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ARTICLE INFO ABSTRACT

Associate editor: Hao-Jia Ren Giant clams are reef-dwelling bivalves that reach unusual sizes through a partnership with photosymbiotic algae.

To date, no shell-based biogeochemical proxy has been found which directly records the photosymbiotic

Keywords: development and health of these animals. We present new results showing a size-related decline in nitrogen
Tridacna isotopic values of shell-bound organic matter from the hinge layers of giant clams from the Northern Red Sea. In
ggr;l reefs three of four tested shells, 3'°N values decline from >+4%o at the juvenile stage to between 0 and —2.5%o at
Red Sea maturity. These trends are consistent with a transition from heterotrophic nutrition early in the bivalve’s life to

receiving most of their nutrition from photosynthetic symbionts and external dissolved inorganic nitrogen at
maturity. We find more muted declines or no change within the outer shell layer, with more inter-individual
variability, which is likely related to the greater influence of the symbionts in the adjacent siphonal mantle of
the animals. We use a von Bertalanffy-linked trophic model that uses 8'°N of nitrate and particulate organic
matter to corroborate and explain the trophic transition in the ontogeny of the clams, and propose that high-
resolution 8'°N measurements in bivalves could be used as a proxy for photosymbiosis and reef paleoenvir-

Nano-EA-IRMS

onmental conditions in the fossil record.

1. Introduction

Many marine animals partner with photosynthetic algae to form
mutualistic symbioses, with the symbionts providing sugars and other
photosynthetic products to the host in exchange for nutrients and shelter
(Lipps and Stanley, 2016). Photosymbiosis in mollusks is known to have
evolved independently in multiple extant taxa, with obligate photo-
symbiotic relationships observed in giant clams (Tridacninae) and
cockles in the subfamily Fraginae (Li et al., 2018). A variety of candi-
dates for photosymbiosis have been identified among fossil bivalve taxa,
including Cretaceous rudists (de Winter et al., 2020), members of the
Jurassic Lithiotis fauna (Fraser et al., 2004; Posenato et al., 2013),
Triassic alatoconchids (Yancey and Stanley, 1999), and others (Vermeij,
2013). Current evidence for photosymbiosis in bivalves is largely based
on inference from diurnal (light-mediated) growth banding,
morphology, and ecology/life habits while more direct geochemical

proxies for photosymbiotic activity in fossil bivalves remain elusive.
Diagenetic resetting and loss of primary shell material complicate at-
tempts to identify unambiguous geochemical fingerprints of symbiosis
applicable to the fossil record (Dreier et al., 2014).

Environmental and physiological signals can become intertwined in
ways that make the isolation of either signal particularly difficult, as
exemplified by prior attempts to find photosymbiotic signals in the
carbon isotopic composition of shell carbonate (Jones and Jacobs, 1992;
Killam et al., 2020). Such approaches could take the form of a known
biogeochemical offset or daily oscillation in relation to light observed in
modern photosynthetic bivalves, resulting from their internal physi-
ology rather than external environment. Carbon isotopes (Jones et al.,
1986) and daily oscillations in trace elements (de Winter et al., 2020) are
confounded by external signals originating from the animals’ reef en-
vironments (Jones and Jacobs, 1992; de Winter et al., 2022), rather than
originating within the animals themselves and thus cannot be used as
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proxies for photosymbiosis.

The nitrogen isotopic composition (denoted by 5'°N in per mil
relative to air) of shell organic matter has proven to be a versatile record
of bivalve diet and ecological dynamics. Such work has been used to
trace anthropogenic eutrophication in watersheds and coastal environ-
ments due to fertilizer runoff or sewage (e.g., Carmichael et al., 2008;
Graniero et al., 2016; Black et al., 2017; Darrow et al., 2017; Murray
etal., 2019), as well as records of interannual fluctuations of source §'°N
in marine environments (e.g., Gillikin et al., 2017; Whitney et al., 2019;
Das et al., 2021; Schone and Huang, 2021; Peharda et al., 2022). The
shell organic matter of giant clams and other bivalves is composed of
intra- and inter-crystalline fractions containing polysaccharides, pro-
teins, and lipids (Agbaje et al., 2017). The amino acids within the shell
proteins represent the dominant source of nitrogen available for isotopic
analysis. Prior workers have shown that bivalve shell §'°N is correlated
to the 8'°N of the animals’ soft tissue (Carmichael et al., 2008; Graniero
et al., 2016; Gillikin et al., 2017; Vokhshoori et al., 2022), allowing shell
5°N to be used as an archive of the bivalve’s nutrition postmortem.

5'°N values of giant clam shell organic matter potentially record
bivalve symbiosis. Giant clams harbor the same family of dinoflagellate
photosymbionts as corals (Carlos et al., 1999) and possess low tissue
5'°N values in a similar range as corals and other mixotrophs (Kiirten
et al., 2014, Helber et al. 2021). Fossil photosymbiotic corals display a
~+7% depletion in 5'°N compared to coeval heterotrophic (filter-
feeding) corals (Frankowiak et al., 2016; Tornabene et al., 2017). This
large 15N—depletion is posited to be a function of the lower relative
trophic position of the photosymbiotic corals, intake of dissolved inor-
ganic nitrogen (DIN) with lower 515N by the hosts, and internal recy-
cling of host nitrogen waste by the symbionts. While prior studies have
investigated the bulk shell 5'°N values of giant clams (Killam et al.,
2021), no prior studies have investigated the variability of shell nitrogen
isotopes in giant clams at the sclerochronological resolution necessary to
observe changes over the lifespan of the animal.

Giant clams accelerate their symbiosis as they grow (Yau and Fan,
2012), with the symbionts increasing their uptake of host ammonium
waste as the animal ages (Fitt et al., 1993). The host clam effectively
drops in trophic level as it begins to feed on symbiont products more
than external filter-fed nutrition (Klumpp et al., 1992). The host assists
its symbionts by actively drawing in external DIN, primarily as nitrate
and ammonium (Hawkins and Klumpp, 1995; Ip et al., 2020).

Changes in nitrogen sourcing are recorded in shell 8'°N of other
calcifying organisms; for example, the seasonal variability of skeletal
815N in corals has received attention as a paleoenvironmental proxy in
many regions of the world. It has been used to compare the historical
and modern variability of monsoon-delivered aerosols (Ren et al., 2017)
and acceleration of nitrogen fixation near the Great Barrier Reef due to
anthropogenic eutrophication (Erler et al., 2020). To date, no high-
resolution nitrogen isotope analyses have been conducted using giant
clam shell carbonate, despite its demonstrated utility as an environ-
mental indicator (Aharon, 1990). If giant clams directly record the iso-
topic variability of ingested DIN in their shell nitrogen isotopic values,
this could represent a valuable high-resolution nutritional proxy appli-
cable throughout the range of this species, from the Northern Red Sea to
New Caledonia (Neo et al., 2017), as well as throughout their fossil
record.

Previous analyses of giant clam shell organic matter have been
limited by the very low organic matter content of giant clam shells
(Dreier et al., 2014; Agbaje et al., 2017), which hindered isolation of the
organic fraction by acid digestion methods. Recent advances in the
analysis of the nitrogen isotopic composition of shell-bound organic
matter now allow for the creation of a detailed record of reef bivalve
symbiosis and nutrition (Gillikin et al., 2017; Whitney et al., 2019; Das
etal., 2021; Peharda et al., 2022). Small samples of bivalve shell powder
may be directly combusted and fed in a modified elemental analyzer
coupled to a cryo-trapping/capillary focusing system paired to an
isotope ratio mass spectrometer (nano-EA-IRMS). The nano-EA
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facilitates measurement of the organic nitrogen isotopic composition of
5-15 mg samples of powdered shell with as little as 0.01-0.05 weight %
N (Polissar et al., 2009). With this improvement, the measurement of the
evolution of nitrogen isotope ratios across the sequential shell diary of a
giant clam (sclerochronology) is now achievable. Here, we investigate if
a trophic decline in 8'°N—indicative of this physiological transition
from filter-feeding to photosymbiosis—can be detected through the life
history of giant clams.

In this work, we describe analyses measuring the 5'°N values from
sclerochronological samples representing the life history of multiple
giant clam specimens collected in the Gulf of Aqaba, Northern Red Sea.
These data allow us to create time series that record the nutrition and
physiology of the animals during the development of their symbioses.
We propose that the trends in 5'°N within the shells represent a record of
photosymbiosis applicable to fossil shells, and we discuss practical and
logistical considerations for selecting bivalve specimens in the fossil
record that are candidates for photosymbiosis.

2. Materials and methods
2.1. Locadlity and sample collection/processing

In August 2016, four giant clam specimens were obtained from the
Hebrew University of Jerusalem Museum. These shells had been
collected illegally by poachers in Sinai, were confiscated by Israeli
Border Security at the Egypt-Israel border crossing near Eilat, and sub-
sequently donated to the museum (Fig. 1). We identified these shells as
mature individuals of Tridacna maxima (shell H6, H2), and Tridacna
squamosina (shell H5, H4) based on a taxonomic key used for identifi-
cation of tridacnids in the Red Sea (Roa-Quiaoit, 2005). Additionally, we
collected two juvenile shells of recently deceased T. squamosina (shells
SQSA2 and 53) from the surf zone of the Interuniversity Institute in Eilat
(29.501741°N, 34.917428°E), with permission from the Israel Nature &
Parks Authority (permit number 2016/41334).

We sectioned the shells longitudinally along the axis of maximum
growth for geochemical sampling (Fig. 2A). Sampling was conducted
with a Dremel tool at 200 RPM using a Dremel 9906 tungsten carbide
cutter, milling samples of carbonate powder along trenches parallel to
the orientation of growth lines in the hinge and outer shell layers of the
clams. Lines in the external growth layer follow the orientation of the
bivalve’s shell margin in life, while growth lines in the hinge and in-
ternal layer represent a record of the thickening of the shell (Gannon
et al., 2017) (Fig. S3). The hinge and inner layer of the clams display
annual growth lines, which result from the ~7-9 °C annual oscillations
in sea surface temperature in the Gulf of Aqaba (Al-Rousan et al., 2003;
Killam, 2018; Killam and Clapham, 2018; Killam et al., 2020, 2021).
These lines were photographed with transmitted or reflected light and
scaled for measurement with ImageJ software to produce an age model
for the hinge growth layer of each individual, however, because we do
not know the precise date of collection/death for the poached shells, the
ages cannot be used as an absolutely dated chronology for the region.

2.2. Environmental data

From January 2003-2005, 59 sampling cruises were conducted
embarking from the Interuniversity Institute in Eilat, Israel, proceeding
along a series of stations following the shallow shelf of the Israeli and
Jordanian coastlines of the Northernmost Gulf of Aqaba. A CTD-Rosette
with 12-liter Teflon-coated GoFlo bottles was used to sample at varying
depths from 0 to 20 m (the mixed layer). The water was sampled for
dissolved nitrate 8!°N values, as well as particulate organic matter
(POM) 8'°N values. Further description of the sampling methods and
resulting isotopic analyses may be found in the Supplemental Materials.
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Fig. 1. Map of the study area, including the Interuniversity Institute in Israel (29.501741°N, 34.917428°E) and the suspected locational origin of the Sinai shells, as
this region contains prominent resorts frequently visited by people crossing the border (located 29.491389°N, 34.9025°E).

2.3. Geochemical analysis

We sampled shell H2, H4, and H5 within the hinge and outer layers.
H6 was only sampled in the hinge layer, as sponge borings in its outer
layer left it unsuitable for geochemical analysis (Fig. 2A). For the two
small juveniles collected in Israel, powder yield was too small to conduct
high-resolution work, so we only extracted bulk samples averaging
across the entire external shell layer. Samples of ~40 mg carbonate
powder were collected in microcentrifuge tubes, homogenized, and
partitioned into 5 mg, 10 mg, and 15 mg masses. These subsamples were
loaded into tin capsules, evacuated and sparged with argon to remove
interstitial atmospheric N, and subsequently combusted in an Ele-
mentar Isotope Cube EA coupled to an Isoprime Trace Gas analyzer. A
similar analytical procedure regarding operation of the EA for the
measurement of Spisula solidissima samples was outlined in Das et al.
(2021). CO; and any CO resulting from combustion are trapped in a
molecular sieve trap, while N3 is captured by a silica-filled steel capillary
trap cooled in a liquid nitrogen dewar. The Nj is carried by a helium
stream through an Agilent CarboBond column and into the Isotope Ratio
Mass Spectrometer (IRMS) at the Geobiology, Astrobiology, Paleocli-
matology, Paleoceanography Lab (GAPP Lab), Syracuse University.

We ran the subsamples in triplicate, correcting for the procedural
blank using Keeling plots, with the intercept of the linear regression

equation representing the 8!°N composition of the nitrogen emitted
from the combusted shell material (see Supplemental Materials). The
blank-corrected data are f normalized using a two-point correction
scheme (Coplen et al., 2006) with the internal standard Peach Leaves
BN = +1.98 £ 0.4%0), the IAEA-N2 ammonium sulfate standard
(5'°N = +20.4 + 0.3%0), and the caffeine standards USGS 61 (5'°N =
—2.87 + 0.3%o0) and USGS 62 (8'°N = +20.17 = 0.3%0). All §'°N values
are expressed in per mil notation relative to atmospheric Ny. The error
on the resulting final measurements is calculated as the standard error of
the intercept on the Keeling plot (Fig. S1). Percent N values are calcu-
lated for each triplicate subsample by dividing the peak area by the total
mass of the original sample and adjusting using standards with known
mass percent. These triplicate results are then averaged to report an
overall %N value for each sample. Data visualization and statistical
analyses were conducted with R (R Core Team, 2013). All isotopic data
are available in the Supplemental Materials.

2.4. von Bertalanffy growth modeling

We constructed a model of tridacnid somatic 8!°N in relation to
shell/body growth and age based on prior isotopic measurements of Red
Sea giant clams independent of our study’s measurements. We applied a
standard von Bertalanffy logistic growth equation previously used for
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Fig. 2. A: Cross sections of shells H6, H5, H2, and H4, with the sampling tracks colored corresponding to the colors of the other plots in the diagram. Arrows
represent the direction of the animal’s growth. Curved black dashed lines highlight the position of the pallial line separating the hinge, outer and inner shell layers.
Black bars represent 1 cm scale for each shell. B: Nitrogen isotope values for the hinge layer transect from shell H6 by age. Vertical error bars represent standard
errors for 5'°N values and horizontal errors correspond to length of time in the age model averaged by each sampling track (also in C-E). Magenta band represents the
515N values produced by the physiological model described in this study for T. maxima. C: 8'°N values along the hinge layer for shell H5. Purple band represents the
515N values produced by the physiological model described in this study for T. squamosina. D: 8'°N values along the hinge layer transect for shell H2. Orange band
represents the 5!°N values produced by the physiological model described in this study for T. squamosina. E: 8'°N values along the hinge layer for shell H4. Blue band
represents the 8'°N values produced by the physiological model described in this study for T. maxima.

Tridacna (Munro, 1982) to model shell height as a function of time for s . .
T. maxima and T. squamosina. & Npou = 1.5%cos(22*1) +2.2 “
h(t) = Ho(1 — ™) ) The 8!°N of environmental nitrate wafsrepresented by a sinusoid
approximating the seasonal oscillation in & °Npjtrate in the surface layer

We then converted that shell height to tissue mass based on a stan- of the Red Sea, based on the values from the environmental sampling.

dardized equation developed across multiple giant clam species (Hardy

and Hardy, 1969). Growth constants (k), asymptotic heights (H,), 8 Nyiyare = — 1.9%cos(2m*1) + 1.1 )
height-weight conversions and season of recruitment for both species We also included a range of potential values in the model deviating
were obtained from prior literature on giant clams in the Red Sea and positively and negatively from those sinusoids based on the within-
elsewhere (Hardy and Hardy, 1969; Roa-Quiaoit, 2005; Chan et al., season standard deviation in nitrate and POM 8'°N observed during
2008; Richter et al., 2008; Mohammed et al., 2019; Killam et al., 2021). the cruise sampling (described at greater length in Section 3). A cold
Giant clams grow more rapidly in summer, with growth increments season was defined as lasting from October-March, and a warm season
being twice as wide when glams grow in warm waters (up to 31 °C) from April-September.
compared to lower winter temperatures (~22 °C) (Lucas et al., 1989). To Ammonium sourced from remineralization of N in sediment pore
simulate their response to temperature variation in the Gulf of Aqaba, spaces and the reef framework has been observed to approximately
which ranges from 21 to 28 °C, we varied the k growth constant ac- equal the concentration of nitrate at the reef sediment-water interface in
cording to a seasonally varying sinusoid following a seasonally varying the Gulf of Agaba (Rasheed et al., 2002). There are no known mea-
von Bertalanffy approach previously applied to fishes (Pitcher and surements of the 8'°Nammonium in the Gulf of Aqaba, but as a first-order
Macdonald, 1973), given by the equation:: approximation, we set the 5!°N of the reef framework organic matter
K = k +0.005(cos(27*1) + 10) @ feeding int.o rhemineralization at +1..5%o, the mean isotopic valL}e of
photosymbiotic corals from the region (Alamaru et al., 2009; Kiirten
We modeled the nonlinear accelerating intake of environmental DIN et al., 2014). Remineralization in oxygenated sediments fractionates
by giant clams as a quadratic polynomial relating animal shell height to nitrogen by up to —2.3%o (Mobius, 2013). We applied that negative
grams of N ingested per year (Hawkins and Klumpp, 1995). factor and then computed §'°Npyy as the simple average of 8'°Nammonium
DIN demand — 0.0067595*12 3) and 615Nni.trate from the sampling cruises, assuming they had equal
concentrations through the year.
We modeled the 8'°N of the particulate organic matter (POM) of the The clam’s somatic growth was calculated in 0.05-year increments
surface layer of the Red Sea with the following sinusoidal equation: (~18 days) from the derivative of the von Bertalanffy-sourced growth in
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tissue mass. The nitrogen content of the clams’ organic matter was
calculated based on prior observations of ~70% protein by body weight
in giant clams (Mahmoud et al., 2018) and 17% nitrogen content in
bivalve protein (Gnaiger and Bitterlich, 1984; Hawkins and Klumpp,
1995). We assumed the 5'°N of the clam’s heterotrophically sourced
integrated nitrogen to be elevated by 2.5%0 over POM, based on previous
measurements of trophic enrichment of 5!°N among herbivorous and
planktivorous primary consumers in the Northern Red Sea (Kiirten et al.,
2014). Finally, we modeled the isotopic transition in the animal induced
by the change to ingested external DIN at the expense of
heterotrophically-sourced nitrogen with a mass balance approach,
assuming an increasing fraction of the clam’s somatic nitrogen was
delivered by direct ingestion of external DIN.

15
Nexternat X 6°Npiy

(6)
Nti:sue + Nexlernal

515Nzi:sue = (Nlissu(' 7NL’XI€H‘M’) X (SISNPOM + 25%0) +

The output was plotted relative to age to compare to our directly
measured shell organic 5!°N results. All relevant R code is provided in
the Supplemental Materials.

3. Results
3.1. Isotopic measurements

Shell H2 and H6 (Tridacna maxima) lived for 9 years and 11 years,
respectively, as measured from internal growth lines (Fig. S2). Shells H4
and H5 (T. squamosina) lived for 15 years and 7 years, respectively.
Along the hinge layer transects, two shells (T. squamosina shell H5 and
T. maxima shell H6) show 5'°N values over +4%o for the innermost in-
crements deposited earlier in life (Fig. 2B-E). Those shells display
similar rates of decline into later increments/years, while H6 shows
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intermediate values between 0 and +3%o at 4-5 years in age (~1 cm into
the hinge layer). H2 and H6 show values falling within a stable range
between 0%o and —2.5%o after around 5 years in age. Shell H2 shows a
similar transition, but with more positively offset values, starting at over
-+6%o as a juvenile and transitioning to values between +2 and +3.5%o.
Shell H4 differs from the others, showing a slight increase through life
from 0 to ~+2%o.

In the outer shell layer for T. squamosina shell H5, the §!°N signature
through ontogeny is not as distinguishable as in the hinge layer, but
values are above +0.5%o from earlier sampling increments and between
0%o and —1%eo for the last sampling increments (Fig. 3). Shell H4 shows a
decline, from above +4%o to nearly —1%o at around 20 cm length, while
shell H2 shows relatively static values around +2 to +3%o. Whole-shell
outer layer values for the two Israeli juvenile T. squamosina vary; the
bulk value from shell SQSA2, a 2 cm long individual, is comparatively
enriched, at +7.7%o, while shell 53, a 2.5 cm long individual, is lower at
+1.1%0 (Fig. 4).

The environmental 515Nn1trate values are higher in the cold season
(mean +3.7%o, SD 2.4%o) than the warm season (mean +0.7%o, SD
2.4%o0) (Fig. 5). Dust nitrate extract 5!°N values (Wankel et al. 2010) are
depleted in 15N in both winter and summer (cold: mean —2.1%o, SD
2.3%0; warm: mean —1.0%o, SD 2.1%o). 615Np0M values are inversely
related to the nitrate observations, with higher values in the warm
season (mean +3.0%o, SD 2.1%o) than the cold season (mean —0.7%o, SD
1.6%o).

Weight percent N content in the shells was low overall, with a broad
range between 0.006% and 0.2% (mean 0.021%, SD 0.037%). The shell
SQSA2, which measured 0.2%, was an outlier, with the next-most N-rich
shell measuring 0.03%. There was no significant correlation between %
N and distance along transects (Kendall correlation: T = 0.015, p =
0.88), with some transects showing positive trends and some negative

H2 outer
4 -
. H - . - o
0 -
H4 outer
£ + *+
~ 2 -+ -
ﬁz 4+
w 0-
4+
H5 outer
4 -
2 + + +
04 + i + s
- AaE =
5 10 15 20 25

Distance along shell (cm)

Fig. 3. Transects of 5!°N for outer layers of shells H2, H4, and H5 relative to distance along transect (equivalent to shell height). An age model was not applied to

these values due to the lack of clearly visible growth lines in the outer shell layer.
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Fig. 4. Data from this study superimposed on whole-shell values (gray circles) from Killam et al. (2021), showing a decline in measured §'°N with length. The body
length of the whole-shell values is compared to the length along the individually sampled shell from the present study.
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Fig. 5. Environmental 8'°N values of dust extract, nitrate and Particulate Organic Matter (POM), delineated by season of collection.

(Fig. S4). There was a significant positive correlation between %N and
measured 8'°N (Kendall correlation: T = 0.19, p = 0.04), but the trend
was not consistent between transects (Fig. S4).

When the outer layer data from this study are plotted in combination
with the results from a prior experiment investigating whole-shell outer
layer values from Red Sea clams, there is a negative relationship

between the distance along shell and 8'°N among and within shells
(Fig. 4) (Killam et al., 2021). There is divergence between individuals,
with some displaying values as high as +7%o early in ontogeny with later
declines, and others such as H5, which display lower 515N values
throughout their lives.
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3.2. Model output

Modeled §'°N values for both T. maxima and T. squamosina show
ontogenetic declines from initial values between 0 and +9%. repre-
senting fully herbivorous secondary consumers feeding on a highly
heterogeneous 615NPOM pool, to values fluctuating between 0 and +4%o
after 5-6 years in age, the point at which the animal’s heterotrophic
nitrogen is overshadowed by ingested DIN (Fig. S2). The seasonal range
in 8'°N is greater in earlier years of the record due to the larger seasonal
disparity in SISNPOM; when combined with the warm bias in tridacnid
growth, this seasonal disparity leads to amplification of the summer
positive values. Shells H6 and H5 show lower measured values than the
modeled range later in life (Fig. 2B, C). Juvenile values of shell H4 are at
the low end of the modeled range (Fig. 2E).

4. Discussion

4.1. Hinge layer transects as a record of photosymbiotic nutrition and
external N supply

Sclerochronological transects of the hinge shell layer record onto-
genetic declines in 8!°N values from +4%o to 6%o to near 0%o. These
trends exceed the ontogenetic linked decline in 5'°N observed in non-
symbiotic bivalves such as Arctica islandica (Schone and Huang, 2021).
Based on the strong relationship between tissue and bivalve shell §!°N
composition (Carmichael et al., 2008; Gillikin et al., 2017; Whitney
et al., 2019), we propose that this ontogenetic decline indicates an in-
crease in the influence of photosymbiosis on the inner mantle of the
giant clams, the organ responsible for precipitating the inner and hinge
shell layers (Gannon et al., 2017). The inner mantle of giant clams is
symbiont-poor, unlike the outer mantle, but it still conducts active
transfer of nitrogen-bearing compounds from the extrapallial fluid to the
symbionts (Ip et al., 2017). Because filter feeding represents a larger
share of the giant clam’s nutrition and nitrogen supply earlier in life
(Hawkins and Klumpp, 1995), its measured trophic position would be
higher. As the clam grows and the nitrogen demand for its symbionts
accelerates, it increasingly draws on externally-sourced DIN to supple-
ment the nutrition of its symbionts (Fitt et al., 1993), lowering their
trophic position from consumers down to that of primary producers and
photosymbiotic soft corals from the region (Kiirten et al. 2014). The DIN
demand model was based on cultured Tridacna gigas specimens on
Orpheus Island in the Great Barrier Reef. T. gigas and T. maxima are both
heavily dependent on photosymbiosis for their nutrition (Elfwing et al.,
2003; Yau and Fan, 2012) and may therefore display similar trends in
external nitrogen demand relative to size. Our independent model sug-
gests that externally sourced DIN represents the majority of the clam’s
nitrogen budget by around 5 years of age (Fig. S2).

This ~5-year age threshold could be significant to giant clam
reproductive physiology; giant clams begin as males (protandry), and
once they reach full female reproductive maturity at 3-4 years of age
they produce both sperm and eggs (Lucas, 1994). There is variability in
the timing of this transition, with individuals taking as long as five years
(Chambers, 2007; Lachapelle, 2020), or even eight years (Lucas, 1994),
depending on species and locality. Thus, the known life history of the
animals could align with the size-linked photosynthetic progression of
their symbiosis, and the fifth year might coincide with the first spawning
event at which the Red Sea giant clams’ energetic intake is sufficient to
produce eggs for reproduction. More investigation into the link between
photosynthesis, diet, reproductive development and sclerochemistry in
giant clams is needed in order to determine whether variability in life
history contributes to differences in timing of reproductive maturity.

Giant clams and their symbionts can acquire N from many sources,
including recycled ammonia waste (Hawkins and Klumpp, 1995). The
rate of internal N retention is high at nearly 95% (Hawkins and Klumpp,
1995), as very little N is later lost to excretion. This internal cycling does
not adequately explain the depletion in 8!°N values as the animals
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develop. Instead, we propose that the negative trend is a result of
increasing direct utilization of DIN available from the ambient waters of
the Gulf of Agaba.

The direct measurements of 615Np0M and Slsttrate represent the
heterotrophic and autotrophic portion of the clams’ nutrition, respec-
tively. The POM values represent primarily phytoplankton, but also
detritus and other suspended material that juvenile Tridacna ingest as
filter-feeding generalists (Klumpp et al., 1992). The POM values for the
Gulf of Agaba show great seasonal variability, with higher values in
summer than in winter. This disparity is likely due to the influence of
diazotrophs like Trichodesmium, which display greater N fixation in the
cooler months of the year, such as March (Foster et al., 2009). During
blooms, 5'°N of POM will be depressed by the influx of 1°N-depleted
diazotrophic-N (McClelland et al., 2003). By contrast, the alanitrate
values of the Gulf of Aqaba during January-March are comparatively
15N-enriched due to the preferential assimilation of **N into POM by
fixers and other phytoplankton, which often bloom in the winter and
spring months (Berman and Gildor, 2022). In the summer, 615Nnnmte
values are depressed by periodic dust storms common in the Northern
Red Sea which carry 1°N-depleted compounds. The aeolian source of N
can account for as much as 35% of the available nitrate in the summer
months (Chen et al., 2007), particularly in the shallow habitat of Tri-
dacna. This atmospherically-contributed nitrate pool has §!°N values
that are consistently lower than 0%o due to photochemical fractionations
in the atmosphere, with winter and summer §'°N averaging —3.7%o and
—2.1%o, respectively (Wankel et al., 2010). This dust-borne nitrate
represents a readily available source of supplemental nutrition for the
clams during the summer months when giant clams’ growth is fastest
(Schwartzmann et al., 2011). The low 8'°N values that we observe later
in ontogeny are consistent with atmospherically-sourced nitrate being a
significant fraction of the N assimilated by Tridacna, effectively lowering
the inferred trophic level from secondary consumer to near the N
baseline.

Shell H4 does not show the same ontogenetic trend in its hinge layer
as the other three individuals. Its §'°N increased and then decreased
through life, suggesting there is inter-individual variability in diet
among clams from the Gulf of Agaba. Nevertheless, the measured 5'°N
of H4 still falls at the low end of the modeled range. The wide range of
modeled shell §'°N at the juvenile stage are a function of the observed
range of 5!°Npoy which juvenile clams rely upon as their primary N-
source. Clam H4 may have fed on more *°N-depleted particulate matter
as a juvenile compared to the other three specimens. Additionally, if
clam H4 was able to grow in the winter months to a greater extent than
the other measured clams, the proportion of the °N-depleted winter
POM in its diet would be magnified compared to the other studied in-
dividuals. Bulk 5180 measurements of clam H4's outer layer reported in
Killam et al. (2020) show some of the lowest values among the 48
studied Tridacna shells in that study, which correspond to a mean
growth temperature of 25.2 °C, higher than the values from H2 (22.9 °C)
or H5 (23.8 °C) (clam H6 was not measured). A warmer bulk-recorded
5180 record would be consistent with clam H4 experiencing warmer
winters and more continuous growth during those months when
615Np0M is lower.

The trend from higher to lower 5!°N values is present in shell H2, but
isotopic measurements from later growth increments are higher than the
modeled range. In contrast, when the isotopically depleted values
assumed for 815Namm0mum are not included in the DIN term of the model
(Fig. S5), the measured values fall within the modeled range. If clam H2
grew in a shallow lagoon site or other microenvironment with less
exposure to remineralized ammonium from the reef framework, inges-
ted DIN would be more '°N-enriched than the other clams. Alterna-
tively, the ammonium could have a more °N-enriched isotopic
composition than assumed by the model, as many processes can act to
enrich the 8'°N composition of sediment, such as partial assimilation (e.
g., Lehmann et al., 2002). Future research is needed to measure the 515N
of ammonium and its spatial variability in the Gulf of Aqaba to resolve
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these questions.

The ontogenetic decline of 8'°N for the T. maxima shell H6 and
T. squamosina shell H5 mostly follow the modeled output, aside from
two values for each shell later in life, which fall below the expected
range (Fig. 2B, C). This could be a function of the considerable vari-
ability in DIN available to the clams year to year. While we used
idealized sinusoids approximating the isotopic composition of available
POM and DIN, the interannual variability of this record could be much
greater, depending on intermittent dust storms that vary greatly in their
source air mass, dust intensity, and time of occurrence (Chen et al.,
2007; Wankel et al., 2010). Atmospheric concentrations of water-soluble
nitrate can vary between 20 and 100 nmol/m?® in the Gulf of Aqaba
(Chen et al., 2007). Additionally, other sources of DIN in the Gulf of
Aqaba are still unmeasured in terms of nitrogen isotope mass balance,
including interannual variation in N fixation rates (Foster et al. 2009),
submarine groundwater discharge (Shellenbarger et al., 2006), bacterial
denitrification within the clams’ gills and other organs (though this
likely imparts a relatively small influence on N) (Rossbach et al., 2019),
and variability in seasonal upwelling (Labiosa et al., 2003; Badran et al.,
2005).

The nitrate aerosols delivered by the dust storms largely originate
from combustion-sourced NOy gases and represent an anthropogenic
signal in the clams’ nutrition. Other pollution sources could also be
recorded in the clam’s §!°N values, including human sewage, fertilizer,
and aquaculture effluent. The Israeli portion of the Gulf of Aqaba hosted
fish farms until the early 2000s, which harmed the health of reefs in that
region (Loya, 2004). Clam shells from Israel from that period may record
fish effluent-sourced ammonia, which is generally °N-enriched, as fresh
fish feces measures +7%o (Lojen et al., 2005). The Sinai clams of our
study likely lived too far away from the Israeli coastline to integrate
nitrogen sourced from Israeli aquaculture into their shells. Baseline 5'°N
varies along a latitudinal gradient in the Red Sea (Kiirten et al., 2014),
and reefs in other regions also show great spatial variability in 5!°N
values (Heikoop et al., 2000). Further work to measure 5'°N in giant
clam shells from other regions or time periods must account for differ-
ences in the nitrogen pool available to the animals as well as ontogenetic
changes.

4.2. Outer Shell Layer 5'°N: Offset from the hinge layer and comparison
to prior tissue measurements

The isotopic trends through the life of the clams studied were not
consistent between the outer layers and the hinge layers. The transect
across the outer layer of shell H5 displays more variability in 8'°N than
its hinge layer. 5!°N decreases moderately from between%o0.5 and%o2%o
earlier in life to —0.5 to 1.1%o later in its life. This is a less dramatic
decline than in the hinge layer of that shell, where values decline from
early values of ~4-5%o to between 0%o and —2.5%o later in life. For shell
H2, the variability is more limited, ranging between +2.2 and +—2.9%o
throughout the ontogenetic record. Shell H4 shows an opposing trend in
the outer layer compared to the hinge layer, with a strong decline
recorded through ontogeny from nearly +5%o to below 0%o. These dif-
ferences between the hinge and outer shell layers may be a function of
the separate processes of calcification between the layers. The outer
shell layer is calcified directly by the symbiont-rich, sun-facing outer
siphonal mantle (Gannon et al., 2017), whereas the inner mantle is
unpigmented and largely unexposed to light (Ip et al., 2017). The outer
mantle harbors higher concentrations of proteins involved in the inte-
gration of DIN than the inner mantle (Teh et al., 2021) and may result in
lower outer shell layer §!°N earlier in the clam’s life than is observed for
the hinge shell layer.

The difference between the shell layers could also be a function of the
differing microfabrics between the hinge and outer layers. While both
are entirely aragonitic, the inner layer is prismatic (Patzold et al., 1991),
while the outer layer has been described as dendritic (Gannon et al.,
2017) or crossed-lamellar (Agbaje et al., 2019) in microstructure. The
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shell layers may have different proteomic compositions integrating
different amino acid fractions, but no prior study has compared the
amino acid breakdown between layers within the same giant clam shell.
Future study of compound-specific §'°N values in Tridacna shells could
shed light on a range of ecological and nitrogen cycle processes.

We suspect that the outer layer '°N is representative of the true 5'°N
displayed by the animal’s siphonal mantle at maturity. Prior measure-
ments of tissue 5'°N of T. squamosa in the Northern Red Sea found a
mean of +1.3%o across 22 individuals, with a standard deviation of 1.2%o
(Kiirten et al., 2014). The mean (1.7%0) and SD (1.5%o) of outer layer
shell values in this study fall close to those values, supporting that the
shell organic matter in the outer layer is isotopically homogeneous with
the siphonal mantle responsible for precipitating that portion of the
shell.

The whole-shell outer layer value of the small 2.5 cm T. squamosina
shell 53 from Israel also falls within the expected range at +1.1%o, but
shell SQSA2, a 2 cm long individual, shows a high value at >-7%o,
suggesting that isotopic variability between individuals from the same
locality may be present. When plotted in relation to outer shell bulk §'°N
values of Red Sea giant clams from a prior study (Killam et al., 2021), we
observe that the 8!°N of some shells decline with distance along the
shell, similar to the hinge shell layer (Fig. 4). Others have low 8'°N
values throughout life, suggesting divergent ontogenetic pathways be-
tween individuals, leading to differing records between outer shell
layers. Like other bivalves, giant clams’ food sources are flexible, as they
can ingest phytoplankton, zooplankton, or organic matter depending on
availability (Lucas, 1994). The different juvenile clams could be
recording diverse food sources in separate years of the Gulf of Aqaba, or
differing rates of symbiotic development within the siphonal mantle.
Differing food sources cause some individuals, such as shell H5, to have
low 8'°N early in life while others, such as SQSA2, to have values as high
as +7%o. High degrees of isotopic variability within and between in-
dividuals have previously been observed in nonsymbiotic bivalves as
well (Whitney et al., 2019; Das et al., 2021; Peharda et al., 2022). Future
work measuring giant clam shell 5'°N should incorporate individuals of
various sizes, and ages, to allow for better resolution of individual dif-
ferences. Testing more individuals could help delineate spatial or tem-
poral gradients across the isoscape of giant clams from a region,
analogous to those observed in corals (Fujii et al., 2020). While giant
clams are a sensitive taxon and inherently sparse in their distribution,
there is utility in maximizing sampling to potentially reconstruct gra-
dients in their comparative utilization of autotrophy and heterotrophy
across an environment.

The outer shell layer can be affected by biological interactions,
compromising its utility for high-resolution nitrogen isotope work. The
outer layer faces the external environment during the life of the animal,
leading to colonization by boring epibionts while the clam is alive
(Vicentuan-Cabaitan et al., 2014) and postmortem (Wisshak and Neu-
mann, 2018). Contamination within and around the borings could reset
the nitrogen isotope signal from the giant clam itself. In this study, we
were unable to conduct a transect through the outer layer of shell H6 due
to the extensive sponge borings (Fig. 2A) and in shell H5, erosion in the
oldest (hinge-adjacent) portion of the outer layer prevented sampling
from that area. Caution must be exercised in the selection of Tridacna
shell specimens for 5'°N measurements due to the potential for bio-
erosion, particularly in the outer shell layer.

4.3. Percent nitrogen comparison to prior studies and relation to
measured 5§'°N

Prior studies found high variability in organic content in the car-
bonate shell among giant clam species and individuals, with measure-
ments of 0.05% to 0.17% for Tridacna maxima (Taylor and Layman,
1972; Dreier et al., 2014), 0.9% for T. derasa (Agbaje et al., 2017), and
1.83 wt% organic material for T. gigas (Agbaje et al., 2019). Organic
material in bivalve shells is a mixture of protein, lipids, and other
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compounds, with N forming a minority of the measured mass. Excluding
the juvenile SQSA2, which was an outlier with 0.2 wt% N, our measured
range between 0.004 and 0.035 wt% N is greater than the range in ni-
trogen content measured for Spisula solidissima (0.01-0.05 wt% %) (Das
et al., 2021), Pecten maximus (0.07%) (Gillikin et al., 2017), and Cras-
sostrea virginica (0.05-0.1%) (Black et al., 2017). A recent study reported
weight % N ranging from 0.02% in the aragonitic, crossed-lamellar
Glycymeris pilosa to 0.469% in the calcitic Pinna nobilis (Peharda et al.,
2022). Generally, crossed-lamellar aragonitic bivalves show lower
weight % N content.

While the low organic content presents a challenge for measurement
of shell organic nitrogen isotopic values, giant clams may be studied
sclerochronologically at higher resolution than other bivalves due to the
nature of their massive shells and rapid growth. There was no significant
relationship between distance along the shell and % N (Fig. S4A).
Among the analyzed shells, we observed a weak relationship between %
N and measured 5'°N which was not consistent between transects,
corroborating a prior study of bulk shell organic material (Fig. S4B)
(Killam et al., 2021). This contradicted the hypothesis that protein
content in the shell would increase proportionally as the bivalves slowed
in growth, creating more frequent yet slower growth lines later in life
which are often higher in organic content (Schone and Surge, 2012). The
absence of correlation between age and nitrogen content, as well as
between nitrogen content and measured 5!°N, indicates that differential
deposition rates of shell organic matter cannot explain dynamics in 8'°N
within and between tridacnid shells.

4.4. Implications for the identification of photosymbiosis and
paleoenvironment in fossil bivalves

A growing collection of bivalves in the fossil record have been pro-
posed as potential hosts of photosymbionts based on morphological and
ecological characteristics (Yancey and Stanley, 1999; Fraser et al., 2004;
Posenato et al., 2013; Vermeij, 2013; Lipps and Stanley, 2016). These
putative identifications have often called upon modern photosymbiotic
bivalves such as giant clams and fraginids as models for potentially
convergent traits. The identification of geochemical signals in giant clam
shells associated with photosymbiotic activity has proven elusive. At-
tempts to find offsets in shell stable carbon isotope ratios (Jones et al.,
1986; McConnaughey and Gillikin, 2008) were later demonstrated not
to be broadly applicable between environments or species (Romanek
et al., 1987; Jones and Jacobs, 1992; Killam et al., 2020). Daily oscil-
lations in trace elemental ratios hold promise as a measure of sunlight-
mediated calcification (Sano et al., 2012; de Winter et al., 2022), and
recent research has quantified how trace elemental ratios vary at diurnal
scales in the shells of other non-symbiotic bivalves with daily growth
increments (Carré et al., 2006; Poitevin et al., 2020; de Winter et al.,
2022). Trace element ratios in giant clams have been used to indicate
daily and tidal cyclicity in the Miocene (Warter and Miiller, 2016).

The measurement of nitrogen isotope ratios in organic matter of
fossil shells could represent a new method to identify a photosymbiotic
life habit in bivalves and be used to reconstruct baseline nitrogen cycling
in fossil reef ecosystems. Although the variation among individuals falls
within the expected values from the model, sampling multiple in-
dividuals is necessary to more accurately account for the significant
variation in their respective life histories. It has been demonstrated that
the nitrogen isotope composition of fossil shell-bound organic matter is
resistant to diagenetic alteration in bivalve fossils (Das et al., 2021) and
even in recrystallized corals of Triassic age (Tornabene et al., 2017).
Future high-resolution studies investigating §'°N in the shells of rudists,
lithiotids, and alatochonchid bivalves in comparison to coeval bivalves
of known heterotrophic life habit could help identify differences in
nutrition originating from photosymbiosis. These bivalves all built reefs
on top of carbonate platforms in low-latitudes during the Mesozoic that
rivaled the geographic spread of modern coral reefs, yet little is known
about how their natural history differed from modern photosymbiotic
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reef-building corals. High-resolution §°N measurements could be
applied to ancient giant clams and other potentially photosymbiotic
bivalves to understand how phylogeny affects the ontogeny of photo-
symbiosis, if the timing of its appearance during a bivalve’s life is
affected by nutritional stress, and to potentially reconstruct the §'°N
composition of DIN in reef environments of that time.

5. Conclusion

Giant clams record their diet and reliance on photosymbiosis within
the nitrogen isotopes of their shell organic material. Early in life, shell
5'°N values for the hinge layer for three out of four shells are compa-
rable to planktivorous Red Sea animals, but as the giant clams grow and
their reliance on DIN increases, 5'°N values decline to be more in line
with photosymbiotic soft corals from the region. The external shell layer
also records the life history of the animal, displaying a less extreme
ontogenetic trend due to its association with the siphonal mantle, which
harbors photosymbionts from the earliest stages of the bivalve’s
ontogeny. One shell recorded a largely flat trend in 815N through life,
emphasizing the importance of testing multiple individuals to properly
reconstruct the true breadth of pathways for development in these
physiologically complex animals. The nitrogen isotopic composition of
shell organic matter represents a promising system for the reconstruc-
tion of historical photosymbiosis and reef paleoenvironment, both in
fossil giant clam shells and potentially as a tool to identify similar
developmental signatures of photosymbiosis in extinct groups whose
physiology is still poorly understood.
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