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The health of reef-building corals has declined due to climate change and pol-
lution. However, less is known about whether giant clams, reef-dwelling
bivalves with a photosymbiotic partnership similar to that found in reef-
building corals, are also threatened by environmental degradation. To
compare giant clam health against a prehistoric baseline, we collected fossil
and modern Tridacna shells from the Gulf of Aqaba, Northern Red Sea.
After calibrating daily/twice-daily growth lines from the outer shell layer,
we determined that modern individuals of all three species (Tridacna
maxima, T. squamosa and T. squamosina) grew faster than Holocene and
Pleistocene specimens. Modern specimens also show median shell organic
3'°N values 4.2%o lower than fossil specimens, which we propose is most
likely due to increased deposition of isotopically light nitrate aerosols in the
modern era. Nitrate fertilization accelerates growth in cultured Tridacna, so
nitrate aerosol deposition may contribute to faster growth in modern wild
populations. Furthermore, colder winter temperatures and past summer
monsoons may have depressed fossil giant clam growth. Giant clams can
serve as sentinels of reef environmental change, both to determine their
individual health and the health of the reefs they inhabit.

1. Introduction

Giant clams are distributed throughout the tropical Indo-Pacific [1], but the
coral reefs they inhabit are in crisis due to the combined stress of climate
change and pollution, particularly from nitrate-mediated eutrophication [2].
In the central Red Sea, coral growth has slowed since the 1970s, largely attrib-
uted to heat stress [3], despite suggestions that the Red Sea is a putative refuge
for corals in the face of climate change [4]. While anthropogenic change has
only recently affected mean sea surface temperature (SST) in the Red Sea, sea-
sonality was greater in the last interglacial (Late Pleistocene, 125ka) and
Holocene (4-6 ka), resulting in reduced coral growth rates at that time [5,6].
The Gulf of Aqaba (Northern Red Sea) experienced rapid industrial develop-
ment in the twentieth century, resulting in coral death due to elevated nitrate,
phosphate and trace metal concentrations [7].

Giant clams—including the three Red Sea species Tridacna squamosa,
T. maxima and the rare endemic T. squamosina—have photosymbiotic algae that
accelerate shell growth and, like corals, require oligotrophic water [1]. Giant
clams experience similar oxidative stress and bleaching as corals at high tempera-
tures [1,8]. They are also sensitive to turbidity associated with eutrophication [9].
However, the physiological response of tridacnids to combined stresses of temp-
erature and eutrophication is less studied, which can be remedied through
investigation of their historical and modern growth in the natural laboratory of
the Northern Red Sea. If the stressors harming corals in the Northern Red Sea
also influence giant clams, the clams could show slower growth in the modern
day. In this study, we investigate whether giant clam shell growth differed in
pre-industrial times, and whether environmental and physiological changes as
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recorded by shell stable isotopes (§"°N and '°0) can explain
any observed growth changes.

The Northern Red Sea represents an opportune environ-
ment to evaluate the effects of temperature, seasonality and
eutrophication on the growth of fossil and modern giant
clams, as there are well-preserved Late Pleistocene and Holo-
cene reefs exposed directly onshore [10,11] from modern
fringing reefs that still contain Tridacna. Tridacnid growth can
be benchmarked in fossil and modern specimens using sclero-
chronology [12], while oxygen isotope palaeothermometry can
reconstruct their past and present temperature environments
[13]. Nitrogen isotopes of the shell organic matrix can record
changing N sources in modern and fossil specimens [14-18],
as nitrate aerosols have relatively low §'°N values [19] and
sewage pollution very high values [20]. By comparing the
growth of pre-industrial and modern Tridacna, we can under-
stand how changes in nutrient availability or temperature
influence shell production in this important reef organism.
Quantifying their comparative growth in ancient and modern
times can help understand changes in their physiology as
well as the health of the reefs on which they live.

From June to August 2016, we collected 55 empty shells of the
three Red Sea Tridacna species (figure 1, electronic supplemen-
tary material, Data). All collection was conducted in the surf
zone with approval from local Marine Protected Area authorities
(Israeli National Parks Service permit 2016/41334). Seven
additional shells are believed to have been collected illegally in
Northern Sinai, and were obtained from the Hebrew University
of Jerusalem. We collected subfossil remains of Late Pleistocene
and Holocene Tridacna from several sites along the Israeli and
Jordanian coast (figure 1), including 10 shells surfaced during
construction from the same horizon as a buried reef previously
radiocarbon dated as 4500 + 100 yr in age [10]. We pried three
shells from cemented ‘reef rock’ at the Tur Yam site coeval
with corals dated between 6800 and 5400 yr age [21]. We col-
lected six shells from a Jordanian emerged reef platform
(terrace ‘R2’) that contains corals of 117 000 + 3000 yr in age [11].
We identified species with a taxonomic key previously used for
Gulf of Aqaba tridacnids [22] and used scanning electron
microscopy (SEM) to select shells with original crossed-lamellar
aragonite for subsequent stable isotope analyses (electronic sup-
plementary material, figure S1). More information on screening
methodology may be found in the electronic supplementary
material. We milled a subset of nine shells (six modern and three
fossil) sequentially at 34 mm resolution to reconstruct seasonal
3'8%0 oscillations for palacothermometry to calibrate growth lines
(electronic supplementary material, figure S2) and collected bulk
samples using a Dremel tool from the outer growth layer for deter-
mination of mean palaeotemperature. Bulk sampling averages
the 3'80 values of increments across the multiple years of
growth displayed by the majority of our studied individuals [23].
3'®0 values were converted to temperatures using the equation
of Grossman & Ku [24], previously used in multiple Tridacna
studies [23-27] and a seawater §'°0 value of 1.8%. relative to
VSMOW  previously measured from the Northern Red Sea
[28,29]. To measure nitrogen isotope ratios of shell organic
matrix, we collected chips from near the shell margin and
ground them for 8"°N measurement with a CE Instruments
NC2500 elemental analyser interfaced to a ThermoFinnegan
Delta Plus XP Isotope Ratio Mass Spectrometer. Results are
reported relative to air for 3'"°N. Detailed methodological infor-
mation on the preparation and measurement of §'*0 and §"°N
values may be found in the electronic supplementary material.
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Figure 1. Map showing study localities around the Gulf of Agaba. (Online
version in colour.)

A subset of three fossil shells and two modern shells were
bleached to test the influence of the removal of intercrystalline
organics on measured 3'°N values, similar to prior studies of
bivalves [30] and corals [31]. We immersed powder samples in
12% NaOCl for 4, 8 and 12 h. The solution was then centrifuged,
the supernatant removed by pipet and the powder rinsed with
deionized water. The procedure was repeated two additional
times. The powders were left to air-dry on filter paper for 2
days before being measured for 5'°N values in the same fashion
as mentioned above.

We assembled a subsample of shells for sclerochronological
profiling (see electronic supplementary material for the pro-
cedure). Bivalve growth rates vary through ontogeny, although
the majority of our collection are subadults in the linear growth
phase prior to mature deceleration [25]. To control for comparison
of growth among our shells, which range from 2 to 12.5 cm in
height, we used two indices: the Von Bertalanffy growth constant
k [32] and the related standardized growth performance index ¢’
[33]. Animals with higher k values show a faster maturation
rate [34], while ¢’ is an index of growth performance specifically
developed for cross-species comparisons [33]. Both are calculated
using metrics such as growth rate, theoretical maximum size
and other variables, and both have been used alternatively in the
literature on giant clam growth [32], so we include both in our
results. ¢’ was used in previous tridacnid growth databases
[22,35], which allows us to assess the comparative growth of
fossil and modern Red Sea tridacnids. Additional information on
relevant equations to calculate k and ¢’ are available in the
electronic supplementary material.

Growth rate indices were compared across species and time
using one-way analyses of variance (ANOVA). Normally distrib-
uted subsets were compared with Welch’s t-test and Pearson’s
correlation. Those which were not normally distributed as indi-
cated by Shapiro-Wilk tests were analysed with nonparametric
tests such as Wilcoxon rank sum test and Kendall correlation.

Among the three species, T. squamosina showed the fastest
modern growth as measured in millimetres per year (43.7), k
(0.32) and ¢’ (2.0), with T. squamosa at intermediate rates and
T. maxima slowest (table 1). These k values are in the range
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Figure 2. Fossil and modem box plot split by species for ¢’ (a) and Von Bertalanffy's k (b) indices. Boxes encompass the middle quartiles while the whiskers
represent 1.5 interquartile range. Light blue points are Interglacial Maximum in age while dark blue points are from the Holocene. (Online version in colour.)

Table 1. Mean annual growth rates, Von Bertalanffy’s k and phi prime values for fossil and modern giant clam populations. Standard deviations for all statistics

in parentheses and italics.

species Tridacna maxima T. squamosa T. squamosina

age and number of fossil (n=11) modern (n = 15) fossil (n=2) modern (n=11) fossil (n=2) modern (n = 3)
specimens

growth rate (mm yr™") 23.8 (10.2) 26.7 (5.7) 20.2 (1.4) 282 (13.7) 31.0 (6.0) 523 (94)

k 0.18 (0.05) 0.21 (0.07) 0.08 (0.07) 0.13 (0.08) 0.20 (0.08) 0.39 (0.07)

¢ 1.72 (0.17) 1.79 (0.73) 1.82 (0.035) 1.99 (0.20) 1.84 (0.79) 2.15 (0.073)

known from other giant clams (though modern T. squamosina
shows very rapid growth), while ¢’ measures are lower than
other studies [22,35,36]. For all three species, modern specimens
had significantly faster growth rates than fossil specimens, as
measured by both k and ¢’ (figure 2, electronic supplementary
material). In the collection, T. maxima is more numerous for
both fossil and modern assemblages, and T. squamosa and
T. squamosina are represented by only two fossil individuals.

Fossil populations have median §'°N values 4.2%o higher
than modern shells (Wilcoxon rank sum test: W=144, p <
0.005; figure 3a). The fossil and modern shells display high
variability in N content (electronic supplementary material,
figure $3) and 8'°N values (figure 3a), but there is no significant
relationship between the variables (Kendall rank correlation:
7=-0.17, p=0.86). NaOCl treatment resulted in all samples
losing over 50% of their N content after the first 4 h of treatment
(electronic supplementary material, figure S4). Measured
3'"°N declined outside of instrumental error in one treated
fossil shell, but the others had differences smaller than the
instrumental error.

Median organic §'°C values are not significantly different
between fossil and modern shells (fossil: 3.09%o0, modern:

2.65%0, Wilcoxon rank sum test: W= 194.5, p-value = 0.194, elec-
tronic supplementary material, figure S5). Mean 50 is slightly
lower across all modern specimens (1.11%o, 1 = 26) than those
from the Holocene (1.36%o, 1 =6), but very similar to shells
from the 117 kyr Jordanian reef (1.16%o, n = 2, figure 3b). Over-
all, assuming a 8"80eawater value of 1.8%o, modern shells record
a higher mean temperature (22.4°C) than the pooled fossil shells
(21.6°C), although this difference is not significant (t=1.27,
d.f.=16.63, p-value = 0.22; figure 3b).

There is a positive relationship between temperature and ¢’
across all species (Kendall rank correlation: 7=0.27, p-value =
0.03; figure 3d). The faster-growing T. squamosa and T. squamo-
sina recorded higher temperatures, except for one shell that
experienced mean temperatures above 27°C, which likely
depressed its growth. There is a weak but not statistically
significant negative relationship between ¢’ and §'°N (Kendall
correlation: 7= —0.153, p-value = 0.297; figure 3c).

There is a statistically significant negative relationship
between shell height and §'°N (Kendall rank correlation:
7=-0.361, p-value = 0.010, electronic supplementary material,
figure S7), but not between ontogenetic age and §'°N (Kendall
rank correlation: 7=-0.263, p-value=0.115). Modern shells
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Figure 3. (a) Comparison of fossil and modern nitrogen isotope values. (b) Comparison of fossil and modern oxygen isotope palaeotemperature output. (c) Com-
parison of ¢’ and nitrogen isotope values. The relationship is not statistically significant. (¢) Comparison of ¢ and shell formation temperature. The relationship is
statistically significant. Legend for both scatter plots at bottom. (Online version in colour.)

show a larger median shell height (6.99 cm) than fossil shells
(3.93 cm), but that difference is not significant (Wilcoxon
rank sum test: W=>51, p-value = 0.133).

4. Discussion

(a) Temperature and climate

The growth of modern Tridacna in the Northern Red Sea is
faster compared to fossil populations as measured by linear
growth rates and when scaled to ontogeny using two
growth metrics. The first potential explanation for this
change is temperature. Among our specimens, we found a
positive correlation between growth rate and temperature,
corroborating other observations of tridacnid growth [37].
These differences in mean temperature between individuals
likely result from microenvironmental variability at different
depths along the reefs of the Gulf of Aqaba, which can
experience greater than 3°C differences between the shallow
lagoon and the fore-reef [23]. Depressed growth above 27°C
aligns with past observations of tridacnid thermal tolerance
thresholds [8]. The Red Sea has experienced little change in
mean annual SST in the late Holocene [38], and experienced
around the same mean temperatures at the last interglacial
[39], which may explain the lack of a statistically significant
difference between the mean temperatures recorded for our
fossil and modern shells. In our reconstructions, we assumed
that seawater §'®0 was the same as the modern during the
Last Interglacial and recent Holocene. This assumption will

require corroboration with techniques that provide absolute
temperature estimates, such as the clumped isotope approach
[40], but our estimated palaeotemperatures do fall around the
means of temperature timeseries produced from interglacial
and late Holocene (4.6-5.75 kyr) corals in combination with
a general circulation model [6]. While Red Sea seawater
8'"0 has shifted during past salinity and eustatic changes,
it is thought to have displayed similarly low values to
today in the recent Holocene and last interglacial time
periods [41].

Prior high-resolution coral reconstructions from the Red
Sea suggested that seasonality was greater than today, with
hotter summers and colder winters [6,39]. Summer mon-
soons also may have reached the Gulf of Aqaba in the mid-
Holocene, contributing to slower historical coral growth [5],
and paralleling the slower past growth in fossil tridacnids.
Storms are known to disrupt giant clam growth [27]. As
modern Red Sea tridacnids experience a narrow seasonal
range of around 7°C [28], with diurnal variations rivalling
those of seasons [42], they may grow with fewer interruptions
in both summer (due to a lack of monsoons) and winter (due
to milder low temperatures).

(b) Nitrogen isotope ratios and N content

Prior investigations of the influence of diagenesis on §'°N
values have been conducted with subfossil oysters [14,15],
fish otoliths [43], and corals of Triassic [31] and Devonian age
[44]. The skeletal organic matrix is thought to be more resistant
to diagenetic isotopic fractionation than the surrounding
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carbonate. For example, recrystallized Triassic coral skeletal
regions have similar 8'°N values to samples of original mineral-
ogy [31]. Oysters with reduced N content showed no change in
8N values compared to those with better preserved organic
matrix [14], though this does not negate the need to ensure
sample quality through techniques like SEM. 8'°N values can
be enriched by 2%o in heated sediments [45], but experiments
conducted on organic matter in biominerals such as oyster
shell and ostrich eggshell via heating did not produce changes
in isotopic values [46,47]. Previous investigation of diageneti-
cally altered photo- and chemosymbiotic bivalve shell organic
matrix found strong effects on 8'3C values, but minimal effects
on §'°N [48]. Early diagenesis of surface sediments can increase
§"°N by approximately 2.5%o [49], but also generally decreases
8"°C values due to preferential mobilization of '°C [50-52].
If our shells had been influenced by the same type of degra-
dation, we would expect a lower median 8'3C value for fossil
shells. Instead, we saw a slightly higher §'°C value in the
fossil shells (electronic supplementary material, figure S5),
though the difference is not statistically significant.

Intercrystalline organics are thought to be more vulnerable
to diagenetic alteration than intracrystalline organics [43,52].
Previous workers used NaOCl treatment to test if oxidative
removal of the intercrystalline fraction would influence the
8N of bivalve shell organic matter [30]. In a treatment of five
shells, we found a loss of the majority of N in the treated
samples. 8'°N change due to treatment varied, from no
change to a decline just outside of analytical error (electronic
supplementary material, figure S4). Prior workers have
suggested that 8'°N of the intracrystalline fraction may be inher-
ently lower [53], while others proposed it was caused by the
NaOCl treatment itself [14]. Alternatively, if the intercrystalline
fraction is preferentially metabolized during diagenesis, an
offset could be a signal of diagenetic alteration. The very
small quantities of N present after NaOCI treatment make it
difficult to measure the intracrystalline fraction with adequate
precision. 8'°N of Tridacna shells in tropical arid environments
merits further investigation, particularly through compound-
specific approaches, to determine how differing organic
fractions contribute to measured §'°N values.

The studied shells showed substantial variability in N
content. This could reflect the great intraspecies variability
observed previously in other bivalves. In organic-rich
modern oyster shells, %N can vary between 0.1% and 0.5%
[14]. Researchers determined that N content mostly decreased
in the first few hundred years after burial in midden oysters
from temperate climates [14]. A similar diagenetic mechanism
could be responsible for the variability in N content displayed
in our modern shells (electronic supplementary material,
figure S3), which may have persisted on the seafloor for
decades or longer after death. The modern shells may be in
various stages of converging on the lower fossil N yields.
Shells on the seafloor in tropical carbonate environments
have been found to display a multi-decade residence time
(median 72 years, with some persisting much longer) [54],
though among our shells, precise ages are unknown. The
potential multi-decade residence time of dead shells means
trends within the post-industrial era cannot be quantified with-
out an effort to date or cross-match the individual shell records.

The shells displayed a large range of §'°N values, which
was also observed in other studies of bivalve shell organic
8'°N. In the non-symbiotic Spisula solidissima, 8"°N can vary
as much through the ontogeny of an individual as it does

for whole-shell values across a population [55]. §'°N values
for Arctica islandica shells also have high ontogenetic variabil-
ity, which the researchers proposed was due to fluctuations in
environmental nitrate concentration and source isotopic com-
position [56]. The variability across our giant clams may be
partially due to high variance in the §'°N values of source
N in the Gulf of Aqaba [57], which is increasingly a function
of seasonal delivery of nitrate aerosols [19].

This variability could be amplified by ontogenetic dynamics
unique to giant clams. Because giant clams ramp up photosym-
biotic nutrition as they grow [58], the animal effectively drops in
trophic level upon reaching maturity. This could lead to larger
giant clams displaying lower 8'"°N values than smaller clams
still reliant on filter-feeding for most of their nutrition. There
is indeed a significant negative relationship between shell
height and §'°N among our specimens (electronic supplemen-
tary material, figure S7). Within the same size classes of
shells, fossil shells still show higher 5N than modern ones
(electronic supplementary material, figure S7), suggesting that
the change observed between fossil and modern shells is inde-
pendent of any potential size effect. Regardless, more research
is needed into how §'°N and N content vary through giant
clam ontogeny, and how those factors relate to their degree of
symbiosis at differing life stages.

(c) Nitrate fertilization: physiological and ecosystem-
wide effects

Tridacnids ingest ammonia and nitrate to support photosyn-
thesis by their endosymbionts, which accelerates shell growth
[59,60]. The development of fish farms in the Gulf of Aqaba
slowed coral growth [7], but an influx of I5N-enriched fish
waste likely cannot explain growth patterns in Tridacna, as
modern shell organic matrix 8'°N values are lower than pre-
industrial values. In the western Pacific, increased monsoon
activity has led to a decline in §'°N records from coral skel-
etons, and an increase in seasonal variability [61]. Such
dynamics are not applicable to the Red Sea giant clams,
which have experienced declining monsoon activity since
pre-industrial times [5]. However, the modern Red Sea experi-
ences higher N supply due to anthropogenic nitrate aerosol
deposition, which accounts for up to 35% of the dissolved inor-
ganic N delivered during summer months [62]. These aerosols
are depleted in 5N, with a mean 8'°N value of —2.6%o, reach-
ing as low as —6.9%o in the winter [19]. Modern tridacnid shell
organic matrix displays lower 8'°N values than those found
in historical specimens, consistent with an aerosol nitrate
fertilization effect.

While the specimens showed a negative correlation
between growth and §'°N which would be expected if fertiliza-
tion by isotopically light nitrate aerosols were at work
(figure 3c), the relationship is not statistically significant. This
is perhaps unsurprising, as tridacnid growth integrates numer-
ous competing factors related to differing N sources [60]. If the
whole-shell organic matrix did not record the entire year’s inte-
grated 8'°N equally, since it arrived as intermittent deliveries of
dust and aerosols, the degree of correlation between shell
growth and 8"°N would be reduced. Factors in addition to sym-
biont fertilization could be at play, as growth increased in the
modern specimens for all three species, including the more het-
erotrophic T. squamosa. In Chesapeake Bay, the growth of
oysters accelerated following the rise of pre-industrial anthro-
pogenic eutrophication [63]. Tridacnids could grow more
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quickly in the Gulf of Aqaba if phytoplankton food is more
readily available, particularly in low-productivity summer
months. Heterotrophic nutrition makes up 30% of incoming
N even in the highly photosymbiotic T. gigas [60].

8'°N values also record the degree of N utilization in an
environment. Water from plankton cultures with a N excess
shows lower 8N values compared to those with nitrate
drawdown [64]. In the Red Sea, lower 5'°N values could be
a response to greater modern nitrate supply resulting in a
lower degree of consumption of the nitrate pool, rather
than a signal of the source N itself. Additionally, corals
have been found to record lower skeletal "°N due to an
increase in N fixation resulting from fertilization of phyto-
plankton by phosphorus discharge [65]. The Gulf of Aqaba
is ringed by phosphate mining operations which could rep-
resent a relevant source of phosphate pollution not present
in historic times [7]. However, phosphate has complicated
feedbacks on tridacnid growth, with conflicting results
depending on its pairing with nitrate [59,60]. More research
into historical phosphate concentration in the Gulf of Aqaba
could help disentangle these interacting mechanisms and
how they manifest in the growth of photosymbiotic animals.

5. Conclusion

The resilience of giant clams in the face of environmental
stresses like climate change and pollution is poorly known
relative to other photosymbiotic groups. In the Northern
Red Sea, modern giant clams are growing more quickly
than in the past, which may be related to decreased seasonal-
ity and increased nitrate availability. It is important to
caution that our data cannot determine if tridacnid growth
has changed within the 19702020 period of reduced coral
growth, and accelerated growth does not mean that
the giant clams have improved fitness or overall health. In
fertilization studies of giant clams, shell density and the
orderliness of crystal fabrics both declined as shell extension
rate accelerated [59]. While the finding that the clams reach
mature size more quickly may seem encouraging for their
survival, more investigation is needed to confirm whether
faster-growing tridacnids have changes in resistance to
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