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Giant clams (Subfamily Tridacninae), are important members of Indo-Pacific coral
reefs, playing multiple roles in the framework of these communities. Although they are
prominent species in Red Sea reefs, data on their distribution and densities in the region
are scarce. The present study provides the first large-scale survey of Red Sea Tridacna
spp. densities, where we examined a large proportion of the Saudi Arabian Red Sea
coast (1,300 km; from 18◦ to 29◦N). Overall, Tridacninae were found at densities of
0.19 ± 0.43 individuals m−2 (±SD). Out of the total 4,002 observed clams, the majority
(89%) were Tridacna maxima, with 0.17 ± 0.37 individuals m−2, while only 11% were
Tridacna squamosa clams with 0.02 ± 0.07 individuals m−2. We also report on a few
(total 6) Tridacna squamosina specimens, found at a single reef. We identified different
geographical parameters (i.e., latitude and distance to shore) and local environmental
factors (i.e., depth and reef zone) as the main drivers for local Tridacna spp. densities.
Our results show that the drivers influencing the densities of Red Sea giant clams are
complex due to their co-occurrence and that this complexity might explain the high
variation in Tridacninae abundances across the Indo-Pacific, but also within a given reef.
We also estimate that giant clam calcification likely contributes to an average of 0.7%,
but potentially up to 9%, of the overall mean calcium carbonate budget of Red Sea coral
reef communities.

Keywords: Tridacna, giant clam, Red Sea, abundance, reef

INTRODUCTION

Giant clams of the Tridacninae subfamily, ranking among the largest (Beckvar, 1981) and fastest-
growing bivalves on Earth, are charismatic and important components of Indo-Pacific coral
reef communities (Bonham, 1965; Neo et al., 2015). They are an important ecosystem engineer,
contributing to the reef carbonate structure (Andréfouët et al., 2005; Neo et al., 2015) and play
multiple other roles in this ecosystem. They provide food for predators and scavengers (Alcazar,
1986), shelter for commensal organisms (De Grave, 1999), and serve as a settling substrate for
epibionts (Vicentuan-Cabaitan et al., 2014). To date, this bivalve subfamily comprises 12 extant
species (Neo et al., 2017; Fauvelot et al., 2020), found in greatest diversity in the Central Indo-
Pacific, especially Polynesia, but also in Australian waters (both, Pacific and Indian Ocean), and the
Red Sea (bin Othman et al., 2010; Neo et al., 2017). However, their taxonomical status, as well as
their distribution ranges and phylogeography are continuously revised (Fauvelot et al., 2020).

All giant clam species are currently listed on the IUCN Red List of Threatened Species
(IUCN, 2016) and protected under Appendix II of the Convention on International Trade in
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Endangered Species of Wild Fauna and Flora (CITES). Most of
them are considered to be at a lower risk/conservation-dependent
status; however, according to Neo et al. (2017), the IUCN status
of Tridacninae is in urgent need of updating. For the Red Sea,
three species of giant clams have been previously reported (e.g.,
by Roa-Quiaoit, 2005; Richter et al., 2008; Huber and Eschner,
2010; Ullmann, 2013), namely Tridacna squamosa Lamarck,
1819, Tridacna squamosina Sturany, 1899 (previously described
as T. costata by Richter et al., 2008) and Tridacna maxima
Röding, 1789. The latter, also called the “small giant clam,” is
assumed to be the most abundant giant clam species in the Red
Sea (Jantzen et al., 2008; Pappas et al., 2017; Lim et al., 2020).
Previously reported densities of T. maxima vary substantially,
with typical averages ranging between 10−4 and 10−5 individuals
per meter square (m2), in different regions of the Indo-Pacific
(Neo et al., 2017). Only in very few cases, T. maxima has been
reported in much higher densities, for example for some reefs
in French Polynesia with averages of 1.6–2.7 individuals m−2

(Andréfouët et al., 2009) and a maximum of 544 individuals per
m2 (Gilbert et al., 2005).

Large variability of the abundance of Tridacninae could be
explained by several environmental and biogeographic factors.
The availability of light is crucial for these clams, as they stand
out among bivalve mollusks due to their symbiotic relationship
with dinoflagellates of the Symbiodiniaceae family (Yonge, 1936;
Taylor, 1969; LaJeunesse et al., 2018). Due to their photo-
symbiotic relationship, and the resulting mixotrophic feeding
strategy (Jantzen et al., 2008), Tridacninae can even reach a
net photoautotrophic metabolism (Klumpp et al., 1992; Klumpp
and Griffiths, 1994). Processes of light-enhanced calcification are
presumed to be the main reason why Tridacninae show high
calcification rates (Ip et al., 2017b, 2018; Boo et al., 2019; Chew
et al., 2019; Rossbach et al., 2019) and their subsequent impressive
sizes. The requirement for photosynthetically active radiation
(PAR, 400–700 nm) of their algal symbionts restricts giant clams
to sunlit, shallow waters, where they are – at the same time –
exposed to potentially high levels of ultraviolet (UV) radiation
(Overmans and Agustí, 2020; Rossbach et al., 2020b) and high
water temperatures (Andréfouët et al., 2013).

Existing studies on densities of giant clams across depth
report the highest numbers of Tridacninae per m2 in shallow
reefs (<10 m), principally reef flats and the reef edge (Van
Wynsberge et al., 2016; Rossbach et al., 2019). The recently
described, strong light-dependency of calcification in Red Sea
giant clams (Rossbach et al., 2019), may therefore be among
the main drivers which restrict the depth-distribution of
Tridacninae within the reef. In addition to the availability of
light, sea temperatures (Apte et al., 2019) and wave exposure
are also important environmental factors for symbiotic benthic
organisms (Williams et al., 2013), and are potentially impacting
the overall abundances of Tridacninae. Other habitat parameters,
for example the substrate and overall geomorphology of the
reef could influence larval settlement success, as giant clam
larvae have been reported to favor high substrate rugosity (e.g.,
on coral rubble) to settle (Alcazar and Solis, 1986; Neo et al.,
2009). Furthermore, at a regional spatial scale, the “reef-type”
seems to have a major influence on giant clam abundances

(Andréfouët et al., 2009). For example, higher densities are
found in enclosed vs. open atoll reefs, and inside lagoons rather
than at the outer reef slope (Van Wynsberge et al., 2016). Due
to their specific habitat preference (Yonge, 1975; Hart et al.,
1998) and their presumed longevity (Chambers, 2007), giant
clams are exceedingly vulnerable to exploitation (e.g., harvest
for food and souvenirs) and environmental degradation, caused
by human activities and climate change (Ashworth et al., 2004;
Van Wynsberge et al., 2016). Consequently, giant clam densities
are reported to show a negative correlation with local human
population size per surface area of shallow reef, which could be
mainly explained by a higher fishing pressure, usually associated
with a larger population (Van Wynsberge et al., 2016). Yet, in
general, the extent to which all these different factors potentially
affect the distribution and local abundances of giant clams,
has been rather poorly assessed so far (Van Wynsberge et al.,
2016). This holds true for the entire geographical Indo-Pacific
distribution range of Tridacninae, but especially for poorly
scientifically surveyed coral reefs, such as those in the Red Sea
(as reviewed by Van Wynsberge et al., 2016).

The Red Sea presents distinct natural latitudinal gradients of
temperature (Chaidez et al., 2017), salinity (Arz et al., 2003) and
nutrient availability (Sawall et al., 2015), all of them displaying
a high spatial variability (Ngugi et al., 2012). Surface water
temperatures are overall high and increase toward the South, with
maximum sea surface temperatures ranging from 33.0 to 33.9◦C
during the summer (Chaidez et al., 2017; Agulles et al., 2020). Red
Sea coral reefs have also repeatedly faced thermal stress associated
to heatwaves, especially in the southern region (Monroe et al.,
2018; Osman et al., 2018; Anton et al., 2020). Although waters
in the North are more transparent to wavelengths of the UV
spectrum than those in the southern Red Sea, they receive in
general less intense solar radiation due to the higher latitude
(Overmans and Agustí, 2019). Thus, overall maximum UV doses,
received in the water column at both, northern and southern Red
Sea reefs might be comparable (Overmans and Agustí, 2019).
There are also two wind patterns in the region: In the North,
the wind systems remains relatively constant throughout the
year, with winds coming predominantly from the North-West
(Sofianos and Johns, 2002; Zarokanellos et al., 2017). In the
South, the wind system is additionally regulated by the dynamics
of the Indian monsoon, and the wind changes the direction to
South-East during the northern hemisphere winter (Al Saafani
and Shenoi, 2004; Sofianos and Johns, 2015).

Red Sea coral reefs also face a number of anthropogenic
threats, including unsustainable tourism (Gladstone et al., 2013),
habitat destruction (Badr et al., 2009), and overfishing (Hasan,
2005; Spaet and Berumen, 2015). Unlike the Asian Pacific region,
where Tridacninae are still commercially harvested (Lucas, 1994;
Larson, 2016), the collection of giant clams was prohibited
by the Saudi Arabian Wildlife Commission in the early 2000s
(Gladstone, 2000; AbuZinada et al., 2004), thus protecting
local Tridacninae communities in the eastern Red Sea for the
past two decades.

To date, densities of giant clams in the Red Sea have been
mostly assessed for northern latitudes, including the Egyptian
Red Sea coast (Zuschin et al., 2001; Ullmann, 2013) and the
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Gulf of Aqaba (Roa-Quiaoit, 2005), as well as at a few scattered
reefs along the Saudi Arabian Red Sea coast (Roa-Quiaoit,
2005; Rossbach et al., 2019). However, except for Rossbach
et al. (2019), none of these previous studies assessed the depth-
related distribution of Tridacna spp., although previous research
clearly indicates that depth can have a significant impact on the
density estimates of Tridacninae (Van Wynsberge et al., 2016;
Rossbach et al., 2019).

Here we present a large-scale survey of the density of
Tridacna spp. in the eastern Red Sea, where we assessed
the number of individuals m−2 of reef, along approximately
1,300 km of the Saudi Arabian Red Sea coastline (ranging from
29 to 18◦N). We further aim to identify the most important
environmental and biogeographical factors (e.g., light availability,
water temperature, wave exposure, and distance to shore) that
could potentially influence the overall densities of Tridacninae in
the eastern Red Sea.

MATERIALS AND METHODS

Abundance Surveys
Between December 2016 and April 2019, we visited 58 different
reefs along the Saudi Arabian Red Sea coast (Figure 1A,
see Supplementary Figure 1 for a more detailed map), and
performed a total of 661 belt transects on Tridacna spp. densities,
either via snorkeling or SCUBA diving. The surveyed reefs were
categorized according to their geographical location, ranging
from reefs at 29◦N in the Gulf of Aqaba to 18◦N at the
southern Farasan Banks, and grouped into the northern (25◦,
27◦, and 29◦N), central (21◦, 22◦, and 24◦N), and southern
(18◦, 19◦, and 20◦N) Red Sea (according to Raitsos et al.,
2013; Figure 1A). We also considered the distance to shore, as
reefs were located either nearshore (<10 km away from shore),
midshore (10–20 km), or offshore (>20 km) (according to Furby
et al., 2013; Figure 1B). At a respective reef, we would further
differentiate between the windward or leeward site of the reef,
dependent on the predominant exposure to wind (according
to Al Saafani and Shenoi, 2004; Figure 1B). At both sites (i.e.,
windward and leeward), we conducted 30 m long belt transects,
recording all Tridacna specimens within a 1 m2 wide corridor
(i.e., 30 m2 for each transect; Figure 1C), covering a total
Red Sea coral reef area of 20,976 m2. Belt transects have been
established as a standard surveying method, as their ease of
use and adaptable length has been shown to be most suitable
to assess the density range of Tridacna spp., and its habitat
substratum configurations (Van Wynsberge et al., 2016). The
belt transects were conducted at different depths, between 0.5
and 15 m, depending on the depth extension of the respective
reef, with a minimum of six and a maximum of 21 transects
per site (Figure 1D). We grouped the transects then into three
categories, i.e., conducted at depths shallower than 2 m, between
2 and 6.5 m and deeper than 6.5 m (Figure 1D) and also
considered the reef architecture, as transects covered the reef
flat, the edge, and the slope (Figure 1D), with slopes having
an inclination of more than 50 degrees being considered as
“steep slopes.”

Temperature Data
Annually averaged water temperatures of the last 10 years
(2007–2017) were extracted from the corresponding data set of
Agulles et al. (2020). Their 3-D gridded temperature product
(TEMPERSEA), with a spatial resolution of 0.25◦ × 0.25◦,
compares satellite observations of sea surface temperature and
reconstructs sea temperatures in the upper layer (for depths
<100 m). We used these averaged annually water temperatures
from depths shallower than 5 m, at 5–10 m, and in those deeper
than 10 m, an additional factor in the analysis of potential drivers
for Tridacna spp. densities in the Red Sea.

Data Filtering
For the potential regional predictors of clam densities, we used
the following broad-scale physical variables for each of the
surveyed reefs: (A) latitude, i.e., southern (18◦, 19◦, and 20◦N),
central (21◦, 22◦, and 24◦N) and northern Red Sea (25◦, 27◦, and
29◦N), (B) distance to shore, i.e., nearshore (<10 km away from
shore), midshore (10–20 km), and offshore reefs (>20 km), (C)
predominant exposure to wind, i.e., windward and leeward sites,
(D) annually averaged water temperatures of the last ten years,
(E) depth, i.e., <2, 2–6.5, and >6.5 m, and (F) reef zone, i.e., reef
flat, edge, slope, and steep slope (where the inclination was more
than 50 degrees).

Statistical Analyses
We used generalized mixed-effects linear models with the lme()
function from the nlme R package (Version 3.6.1.; Pinheiro
et al., 2015) adding reef ID as a random factor because several
transects were deployed on each site. We first performed simple
mixed-effects models for each potential driver of the densities of
Tridacna spp. independently to assess their effects at the basin
level. All these simple mixed-models were linear regressions
(y∼x) of categorical variables except for temperature, which
was included as a continuous variable, and analyzed using a
polynomial type 2 model (y∼x + x2). We used a likelihood
ratio test to assess the significance of the fixed variables at
p-values <0.05. To assess differences across levels of treatment
we performed a post hoc Tuckey test using the lsmeans () package
(Lenth and Hervé, 2015). Statistical significance was reported at
p-values <0.05.

We then performed a more complex exploration of the
potential drivers for Tridacna spp. densities, by combining their
effects in a single model. To do this, we first examined
potential correlations between independent predictors
(Supplementary Figure 2) and, if correlated, selected the
best independent variable based on the Akaike Information
Criterion (AIC; Supplementary Table 1). We started with
a model that included all independent variables and the
paired interactions between them, and reef as a random
factor (Supplementary Table 2). After that, we followed a
step-wise model simplification approach to find the most
parsimonious model (Crawley, 2012), using AIC to exclude
predictors in the model (Burnham and Anderson, 2004;
Supplementary Table 2). The R-square of the model was
calculated using the r.squaredGLMM() function from the
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FIGURE 1 | (A) Map of Red Sea, highlighted in red are the 58 surveyed reefs along the Saudi Arabian coastline, (B) Schematic of surveyed reefs located nearshore
(<10 km from the shore), midshore (10–20 km), and offshore (>20 km), indicating the windward and leeward side (according to predominant northwesterly winds in
the Red Sea). (C) Illustration of a SCUBA diver conducting a belt transect. (D) Schematic reef with reef flat, edge and slope, highlighting the three surveyed depth
zones, >2, 2–6.5, and >6.5 m.

MuMIn R package. Again, we used a likelihood ratio test to assess
the significance of the fixed variables and a post hoc Tuckey
test to assess differences across levels of treatment at p-values
<0.05. All graphs were created using the ggplot2 R package
(Wickham, 2009).

RESULTS

We recorded a total of 4,002 Tridacna spp. clams, with an overall
average (±SD) density of 0.19 ± 0.43 individuals m−2 and a
median density of 0.07 individuals m−2 (The full dataset can be

assessed in the PANGEA repository at doi: 10.1594/PANGAEA.
921114).

The majority of the individuals (89%) were identified as
T. maxima (Figure 2A), while only about 11% were T. squamosa
specimens (Figure 2B). In addition, we found a few specimens
(n = 6) of the extremely rare T. squamosina (Figure 2C) at
one single reef in the southern Red Sea. On average, and for
the entire surveyed coastline, the density of the ‘small giant
clam’ T. maxima was 0.17 ± 0.37 individuals m−2 (Figure 2D).
However, densities varied substantially between reefs, with up
to 3.03 ± 1.28 individuals m−2 at a few reefs located in the Al
Wajd Lagoon (northern Red Sea), to no clams being present at
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FIGURE 2 | Photos of Tridacna spp. specimens with (A) Tridacna maxima, (B) Tridacna squamosa, and (C) Tridacna squamosina. (D) Densities of Tridacna spp.,
T. maxima and T. squamosa as individuals per m-2 along the Saudi Arabian Red Sea coast. Gray dots symbolize densities of Tridacninae at each conducted
transect, the red line indicates the averaged density.

some reefs in the Farasan Banks (southern Red Sea). Specimens of
T. squamosa were present at 45 reefs and with an overall density
of 0.02± 0.07 individuals m−2.

Drivers of Tridacna spp. Density
Densities (±SD) of Tridacna spp. showed a strong North-South
gradient, with significantly more clams present in the northern
reefs (>25◦) with 0.46± 0.84 individuals m−2, than in the South
(18◦, 19◦, and 20◦N), where the average density was 0.10 ± 0.20
individuals m−2 (F-value = -3.28, p-value = 0.005, Figure 3A and
Supplementary Tables 2, 3). In the central Red Sea (21◦–24◦N),
averaged Tridacna spp. density was 0.17 ± 0.23 individuals
m−2. The distance to the shore had a significant influence on
giant clam densities, with more clams being present in reefs
located nearshore (i.e., <10 km away from shore) than at reefs
located offshore (i.e., >20 km away from the coast) (Figure 3B,
F-value = 2.84, p-value = 0.017, Supplementary Tables 2, 3).

Within a given reef, we found a number of drivers that, mostly
due to their correlation with each other and/or co-occurrence,
had a significant influence on the density of Tridacna spp.
giant clams in Red Sea coral reefs (Supplementary Tables 2, 3).
When examining the specific environmental factors of wind
exposure (i.e., sites located wind - or leeward), we observed
significantly higher densities of Tridacna spp. at the leeward
side of reefs (Figure 4A) (F = 23.14, p < 0.001). There was
also a relationship between annually averaged temperature and

Tridacna spp. density (Figure 4B), and our empirical data suggest
that the thermal optimum for Tridacna spp. densities in Red
Sea coral reefs is at 26.3◦C (Figure 4B). This is also reflecting
the North-South gradients in the Red Sea, as all of the reefs
experiencing mean annual temperatures above 27◦C were located
in the southern Red Sea (Supplementary Figure 2). When
comparing Tridacna spp. densities between different depths
(Figure 4C), we found that the giant clams were significantly
more abundant in waters shallower than 6.5 m (i.e., at <2 m and
between 2 and 6.5 m; p < 0.001; respective F values can be found
in Supplementary Table 3) in comparison to deeper depths (i.e.,
>6.5 m). Furthermore, we found significantly less Tridacna spp.
specimens at the reef slope than at the flat (F = 4.77, p < 0.001)
and edge (F = 5.59, p < 0.001) (Figure 4D), and even fewer
clams at steep reef slopes, in comparison to the reef flat (F = 5.32,
p < 0.001) and edge (F = 6.09, p < 0.001).

To address the correlation and co-occurrence of the
independent drivers, which we identified to have a significant
influence on the densities of Red Sea Tridacna spp.
(Supplementary Tables 2, 3) we ran a model testing the
effect of geographical location, meaning the latitude at which
the reef was located (i.e., southern, central, and northern), the
effect of the site, depending on the wind exposure (i.e., leeward
or windward), and the depth (i.e., <2, 2–6.5, and >6.5 m),
as well as their interactions (Figure 4E and Table 1) on clam
density. The model revealed Tridacna spp. densities to vary
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FIGURE 3 | Tridacna spp. densities as individuals per m2 at (A) reefs in the northern (25◦, 27◦, and 29◦), central (21◦, 22◦, and 24◦) and southern (18◦, 19◦, and
20◦) Red Sea and at (B) surveyed reefs located nearshore (<10 km), midshore (10–20 km), and offshore (>20 km). Gray dots symbolize densities of Tridacninae at
each conducted transect, the red line indicates the averaged density. Different capital letters indicate statistically significant differences in density (p < 0.05).

significantly with latitude, wind exposure and depth, as well as
significant interactions between these three factors (Table 1 and
Supplementary Table 2). Overall, the generalized linear model
including these variables, interaction terms and random factor,
accounted for 86% of the variability in Tridacninae densities in
the eastern Red Sea (R2 = 0.859).

DISCUSSION

Observed Tridacninae Species
During the fieldwork and SCUBA dives for the present study, we
encountered all three giant clam species that had been previously
reported for the Red Sea, i.e., T. maxima, T. squamosa, and
T. squamosina (Figures 2A–C). While we observed T. maxima
and T. squamosa along the entire study area (i.e., Saudi Arabian
Red Sea coastline from the northern part of the Gulf of Aqaba to
the southern Farasan banks), we found T. squamosina exclusively
in a single location in the southern Red Sea. To date, there are
only two other reports on the presence of this species in the
region, from the Gulf of Aqaba (Richter et al., 2008) and from
a single location at the Farasan Islands (Fauvelot et al., 2020). In
accordance to our findings, these previous surveys report on the
extremely low density of this species (e.g., 0.9 ± 0.4 individuals
per 1,000 m2 in the Gulf of Aqaba; Richter et al., 2008) and
although it has been reported that T. squamosina presents up to
>80% of the fossil Tridacninae shells in the Red Sea (Richter et al.,
2008), nowadays this species presumably represents less than 1%
of the present stocks. It is not yet clear what caused this putatively
steep population decline of T. squamosina, but the extremely
rare sightings of this species may warrant legal protection, such
as being added to the IUCN Red List. Densities of, and species

allocation between the two other species, T. maxima (89%
of individuals), and T. squamosa (11%) were consistent with
previous reports on Red Sea Tridacninae (e.g., Roa-Quiaoit, 2005;
Ullmann, 2013; Pappas et al., 2017).

Overall Abundance of Tridacna spp.
Densities of Tridacna spp. in the Red Sea showed a strong
latitudinal gradient, decreasing nearly 5-fold from North to
South. Locally, densities were occasionally very high, for example
with up to 3.03 ± 1.28 T. maxima individuals m−2 at a reef
in the Al Wajd lagoon in the northern Red Sea, matching the
highest Tridacna spp. densities reported in the literature (Table 2;
Andréfouët et al., 2005, 2009).

In the northern and central part of the Saudi Arabian Red
Sea coast, the reef systems are typically characterized by fringing
reefs with steep drop-offs and interrupted offshore barrier reefs
(Montaggioni et al., 1986; Edwards et al., 1987). In contrast,
the southern region is more characterized by less-developed
fringing reefs, and shallow bays and lagoons, which are often
bordered by mangroves, extensive reef lagoons and nutrient-rich
waters (Edwards et al., 1987; Raitsos et al., 2013). The observed
latitudinal North-South gradient of giant clam abundance is
consistent with previous reports on Tridacna spp. in the Red
Sea (Roa-Quiaoit, 2005). However, comparing the present survey
data with previous studies from the region also highlights the
occasionally strong variances between and among different sites
(Table 2). In some occasion, for example when comparing the
assessed abundances within the Al Wajd Lagoon in the northern
Red Sea, reported densities of Tridacna spp., by Roa-Quiaoit
(2005), are approximately 15 times lower (0.04 ± 0.06 clams
m−2;±SD) than those recorded in the present study (0.60± 1.03
clams m−2). This difference is most likely due to two reasons:
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FIGURE 4 | Tridacna spp. densities as individuals per m2, plotted for (A) wind exposure (windward and leeward reef site), (B) annually averaged ambient water
temperatures (◦C) with an optimum temperature at 26.3◦C, highlighted with an red cross, (C) depth (<2, 2–6.5, and >6.5 m), as well as the (D) reef zone (flat, edge,
slope, and steep slope). Gray dots symbolize densities of Tridacninae at each conducted transect, the red line indicates the averaged density. Different capital letters
indicate statistically significant differences in density (p < 0.05). Panel (E) shows data for each individual belt transect and for the different latitudes (southern, central,
and northern Red Sea), wind exposure (leeward and windward), and depth zone (<2, 2–6.5, and >6.5 m) as boxplots, including the median (line) and average (dot)
density.

(1) the specific variability of environmental factors (e.g., wave
exposure and light availability) among sites, which probably
influences the suitability of the reef for settlement and the

thriving of Tridacna spp., as discussed hereafter; and (2) the
differences in sampling effort, especially with regard to survey
depths, since most previous studies only surveyed at one or few
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TABLE 1 | Results of the generalized mixed-effects linear models, testing the
independent drivers of Tridacna spp. Densities.

Independent driver DF F-value p-value

Depth 2 51.70 <0.0001

Wind Exposure 1 32.01 <0.0001

Latitude 2 5.14 0.009

Depth × Wind exposure 2 15.41 <0.0001

Depth × Latitude 4 16.57 <0.0001

depths (e.g., Bodoy, 1984; Ashworth et al., 2004; Roa-Quiaoit,
2005), while the present study covered seven different depths
from the surface to 15 m. These differences may explain the
discrepancy in observed numbers, as it has been shown that
the depth of these surveys can significantly impact abundance
estimates (Van Wynsberge et al., 2016).

Globally, the averaged densities of T. maxima typically range
between 10−4 and 10−5 individuals m−2 (Neo et al., 2017).
Therefore, the data obtained for the present study suggest that
the averaged densities of T. maxima in the Saudi Arabian Red
Sea are well within the upper range, with 0.17 ± 0.37 individuals
m−2, but with locally up to 3.03 ± 1.28 clams m−2 (e.g., at some
reefs in the Al Wajd lagoon). Only a few exceptional studies
report higher densities of this species, for example in some reefs
of French Polynesia, with reports of averaged densities between
1.6 to 2.7 individuals m−2 (Andréfouët et al., 2009), but locally
up to 544 individuals m−2 (Gilbert et al., 2005), as well as for
the Ningaloo Marine Park in Western Australia with 0.86 ± 0.41
individuals m−2 (Black et al., 2011), and 0.42 individuals m−2

in Kiribati (Chambers, 2007; Table 2). For T. squamosa, surveys
on abundances are in general scarce, but the few available reports
present numbers that were 40–95% (Guest et al., 2008; Neo et al.,
2018; respectively) lower compared to the average number found
in eastern Red Sea reefs in this present study (Table 2).

Yet, when comparing Tridacna spp. densities on a global scale
and across regions, it is important to consider the latest revisions
of the Tridacninae taxonomy, including the recent evidence for
high cryptic diversity (Kubo and Iwai, 2007; Huelsken et al.,
2013; Fauvelot et al., 2020). Especially for regions that are
inhabited by a number of different giant clam species (e.g., the
Coral Triangle, Western Pacific and the Eastern Indian Ocean),
previous density estimates for T. maxima, the species with the
broadest geographical distribution (bin Othman et al., 2010), may
thus be under- or over- estimated (Johnson et al., 2016; Van
Wynsberge et al., 2017). This could be particularly true where
reefs are also inhabited by the recently resurrected Tridacna
noae (Su et al., 2014), as this species has been reported to be
frequently misidentified as T. maxima (Su et al., 2014; Borsa et al.,
2015; Neo and Low, 2017). Occasional confusion of T. maxima
and T. squamosa have been also previously suspected for the
Red Sea (Pappas et al., 2017). However, as the same observers
as in the present study, reached a very high and genetically
confirmed accuracy in previous species-targeted sampling (Lim
et al., 2020), and since the presented ratio of 89% T. maxima and
11% T. squamosa clams corresponds to past reports on species
allocation in the region (Jantzen et al., 2008; Pappas et al., 2017),

we are confident that presented numbers actually reflect what can
be found in Red Sea coral reefs.

Drivers for Abundances of Tridacna spp.
in the Red Sea
To compare observed densities from the present study with
previous assessments from the Red Sea (Zuschin et al., 2000;
Ashworth et al., 2004; Roa-Quiaoit, 2005; Ullmann, 2013) which
mainly report on genus level only, we then pooled densities of
T. maxima and T. squamosa, considering them as Tridacna spp.
for the analysis on potential drivers influencing the abundances
of Red Sea Tridacninae.

We identified a number of drivers that, mostly in combination
and/or due to their correlation and co-occurrence, have a
significant influence on the densities of Tridacna spp. in Red
Sea coral reefs (Supplementary Figure 2). The Red Sea area is
characterized by a relatively stable and uniform wind system, with
consistent northwesterly winds blowing over the sea throughout
the year, except for the reversal in the South during the northern
hemisphere winter (Sofianos and Johns, 2002; Zarokanellos et al.,
2017). Red Sea coral reefs are mainly of the fringing type
(Montaggioni et al., 1986), and grow close to the mainland
(Mergner and Schuhmacher, 1974; Brachert and Dullo, 1991),
with a predominantly windward located fore reef zone and
a leeward located back reef (Montaggioni et al., 1986). We
found Tridacna spp. to be significantly more abundant in
these leeward, sheltered parts of the reef, which is consistent
with previous reports on giant clam densities in other regions
worldwide (Andréfouët et al., 2009; Van Wynsberge et al.,
2016). In general, also the “reef type” may have a substantial
effect on the densities of giant clams (Andréfouët et al., 2009;
Van Wynsberge et al., 2016).

There are a number of environmental factors that can
potentially influence the density of clams in the shallow waters
of lagoons and the back-reef. For instance, a potentially reduced
water-exchange could lead to a decrease in oxygenation. In
fact, it was suggested that the mass mortality events of giant
clams in French Polynesia in 2009/2010 were the result of
prolonged periods of low swell and low winds that prevented
a renewal of the lagoonal water (Andréfouët et al., 2015;
Van Wynsberge et al., 2017). For the back-reef of Red Sea
fringing reefs, however, it was reported that there are no,
or only very infrequent, long-term stagnations (leading to an
irregular inflow of oxygenated water) in the innermost parts
of the reefs (Montaggioni et al., 1986). Thus, giant clams in
shallow Red Sea reefs are less likely to be exposed to occasional
low-oxygen levels (Giomi et al., 2019). Sheltered conditions
inside the reef lagoon may even support the larval supply,
resulting in higher densities inside these sheltered lagoons,
in comparison to the outer reef slope, as suggested by Van
Wynsberge et al. (2016). This would be further supported
by our findings that Red Sea Tridacna spp. can be found
in highest densities at reefs located inside the Al Wajd
lagoon, located in the central/northeastern part of the Red
Sea, which is characterized by extensive coral reef formations
with a live coral cover that ranges between ∼30 and ∼70%
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TABLE 2 | Comparison of reports on average densities of Tridacna maxima, Tridacna squamosa, and Tridacna spp. (pooled data for both species) in the Red Sea and globally.

Location Lat [◦N] Country Sites [n] Depth [m] Density [individuals m−2] References

T. spp T. maxima T. squamosa

Red Sea North (Gulf of Aqaba) 29 Jordan 14 >10 0.005 ± 0.007 a* 0.009 ± 0.009 a* 0.002 ± 0.002 a* Roa-Quiaoit, 2005

North (Gulf of Aqaba) 29 KSA 2 >10 0.09 ± 0.13* 0.08 ± 0.14* 0.01 ± 0.03* This study

North (Gulf of Aqaba) 28 Egypt 6 >5 0.04b N/A N/A Ashworth et al., 2004

North (Sinai) 27 Egypt 3 >10 0.8a N/A N/A Roa-Quiaoit, 2005

North (Duba) 27 KSA 10 >10 0.15 ± 0.16* 0.15 ± 0.16* 0.00 This study

North (El Qusier) 26 Egypt 1 >10 N/A 0.32 ± 0.03 c† N/A Ullmann, 2013

North (Port Safaga) 26 Egypt 68 >10 N/A 0.76 ± 2.12 c∗ N/A Zuschin et al., 2000

North (Al Wajd Lagoon) 25 KSA 1 >10 0.04 ± 0.06 a* N/A N/A Roa-Quiaoit, 2005

North (Al Wajd Lagoon) 25 KSA 12 >10 0.78 ± 1.18* 0.65 ± 0.98* 0.12 ± 0.20* This study

Central 21–24 KSA 13 >10 0.20 ± 0.24* 0.19 ± 0.22* 0.01 ± 0.03* This study

Central 21–22 KSA 12 >2 N/A 0.2b N/A Bodoy, 1984

Central (Jeddah) 21 KSA 1 >10 0.03 ± 0.03 a* N/A N/A Roa-Quiaoit, 2005

Central 20-19 KSA 21 >10 0.15 ± 0.23* 0.14 ± 0.22* 0.01 ± 0.03* This study

Central 19 Sudan 4 >10 < 0.1a* N/A N/A Roa-Quiaoit, 2005

South (Farasan Banks) 18 KSA 4 >10 0.01 ± 0.03* 0.01 ± 0.02* 0.00 ± 0.02* This study

South (Farasan Islands) 16 KSA 1 >10 < 0.01a N/A N/A Roa-Quiaoit, 2005

South 14–15 Yemen 3 >10 0.04a N/A N/A Roa-Quiaoit, 2005

Other East Indian Ocean / Singapore 7 >6 0.001 ± 0.002 a* <0.001a 0.003 ± 0.004 a* Guest et al., 2008

East China Sea / Japan 7 >15 N/A 0.012a < 0.001a Neo et al., 2018

South Pacific / French Polynesia 1 >10 N/A 0.19 N/A Laurent, 2001

South Pacific / Cook Islands 27 >10 N/A 0.42 N/A Chambers, 2007

East Indian Ocean / Western Australia 20 >2 N/A 0.86 ± 0.41† N/A Black et al., 2011

South Pacific / French Polynesia 12 >3 N/A 1.60 ± 0.31† N/A Andréfouët et al., 2009

South Pacific / French Polynesia 1 >10 N/A 2.7 N/A Andréfouët et al., 2005

South Pacific / French Polynesia 2 >10 N/A 200–544 N/A Gilbert et al., 2005

Densities are given as individuals per m2 and if available with standard deviation (*) or standard error (†). Where necessary, values were converted from a100 m2, b50 m2, or c25 m2.
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(Chalastani et al., 2020). Occasionally, however, the temperature
in shallow waters can become very high, especially during
the summer months, which can potentially cause bleaching
(i.e., the expulsion of the symbiotic microalgae) by the clams
(Addessi, 2001; Leggat et al., 2003). Additionally, high water
temperatures have been previously shown to result in lower
overall survival of Tridacninae larvae (Neo et al., 2013; Enricuso
et al., 2018) and a general increase in mortality (Addessi,
2001; Junchompoo et al., 2013; Apte et al., 2019). Indeed,
we also identified water temperature as a potential driver
influencing the densities of Tridacna spp. in the Red Sea.
The highest density of clams was estimated at an average
yearly water temperature of 26.3◦C, which was reflected in a
decrease in densities from North to South, where the average
annual temperatures are higher than in the northern Red Sea
(Supplementary Figure 1; Chaidez et al., 2017; Agulles et al.,
2020). The recent experimental findings that water temperatures
above 30.7◦C can lead to a strong bleaching response in
T. maxima (Brahmi et al., 2019) and the reported negative
effect of elevated seawater temperatures on the embryonic and
larval development of T. gigas (Enricuso et al., 2019) and
T. squamosa clams (Eckman et al., 2019) further support our
findings of a rather low yearly mean thermal optimum of
Tridacninae. In the oligotrophic waters of the Red Sea, giant
clams in shallow waters are potentially also exposed to high
levels of incident radiation, in particular highly energetic UV
(Overmans and Agustí, 2020). Yet, recent studies suggest that
giant clams are well adapted to these short wavelengths and
developed different photo-defensive mechanisms (Ishikura et al.,
1997; Rossbach et al., 2020a,b) allowing them to thrive even under
high solar irradiances.

The availability of photosynthetically active radiation
within the PAR spectrum (400–700 nm), however, has been
previously suggested to influence the depth-related abundances
of Tridacninae (Jantzen et al., 2008; Rossbach et al., 2019).
Our data likewise demonstrate a strong depth-dependency of
giant clam densities, with significantly less individuals in depths
below 6.5 m. As the survey depth can have a significant impact
on the estimates of Tridacna spp. abundances, with expected
higher densities reported for shallow reefs (i.e., 0–5 m; Van
Wynsberge et al., 2016), this might again explain the differences
between previously reported densities of Red Sea giant clams
(e.g., Roa-Quiaoit, 2005) and those in the present study. As
photosymbiotic organisms, and occasionally even functional
phototrophs (Klumpp and Griffiths, 1994; Jantzen et al., 2008),
Tridacna spp. rely on their symbionts and their photosynthetic
activity to yield their carbon respiratory requirements (Trench
et al., 1981; Klumpp et al., 1992) and promote their high
calcification rates (Ip et al., 2017a,b; Boo et al., 2019; Chew
et al., 2019; Rossbach et al., 2019). Their distribution may,
therefore, also be influenced by underwater light penetration
(Schuhmacher, 1973), as variations in suspension load in
the reefs has been shown to fundamentally influence the
abundances of Tridacna spp. (Zuschin and Piller, 1997). This
could also provide a further explanation for the latitudinal
decrease in abundances from North to South. Tridacninae in
the northern and central Red Sea can be found on narrow

shelves, where the reefs are exposed to clear oceanic waters
(Richter and Abu-Hilal, 2006) while the reef waters in the
southern Red Sea are more turbid due to higher amounts of
suspended particles (Kotb et al., 2004) in these nutrient- and
plankton-rich waters.

Particularly the significant differences in densities of Tridacna
spp. according to the reef zone (i.e., flat, edge, slope, and
steep slope) highlights the intertwining of drivers that together
modulate their abundance. The clams can be mainly found
at reef flats and the edge, where they receive sufficiently high
incident light levels, which are required by their algal symbionts
to support and maintain their high metabolic rates. However,
the high temperature and irradiance, which the clams might
occasionally experience in shallow waters, could explain why
most of the clams can be found on the reef edge. Here, the
clams receive sufficient incident light, while being simultaneously
exposed to a constant flow of well-oxygenated and cooler water.
This pattern concurs with the previous report by Ashworth
et al. (2004), who also observed higher numbers of Tridacna
spp. at the reef edge. We found that giant clam numbers
decreased with depth along the reef slope and that clams
were significantly less abundant at steep reef slopes. There are
a number of possible explanations and potential causes. For
example the topography of the settling substrate, as it has been
reported that giant clam larvae, like those of corals, prefer
to settle on substrates which provide shelter via grooves, pits
and crevices (Petersen et al., 2005; Neo et al., 2009), where
they (as they further develop) penetrate the substrates (mostly
mechanically but probably supported by chemical boring)
and attach themselves permanently with their byssus threads
(Yonge, 1962). The slopes of a coral reef might thus be less
suitable for their settlement. At steep slopes, reef organisms
also receive only limited amounts of incident light (Vermeij
and Bak, 2002; Lesser et al., 2018), due to shading of the
reef wall, which may influence their densities. Furthermore,
in the Red Sea, steep outer reef slopes are mostly found at
offshore reefs, which is where we observed lower clam density.
It is therefore not possible to unravel if the abundances of
Tridacna spp. are reduced at offshore reefs because of a co-
occurrence of factors, including higher proportion of steep
slopes at these reefs.

Globally, giant clam populations have been reported to be
highly vulnerable to anthropogenic over-exploitation (Lewis
et al., 1988; Lucas, 1994; Gilbert et al., 2006; Larson, 2016), as
they can be easily accessed, especially in shallow reefs (Ashworth
et al., 2004). Indeed, fishing pressure may have been a driver
for Red Sea Tridacna spp. abundances in previous times (as
reported by Bodoy, 1984; Gladstone, 2000; and Ashworth et al.,
2004). Yet, since the collection of giant clams has been banned
by the Saudi Arabian Wildlife Commission since the early
2000s (Gladstone, 2000; AbuZinada et al., 2004), and after
consultation with several local fishermen at various sites along
the Saudi Arabian coastline (S.R., personal communication),
confirming that Tridacninae are not targeted in local fisheries
since the ban, we presume that harvesting pressure is most
likely not among the drivers for giant clam densities in the
eastern Red Sea.
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Contribution of Tridacninae to Calcium
Carbonate Budgets
Coral reefs, due to the biological activity of their communities,
play an important role in the oceanic carbon budget. Although
scleractinian corals are certainly the main contributors to the
calcium carbonate budget of reefs, other calcifying organisms,
including giant clams are also contributing. As reported
previously, the average net calcification of T. maxima in shallow
reefs (<10 m) is about 0.47± 0.03 µmol CaCO3 cm−2 of mantle
surface per hour, and averaged mantle surface area of clams
in these depths is 140 cm2 (Rossbach et al., 2019). Therefore,
considering the average density of T. maxima of 0.21± 0.40 clams
m−2 in shallow depths (<10 m) in Red Sea reefs reported here,
giant clams account for approximately 0.3% of the total reef area.
Their estimated contribution to the overall reef net calcification
would be therefore about 14 µmol CaCO3 m−2 h−1, resulting
in 114 kg CaCO3 ha−1 year−1. Given that overall calcification
rates of entire Red Sea coral reefs communities are estimated to
be around 16.425 kg CaCO3 ha−1 year−1 (Silverman et al., 2007),
giant clams may thus contribute to about 0.7% to overall reef
calcification. Locally, at those reefs with highest abundances (i.e.,
in the Al Wajd lagoon), they may even contribute up to 9%.

CONCLUSION

In summary, it is evident that there is not one main, but a
number of different geographical (i.e., latitude and distance
to shore) and local environmental drivers (i.e., depth and
reef zone) that influence Tridacna spp. densities in the Red
Sea. Their co-occurrence and the complexity of many drivers
might also explain the high variation in Tridacninae densities
across different sites, which is congruent with existing reports
on Tridacna spp. densities from other parts of the world,
where censuses revealed comparably large variations among sites
(e.g., in Western Australia; Black et al., 2011). Only the latest
insights on their overall abundances, provided by this study,
in combination with the recent efforts in understanding the
population structures and dynamics of Tridacninae in the region
(Lim et al., 2020) can give a comprehensive picture of their
status in the Red Sea. The presented data on the large-scale
abundances of Tridacna spp. in Saudi Arabian Red Sea waters
may therefore serve as a baseline to understand the importance
of this charismatic reef invertebrate for Red Sea coral reefs, and
to assess future trends. It may also contribute to the conservation
efforts from local to regional scales and eventually aid the
protection of Tridacninae in the entire Red Sea and elsewhere.
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