for each species;
however, it is important to note that the sample size of T. maxima (n="9)
was lower than that of the other species (n =23 to n =28) because fewer
individuals were available in the hatchery. While smaller sample size can
reduce the precision of the ellipse area estimates, bootstrapped resampling
approaches mitigate this pitfall and improve estimate reliability”®. We thus
present the most robust analysis possible within these sampling constraints,
yet we still encourage caution when interpreting the results of T. maxima
due to its lower sample size.

Differences between host and symbiont isotopic niches across species
were explored using SIBER, fitting ellipse areas (EA) to "°C and §"°N values
on an isotopic biplot (Fig. 1). Only one clam species, T. gigas, exhibited
overlap (0.29%o”) between host and symbiont Bayesian Standard Ellipse
areas (SEAp), amounting to 24% of the host (SEAgH) and 90% of the
symbiont (SEAgS) SEAg (Supplementary Table 2). All clam species, how-
ever, had overlap between host and symbiont MEAgs, ranging from 0.41 (H.
porcellanus) to 2.31%o" (T. gigas; Supplementary Table 3). The overlap
percentage of host MEA (MEAgH) ranged from 24% (T. maxima) to 49%
(H. porcellanus) and exhibited less variation than that of the symbionts
(MEAGS), which ranged from 17% (H. porcellanus) to 98% (T. gigas). The
distance between host and symbiont ellipse centroids'*’ varied from 0.50%o
(T. gigas) to 1.89%o (T. squamosa) across species (Fig. 1). Residual per-
mutation procedures” demonstrated that host and symbiont groups
occupied significantly different space on the isotope biplot for all species
(P=0.001; Fig. 1B-F) except T. gigas (P =0.116; Fig. 1A).
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Fig. 2 | Giant clams trophic niche scores along the
trophic strategy spectrum. Scores approaching 0
indicate limited nutrient sharing or recycling
between host and symbionts, suggesting the host is
more heterotrophic (blue), while score approaching
to 1 suggest high autotrophy (green). Mean trophic
niche scores are indicated by black lines connecting
the species to the scale. Lower and upper quartiles of
score are indicated by horizontal boxes, and the
error bars indicate 89% credible intervals. Individual
data points (raw trophic niche scores) for each
species are shown in Fig. 3. Pictures: Isis Guibert,
drawings: Leonard Pons.

T. squamosa

H. hippopus

H. porcellanus

T. derasa

More More
Heterotrophy Autotrophy
.
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

As a final metric quantifying nutrient sharing, we used a trophic niche
index (HERS) that incorporated overlap values from both host and sym-
biont SEA and MEAg, to characterize the clams’ trophic strategy™. T. gigas
had a significantly higher trophic niche score (mean=0.51, 89% CI:
0.50-0.52) than all other clams and stood out as the only species with a mean
score greater than 0.50 (Fig. 2). The species with the second highest trophic
niche score, T. derasa (mean=0.40, 89% CI: 0.39-0.41), was significantly
higher than all other clams, except for T. gigas. T. maxima (mean=0.28, 89%
CI: 0.27-0.30), H. hippopus (mean=0.27, 89% CI: 0.27-0.28), and H. por-
celanus (mean=0.27, 89% CI: 0.26-0.28) had similar average and scores
ranges. T. squamosa had a significantly lower trophic score (mean=0.23,
89% CI: 0.22-0.24) than all other clams. Mean growth rates of clam species
extracted from the literature'® were significantly correlated with trophic
scores (R* = 0.58, P = 0.0471; Fig. 3). The average growth rate increased with
the increase of the trophic niche score for all species, except for T. maxima,
which displayed the lowest growth rate (1.71 mm/month) despite having an
average trophic niche score, potentially due to the low sampling number for
T. maxima (n=9). Excluding T. maxima, the linear regression model
indicated that 84.9% (R* = 0.8487, P = 0.0262) of the variance of the average
growth rate can be explained by the trophic niche score.

To assess nutritional exchange between symbiotic partners, we
examined the difference between giant clam host and symbiont §"°C and
615N independenﬂy (Slchost"SmCSymbiont; SISNHost'SlSNSymbiont)5’26~
8" Criost-8"*Csymbiont Values were not normally distributed (Shapiro-Wilk
test, W =0.97147, P=0.005431) and heteroscedastic (Levene’s test, test
statistic = 3.2318, P =0.008729) while 8" Nigoq-8""Nsymbione values were
normally distributed (Shapiro-Wilk test, W =0.98574, P=0.1632) and
homoscedastic (Bartlett’s test, K*=4.8689, P=0.4321). Both 8"Cpjos-
8"Csymbiont and 8" Nizo-8""Ngympiont Varied significantly across species
(8" Crrost-8"Csymbion: Welch’s analysis of variance (ANOVA), test statis-
tic=10.397, P=9.709¢7; §'*Ni1o5-8' Niympiont: one-way ANOVA, F=16.3,
P =1.67¢"% Supplementary Fig. 3). T. gigas 8’ Cizos-8"*Csymbiont values were
significantly lower than H. hippopus, H. porcellanus, and T. squamosa
(Games-Howel post hoc test, P=0.0000456, P =0.000887, and
P =0.00000266, respectively) and H. porcellanus and T. derasa were sig-
nificantly lower than T. squamosa (P = 0.015 and P = 0.001; Supplementary
Fig. 3A). T. gigas 8" Nio-8""Ngymbiont values were significantly lower than

lower than H. hippopus and T. squamosa (Supplementary Table 4, Sup-
plementary Fig. 3B).

Symbiodiniaceae diversity and community structure
We obtained 3,805,562 sequence reads with an average of 211,420 (SD
38,407) reads per library. A total of 16 ITS2 type profiles belonging to three
Symbiodiniaceae genera were detected over 18 giant clam samples (Fig. 4).
Cladocopium was the most common genus and was represented by eight
profiles, while genus Durusdinium was represented by five profiles, and genus
Symbiodinium with three profiles. All giant clams hosted a combination of
two genera (Symbiodinium-Cladocopium or Cladocopium-Durusdinium)
except for one H. Hippopus and one T. squamosa individual that contained
type profiles representing all three genera (at >1% of the population). One
genus typically dominated the community of each giant clam individual.
ITS2 type profiles showed variable distribution among giant clam
species. On average, type profile C93a-C93e-C55a was most dominant in H.
porcellanus (99%), H. hippopus (64%), and T. squamosa (59%). This type
profile co-occurred with A3 (Symbiodinium tridacnidorum, a symbiont
showing evidence of coevolution with giant clams™; 31%) in H. hippopus
and D4/D5-D9b-D1bg-D5n (33%) in T. squamosa. Symbiodiniaceae in T.
gigas predominantly consisted of closely related type profiles from genus
Cladocopium (C93/66-C93e, 33%; C93a-C93e-C93n, 33%; C93a-C93e-
C55a, 31%). In T. derasa, the dominant type profiles were C93a (66%) and
C93a-C93f (26%). T. maxima was dominated by profiles C1/Clc-Clal-
C1b-C42.2 (81%) and D4/D5-D9b-D1bg-D5n (19%). Non-metric multi-
dimensional scaling ordination based on ITS2 type profiles revealed close
clustering of H. hippopus, H. porcellanus, T. gigas, and T. squamosa, whereas
the other two species had greater variability (Supplementary Fig. 4).

Phylogenetic signal analysis

We produced a Bayesian phylogenetic tree, based on 16 genetic mito-
chondrial and ribosomal sequences'® that corroborated evolutionary rela-
tionships between the six studied clam species supported in previous studies
(Fig. 5. Each node of the tree had a posterior probability greater than
0.89. The phylogenetic signal analyses showed significant patterns in four
out of eight ecological traits (Supplementary Fig. 5 and Data 1): mean
growth rate (P = 0.020; K = 0.88), trophic niche score (P = 0.030; K = 1.215),

those of all other species (Tukey’s HSD, Supplementary Table 4), and H. maximum  shell length (P=0.031; K=1.026) and depth
porcellanus and T. derasa 8" Nijou-8""Ngymbion: values were significantly (P =0.030; K =0.984).
Communications Biology| (2026)9:48 3


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09313-z

Article

Fig. 3 | Significant correlation between the trophic

niches scores and published mean growth rates of 81
six giant clam species. Color indicates the Inter-

national Union for Conservation of Nature (IUCN)
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Discussion

Giant clams are a remarkable group of marine invertebrates, including the
largest living bivalve on Earth, Tridacna gigas. They act as reef engineers
playing a pivotal role in coral reef ecosystems across the Indo-Pacific".
However, giant clam populations are undergoing rapid decline due to major
anthropogenic stressors, including overexploitation, pollution, and habitat
loss, and this vulnerability is further increased by climate change owing to
their reliance on symbiosis’”. Despite growing concern for their
conservation", giant clams remain poorly studied. As a taxon, they repre-
sent a unique case study to understand the role of nutritional symbioses in
the evolution and biogeography of marine species. Giant clams are con-
sidered mixotrophic holobionts, acquiring nutrients from both symbiont
photosynthesis and suspension feeding’*”, therefore competing amongst
themselves and with other benthic taxa for food and space on oligotrophic
reefs. This concept of competition is encapsulated in the competitive
exclusion principle, which posits that species with overlapping niches
compete', leading to subtle adaptations to avoid competition, fostering
speciation and consequently, sympatry™’. Moreover, the host microbiome
plays an important role in the ecology and evolution of species, and forming
associations with diverse symbionts can confer substantial advantages to the
host’, leading to trophic niche variations. In giant clams, symbionts are
known to translocate a substantial proportion of their photosynthetically
fixed carbon to the host®’; however, the extent of carbon translocation can
vary among symbiont species and strains, introducing further complexity to
the nutritional dynamics of the holobiont™. We therefore hypothesized that
variation in the relative contributions of auto- and heterotrophic dietary
sources, potentially fostered by associations with distinct symbiont assem-
blages, underpins the ecology and evolution of giant clams and helps explain
their biology and biogeography across the Indo-Pacific.

Using a unique common garden, we revealed clear differences in
trophic strategy among six co-occurring species of giant clams of compar-
able age and size within species. Giant clams occupied statistically different
regions along a trophic strategy spectrum, demonstrating variation in reli-
ance on symbiont photosynthesis (Fig. 2). T. squamosa was positioned near
the heterotrophic end of the trophic strategy spectrum, while the other

species displayed a distribution across the mixotrophic range, with T. derasa
and T. gigas falling closer to the autotrophic end of the spectrum. T. gigas was
the only species exhibiting overlap between host and symbiont standard
ellipses area (SEAg), indicating a closer link between host and symbiont
nutrient sources compared to other species (Fig. 1 and Supplementary
Table 2). Given that the clams used in this work were all reared and collected
from the same site characterized by an open, sandy bottom, the observed
variation cannot be explained by micro-environmental differences but
rather reflects species-specific differences in trophic strategy. Additionally,
all sampled clams were of a similar age (3—4 years old) and of a similar size
within species. These results provide overwhelming evidence that giant clam
species are not using identical trophic strategies and vary in their reliance on
autotrophic and heterotrophic nutrient sources. The dispersion of species
along the spectrum supports conceptualizing syntrophic mutualisms as a
continuum” rather than discrete categories (i.e., autotrophy, mixotrophy, or
heterotrophy). While mutualisms with photosynthetic algae open addi-
tional energetic pathways to marine invertebrates, the evolution of this
relationship across multiple taxa has led to intense competition, providing a
mechanism for the niche partitioning observed in giant clam species.

Across clam species, host nitrogen isotope values were offset from
those of POM by the amount expected for a consumer (~2.5%0)**”, sug-
gesting that all species obtain some nutrition from filter feeding. Trophic
differences across holobionts were instead driven by variation in the §°N
values of associated Symbiodiniaceae. In the most autotrophic species (T.
gigas), the host and symbiont had near identical mean nitrogen values
(8" No5t-8""Nsymbiont = 0.1 + 0.3%o0), whereas in the more heterotrophic
species T. squamosa, symbionts had lower 8"N, resulting in a larger dif-
ference from their hosts (8'*Nizost-8""Nsymbiont = 0.7 £ 0.3%o). This suggests
differences in the overlap of host and symbiont isotopic niches across clam
species were driven by increased nutrient recycling in more autotrophic
holobiont species, rather than a decrease in heterotrophy. Given the con-
siderable active filtration capacity of clams™", it is unsurprising that POM is
an important source of nutrition to the taxon.

Nutrient recycling within mixotrophic holobionts may eliminate iso-
tope fractionation effects that could occur during nutrient translocation or
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Fig. 4 | Diversity of Symbiodiniaceae associated
with six giant clam species: Hippopus hippopus
(Hh), Hippopus porcellanus (Hp), Tridacna derasa
(Td), Tridacna gigas (Tg), Tridacna maxima
(Tm), and Tridacna squamosa (Ts). Relative
abundance of Symbiodiniaceae genera (A) and
predicted ITS2 type profiles (B) are shown.

A 100-

Relative abundance (%)

Relative abundance (%)

75+
50 -
25+
N

Genus
Symbiodinium

M Cladocopium

W Durusdinium

ITS2 type profile
M A3

A3-A3s
A6b/A3-A3g-A6d-A6c-A3v-ABh
Il Ci1/C1c-C1al-C1b-C42.2
C93a
[ C93a-C93e-C55a
I C93a-C93e-C93n
[ C93a-C93f
C93a-C93h
C93a/C66-C116ac
C93a/C66-C93e
B D1-D4-D4c-D1¢c-D17d-D1r-D17¢c-D17e
[ D4/D5-D9b-D1bg-D5n
D5/D4/D9b
D5/D4u-D4-D9b
D5/D9b-D4-D1bg-D5x

B 100-
75-
50-
25- !
0-
Hh Hp Td Tg Tm Ts

excretion®’. The similar §"°N and §"C values of T. gigas hosts and symbionts
suggest that either fractionation during translocation is minimal, or that
nutrient recycling was extensive enough to negate any fractionation effects.
Similarly, lower symbiont 8"°N values relative to the host could result from
the assimilation of isotopically light nitrogenous waste products the host
preferentially excretes™”’. Yet, if compounds produced with host waste are
in turn shared with the host, these discrete isotope pools will be continually
mixed, eliminating fractionation. While an understanding of the fractio-
nation effects of the processes involved in syntrophic mutualisms (e.g.
assimilation, synthesis, translocation) would improve the interpretation of
our results, it is clear that host and symbiont partners with closer isotope
values exhibit more nutrient sharing/recycling than species with divergent
values, regardless of the mechanism.

By optimizing their autotrophic capacity, photosymbiotic taxa can
achieve high rates of growth**’. Foundational work by Fitt et al.”
demonstrated that increased autotrophy in T. derasa, driven by the addition
of dissolved inorganic nitrogen, resulted in enhanced growth. We observed
this pattern in the species studied here, where the trophic niche scores
correlated significantly with growth rates (Fig.3). T. gigas, the most auto-
trophic clam that stood out with a trophic niche score >0.5, outgrows any
other clam species*, reaching up to 200kg" (Figs. 2 and 3). Our results
confirm that T. gigas growth and size are supported through higher nutrient
sharing with associated Symbiodiniaceae. Indeed, growth rates of T. gigas
can double at shallow compared to deep sites* and larger individuals cannot
meet their energetic demands through heterotrophic feeding alone™, as the
importance of filter feeding declines with increasing clam size™. However,
our observations suggest a tradeoff between autotrophy and survival in a
changing world. T. gigas and T. derasa are the only species in this study listed
as critically endangered and endangered, respectively, on the TUCN Red List
of Threatened species”” (Fig. 3), which is mostly due to heavy fishing
pressures. They are also the two most autotrophic clams, which may
therefore increase their vulnerability under global change scenarios. Similar
patterns have been observed with other photosymbiotic taxa, where highly
autotrophic corals have been shown to be more susceptible to warming
events''. Indeed, during warming events, highly autotrophic corals, such as
Acropora spp., were the first to show signs of bleaching and exhibited the
highest mortality and coral cover loss***. Increased sea surface temperatures

strengthen stratification and thus, limit the availability of essential nutrients
and primary production in shallow water coral reef ecosystems™, therefore
potentially limiting shifts from auto- to heterotrophy’'. This indicates that
while autotrophy likely supports high growth rates that confer fitness in
space-limiting environments, highly autotrophic species may be less resi-
lient to environmental perturbations, such as warming.

Symbiosis, a key trait that plays a role in host ecology and evolution™, is
shaped by both environmental conditions™ and host-intrinsic processes,
which influence the composition of associated microbiomes'. Our results
suggest clam host control over associated Symbiodiniaceae; species reared in
a common environment and inhabiting the same lagoon harbored different
genera and ITS2-type profiles (Fig. 4 and Supplementary Fig. 4). Symbiont
composition can also vary across the geographic range of the host. T.
maxima, for example, associated with Symbiodinium in the Red Sea”,
Cladocopium and Durusdinium in the Philippines (this study; Fig. 4), and all
three genera in French Polynesia'®. Regulation of associated symbiont
assemblages may enable giant clams to meet their nutritional needs
according to their environment without modification of the host physiology
or morphology, providing a mechanism of niche flexibility. In addition,
Symbiodinaceae genera were found to play a role in giant clam growth rates,
demonstrating their importance for clams’ nutritional needs™.

Although no studies have been conducted with clams, previous work
with corals and anemones has demonstrated that the role of symbionts in
host trophic dynamics varies according to Symbiodiniaceae genera™. While
the proportion of ITS2 profiles varied among the six species of giant clams
(Fig. 4), the three species with similar trophic niche score, T. squamosa, H.
hippopus and H. porcellanus also hosted the same dominant ITS2-type
profile. This indicates that the Symbiodiniaceae might play a role in giant
clam trophic niches, pointing toward the necessity for future studies to
explore not just the genera but also the ITS2-type profiles and their func-
tional ecology, as different phylotypes may differ in their capacity to
translocate carbon to the host™.

We posit that variation in giant clam nutritional strategy was under-
pinned by their evolutionary history. We detected a significant phylogenetic
signal in mean trophic niche scores (P<0.05, Fig. 5), supporting the
hypothesis that trophic niche partitioning played a role in the divergence of
species within Tridacninae™. Previous work has found that the evolution of
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Fig. 5 | Significant (P < 0.05) results of a phylo- e />%
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genetic signal analysis for six giant clam species. %, %
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photosymbiosis in giant clams coincided with the expansion of the modern
Indo-Pacific coral reef, implying that habitat was a key factor in the devel-
opment of clam nutritional symbiosis”. Competition for nutrients in oli-
gotrophic tropical seas applied selection pressure for the coupling of
heterotrophic and autotrophic metabolisms, maximizing the potential
avenues for meeting energetic requirements, while simultaneously reducing
competition for scarce food”. Previous studies found that up to six tri-
dacnids can coexist on the same reef, however, they occurred at different
depths and substrate types, suggesting adaptation to microhabitats with
varying light and/or particulate food availability™. While multiple factors
certainly contribute to the distribution of species, partitioning of resources,
including autotrophic and heterotrophic nutrient acquisition, largely con-
tribute to the coexistence of marine invertebrates”. In addition, the phy-
logenetic analysis showed evidence of ecological divergence among the six
species of giant clams based on growth rate and maximum shell length (a
proxy for maximum size)”* (Fig. 5). More autotrophic clams, particularly T.
gigas, exhibit faster growth and achieve larger body sizes. Growth rate and
body size are important adaptations that play a role in evolution, for instance
by increasing competitive abilities®**". Significant phylogenetic signal in the
maximum depth was also revealed, with T. squamosa being able to colonize
deeper environments (42 m depth) likely due to its predominantly hetero-
trophic strategy®. This is further supported by the species’ high resilience to
light limitation. Indeed, T. squamosa can survive 30 days in total darkness®,
which explains its capacity to colonize mesophotic reefs and corroborates
our findings regarding its trophic strategy. All these findings align with the
ecological theory that anticipates an increased selection for traits that lessen
competition through niche differentiation.

This work is a step towards understanding the trophodynamics of
symbiotic marine invertebrates, anchored in an evolutionary framework,
and providing insights into their vulnerability in the Anthropocene. For the
first time to our knowledge, we demonstrated that trophic niche partitioning
occurs within giant clam taxa, providing an explanation for the co-
occurrence of these foundational species on reefs. Our results also high-
lighted one potential tradeoff between reliance on autotrophy vs hetero-
trophy; more autotrophic giant clam species grow faster yet are prone to
pressures. Among the six species studied, the more autotrophic and fast-
growing species, T. gigasand T. derasa, are listed as critically endangered and
endangered, respectively”’. This observed decline in the past decades is
primarily attributable to overfishing and potentially accelerated by other
anthropogenic stressors'’. In addition, recent evidence in other marine
invertebrate taxa has demonstrated a link between trophic niche and vul-
nerability, with more autotrophic corals being more susceptible to thermal

bleaching''. Eutrophication, another major threat of this century, might
aggravate the vulnerability of giant clams to climate change by increasing
reliance on autotrophy. Therefore, while a commitment to symbiosis can
enhance a holobionts nutrient acquisition and growth - a clear advantage in
nutrient and space-limited reef ecosystems - will also be an “Achilles’ heel”
in an increasingly warm and eutrophic world, which could exacerbate the
existing vulnerability of giant clams. Trophic strategy may therefore be
harnessed as an indicator of species of concern in conservation efforts™.
Giant clams are also highly impacted by human activities, including over-
fishing and coastal development”. Conservation of these ecosystem engi-
neers, particularly species like T. gigas, or T. derasa that are highly auto-
trophic and geographically constrained (Supplementary Fig. 6), requires
maintaining environmental factors that enhance autotrophic performance -
mitigating seawater temperatures and reducing nutrients and sedimenta-
tion, specifically - in addition to curtailing over-harvesting.

Methods
Sample collection
Six giant clam species (Tridacna gigas, Tridacna derasa, Hippopus porcel-
lanus, Hippopus hippopus, Tridacna maxima and Tridacna squamosa) were
sampled from a sandy common garden at 2-5m depth, at the Tabunan
lagoon ocean nursery in Semirara Island, Philippines (12 °05'13.62" N, 121
°20'45.66" E, Supplementary Fig. 1). The giant clams were cultured and
reared at the Semirara Marine Hatchery Laboratory following standard
protocols described in the Giant Clam Hatchery, Ocean Nursery and Stock
Enhancement Manual® before being transferred to the ocean nursery at
about 3 months old. The sampled giant clams from the Tabunan lagoon
were of similar age, between 3 and 4 years old, and were derived from the
same spawning cohort for each species. Five of the six giant clam species
(Tridacna gigas, Tridacna derasa, Hippopus porcellanus, Hippopus hippopus
and Tridacna squamosa) were sampled in the north of the lagoon, while the
Tridacna maxima samples were collected less than 400 m away in the
southwest of the lagoon. The samples from the five species in the north were
collected from a 30 m” area and the Tridacna maxima froma 10 m2 area. To
ensure that both areas had similar conditions, light and temperature hobo
loggers were deployed in November 2019 (Supplementary Fig. 2). The mean
shell length for each species was a follow: T. gigas 31.1 cm (SD £ 3.6), T.
derasa 19.9 cm (SD + 3.3), H. porcellanus 23.7 cm (SD + 1.5), H. hippopus
249 cm (SD £4.5), T. maxima 169 cm (SD+1.7), and T. squamosa
19.3 cm (SD + 2.6) (Supplementary Data 2).

To explore niche partitioning across clams, we used a non-lethal
sampling protocol in which one small (~approximately 1 x 1 cm) mantle
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clip per clam was clamped ~0.5 cm from the edge using sterile hemostat
forceps and sterile surgical scissors. Mantles were collected from 27 T. gigas,
28 T. derasa, 23 H. porcellanus, 25 H. hippopus, nine T. maxima and 26 T.
squamosa and stored at —40 °C (Supplementary Data 2). Mean wet mass of
clips varied from 0.095 +0.035 g (T. derasa; +SD) to 0.177 +0.046 g (H.
porcellanus). On each sampling day, duplicate samples of 3 L of seawater
from the Tabunan lagoon were collected and filtered through two 47 mm
glass fiber filters (GFF pore size 0.45 uM) to collect POM (Supplementary
Data 1). All the filters were placed in a petri dish and dried at ambient
temperature before analysis. All the samples for SIA analysis were collected
across three days in November 2019. Additional mantle clips were collected
from three individuals of each giant clam species to characterize associated
symbiont assemblages (Supplementary Data 2). While initially all samples
for symbiont community analysis were from Semirara Island, T. derasa and
T. squamosa samples did not pass library QC, leading to data analysis from
hatchery-bred individuals reared at the Silaqui ocean nursery of the Uni-
versity of the Philippines Bolinao Marine Laboratory (Bolinao, Pangasinan,
Philippines; Supplementary Data 3). Samples were stored in salt-saturated
DMSO-EDTA buffer at 4 °C until DNA extraction.

Laboratory analyses

Mantle samples for SIA were lacerated with a razor blade, placed in 5 ml of
Milli-Q water and sonicated (S-150D, BRANSON, United States) for 30 s at
5 W to extract algal symbionts. The supernatant, containing the symbionts,
was retained. This process was repeated to maximize symbiont yield. The
combined symbiont fractions were centrifuged at 3000 RCF for 10 min. The
lacerated mantle was homogenized in 5 ml of Milli-Q water with a Tissue-
Tearor (Ultra Turrax T25, IKA labortechnik staufen, Germany) and cen-
trifuged at 2000 RCF for 10 min to separate giant clam host tissue from any
residual symbionts. The supernatant was collected and centrifuged again for
5 min at 2200 RCF. The supernatant containing the clean host fraction was
kept for analysis. Host and symbiont fractions were stored at -40 °C over-
night and then freeze-dried (Alpha 1-4 LCS-Plus, Christ, Germany). Dry
clam host tissue (0.9 + 0.1 mg) and symbionts (0.7 + 0.1 mg) were weighed
into tin capsules. POM from the Tabunan lagoon was scraped off each filter
and acidified in silver capsules using two applications of 5 uL of HPLC-grade
6 N HCL to remove inorganic carbonates. Isotopic ratios of carbon (§”°C)
and nitrogen (8"°N) were measured at the Stable Isotope Ratio Mass Spec-
trometry Laboratory at the University of Hong Kong with an environmental
analyser (Eurovector EA3028, Italy) coupled to a stable isotope ratio mass
spectrometer (Nu Instruments Perspective, UK). Vienna PeeDee belemnite
(6C=0.011%o0) and atmospheric nitrogen (8"°N = 0.004%o) were used as
standards for C and N, respectively, and accuracy for both was better
than 0.1%o.

Total genomic DNA from giant clams was isolated using a Qiagen
DNeasy Plant Mini Kit (Qiagen, Germany) following the protocol provided
by the manufacturer, with minor adjustments. Briefly, ~1 cm® of mantle
tissue was homogenized with a pestle before completing extractions. DNA
samples were quantified with a Nanodrop™ spectrophotometer (Thermo-
fisher, USA) and sent to Macrogen, South Korea, for library preparation and
sequencing. Amplicon libraries were prepared using the Herculase I Fusion
DNA Polymerase Nextera XT Index Kit V2 using the primers ITSintfor2’
and ITS2-reverse’ targeting the ITS2 region of the ribosomal RNA operon.
Libraries were sequenced on the Illumina MiSeq platform to generate 2
%300 bp reads.

Statistics and reproducibility

SIA statistical analysis. Host and symbiont isotopic niches of the six
giant clam species were estimated using Stable Isotope Bayesian Ellipses
in R (SIBER) analysis®. SIBER analysis was performed on 27 Tridacna
gigas, 28 Tridacna derasa, 23 Hippopus porcellanus, 25 Hippopus hippo-
pus, 9 Tridacna maxima, and 26 Tridacna squamosa individuals. SIBER
analysis was used to fit ellipse areas (EA) to host and symbiont §"°C and
8"N values shown on an isotopic biplot. EAs are used to represent iso-
topic niche, defined as the representative area that a group or species

occupies in isotopic space (typically on a §°C- §"°N biplot) and used as a
proxy for trophic niche”*, providing stable results when the number of
samples is >20”°. We used a Bayesian analysis to generate a posterior
distribution of EA. Markov chain Monte Carlo (MCMC) methods were
used to generate two chains of 20,000 iterations of probable EAs, starting
from a vague Inverse Wishart prior and thinned every 10 iterations. The
mode of the last 100 posterior draws of EAs was used as the Bayesian
estimate of ellipse area (EAp)®”. Standard ellipses area (SEA) encom-
passing 40% of the data was estimated. In addition, larger ellipses that
encompass 95% of the variation of the data (major ellipse area, MEA)
were calculated to increase the detection of minimal nutrient sharing.
Isotopic biplots are presented with SEAs and MEAs derived from raw
data for visual representation.

Based on the SIBER outputs, we used a trophic niche index named
Host Evaluation: Reliance on Symbionts (HERS) index, to estimate the
relative nutritional importance of the symbionts to host nutrition***”’. To
do so, this trophic niche index combines the proportional overlap of host
(EAgH) and symbiont (EAS) 40% (standard ellipse area; SEAp) and 95%
(major ellipse area; MEAg) Bayesian ellipses (Eq. 1). According to this index,
scores approaching 0 indicate limited nutrient sharing or recycling between
host and symbionts, suggesting the host is more heterotrophic. In contrast,
scores close to 1 suggest high exchange between the two partners, indicating
the host is more autotrophic.

MEABHexp(—MEABS) + SEABHexp(—SEABS)
2

Trophic niche index HERS =
)

Using stable isotope data we collected from the six clam species, we ran
20 independent SIBER analyses to generate 20 trophic niche scores (HERS)
for each species (Supplementary Data 1). Boundaries of the 89% credible
intervals (CI) were used to assess statistically significant differences between
species’".

To assess the sharing of carbon and nitrogen independently, we sub-
tracted the isotope value of the symbiont from that of its paired host
(8" Criost-6"Csymbions 8" "Nizost-0" Nsymbiont) ™" The  distributions of
8" Criost-6"*Csymbiont and 8" Nizost-8'"Nymbiont Were assessed visually with
Q-Q plots and statistically with Shapiro-Wilk tests, while scedasticity was
evaluated with either a Bartlett’s test if data were normal or a Levene’s test if
data were not normally distributed. Statistical differences between the
8" Criost-8"Csymbiont and 8" Nizoq-8""Nymbiont of different species were
determined using one-way ANOV As for normally distributed and homo-
scedastic data, or a Welch’s ANOV As for non-normal and heteroscedastic
data. If significant differences between species were detected, pairwise
comparisons were evaluated using either Tukey’s HSD tests or Games-
Howell Post-hoc tests, again depending on the distribution and scedasticity
of the datasets. The distance between host and symbiont ellipse centroids
(DEC) was also calculated with lower values indicative of more autotrophy
and higher values indicative of more heterotrophy''. Finally, significant
differences in the relative placement of host and symbiont isotopic niches
were determined using residual permutation procedures”. We examined
whether clam trophic scores were correlated with published growth rates'>””
(Supplementary Data 1) using a linear regression (generalized linear model).
All isotope analyses were conducted in R version 4.2.1 using RStudio
v.1.4.11037.

ITS2 sequence analysis. Sequence analysis was conducted in the
SymPortal framework™ to predict ITS2 type profiles as proxies for
putative Symbiodiniaceae genotypes. Raw paired reads were subjected to
quality control (QC) using mothur v.1.39.5 . Reads were screened for
Symbiodiniaceae sequences within the range of 184-310 bp and algor-
ithmically searched in a genus-separated manner using the BLAST+
suite of executables” and Minimum Entropy Decomposition (MED)"".
Post-QC, ITS2 sequences were loaded to both local and remote Sym-
Portal databases to identify specific sets of ITS2 sequences re-occurring in
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multiple samples called defining intragenomic variants (DIVs). The
presence and abundance of these DIVs were used to define the ITS2 type
profiles. Raw data are available in the Bioproject PRINA749183, with
BioSample and Sequence Read Archive (SRA) numbers listed in Sup-
plementary Data 3. To visualize Symbiodiniaceae community structures,
non-metric multidimensional scaling based on Bray-Curtis dissimilarity
measures from abundance data was plotted (Supplementary Fig. 4).

Phylogenetic analysis. A phylogenetic signal analysis to investigate
evolutionary patterns of ecological divergence among species'"” was
realized by pairing a giant clam phylogeny with 8 ecological traits
(Supplementary Data 1). The 18S rRNA gene and 15 mitochondrial genes
of the six studied giant clams and a cardiid outgroup species (Fulvia
mutica) were obtained from Tan et al.'®. Model substitution for each of
the 16 gene partitions was selected with the Bayesian information cri-
terion (BIC) using jModelTest v2.1.107%”. A dated phylogenetic tree was
constructed with MrBayes version 3.2.7a” from four independent Mar-
kov Chain Monte Carlo (MCMC) analyses, each containing four chains
of two million cycles sampled every 100 cycles and trimmed from the first
25%. The phylogenetic tree was drawn from the resulting posterior
distribution.

The multiPhylosignal function from the R package picante®, was used
to detect significant phylogenetic patterns in eight different ecological traits
(Supplementary Data 1), using a bootstrapping technique with 720 (6!)
replacements. Each final trait result was extracted from the mean of 1000
independent multiPhylosignal analyses (Supplementary Fig. 5). Of the eight
traits, three were obtained from the literature (mean growth rate, maximum
shell length and maximum depth)'®, one (occurrence in different provinces)
was determined by matching published occurrences of giant clam species'’
to established Marine Ecoregions of the World™ resulting in the number of
ecoregions each clam inhabits (Supplementary Data 1), and four were
determined in this study (Distance to the ellipse centroids DEC, mean SN,
mean 8"C, and trophic niche score). K values greater or equal to 1
demonstrated a close fit to the phylogenetic relationship between species,
while values close to 0 indicated a pattern abnormally different from the

83,84

phylogenetic tree
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