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Simple Summary 

Giant clams are marine mollusks renowned for their immense size and colorful mantles. 

However, scientists have limited knowledge about how these eyes differ between species 

or how clearly they can see. This study investigated three common species: Tridacna cro-

cea, Tridacna squamosa, and Tridacna maxima. We measured fundamental traits such as 

eye count and diameter, and determined how clearly they can see by observing their re-

actions to striped grating patterns. We found significant differences: Tridacna maxima 

possessed the highest number of eyes, whereas Tridacna squamosa had the largest eyes. 

Tridacna crocea exhibited the highest visual resolution. All three species possess simple 

“pinhole” eyes that lack lenses. We suggest that these specific ocular variations evolved 

to help each species survive in its particular habitat, influenced by environmental factors 

like water depth. These findings are valuable as they provide new insights into how sim-

ple visual systems adapt to different ecological niches. 

Abstract 

Bivalves possess a diverse array of photoreceptive organs that are significant for their 

evolutionary success and systematic classification. Giant clams are the largest bivalve 

mollusks, with mantle tissue permanently extended in nature to maintain symbiosis with 

zooxanthellae and perceive environmental cues. Eyes serve as critical sensory organs for 

these organisms, yet the structural and functional characteristics of tridacnine eyes remain 

inadequately understood. This study systematically investigated the ocular traits and vis-

ual resolution of three ecologically distinct giant clam species (Tridacna crocea, T. squamosa, 

T. maxima) using morphometric analysis, hematoxylin-eosin (HE) staining, transmission 

electron microscopy (TEM), and grating stimulation assays. Significant interspecific dif-

ferences were observed in eye count, diameter, and pupil-to-eye ratio (PER): T. maxima 

exhibited the highest mean eye count (221 ± 8), T. squamosa the largest mean eye diameter 
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(0.490 ± 0.082 mm), and T. crocea the highest mean PER (0.363 ± 0.041). Eyes were numer-

ically symmetric on the left and right mantles but positionally asymmetric, showing ran-

dom distribution patterns along the mantle margin without fixed corresponding locations 

across species. All three species possessed typical pinhole eyes lacking lenses and retinas, 

primarily composed of filler cells, receptor cells, and sparse neurons, with symbiotic zoo-

xanthellae distributed in the surrounding mantle tissue. Grating stimulation assays re-

vealed resolvable stripe periods of 5.82–11.64° (T. crocea), 8.62–13.16° (T. squamosa), and 

10.15–12.26° (T. maxima), confirming T. crocea as the species with the highest visual reso-

lution. These ocular variations are inferred to reflect adaptive evolution driven by ecolog-

ical niches and habitat-specific factors (water depth or light intensity), while the simplified 

pinhole morphology is consistent with their sedentary lifestyle and metabolic dependence 

on symbiotic zooxanthellae. These ocular variations provide potential morphological 

markers for the systematic classification of Tridacninae and offer valuable insights for re-

searchers studying the evolutionary plasticity of bivalve visual systems. 

Keywords: giant clam eyes; pinhole eyes; evolution; vision; structure; visual acuity 

 

1. Introduction 

Giant clams (Tridacninae) comprise the largest bivalve mollusks globally, with shell 

lengths ranging from approximately 15 cm to over 1 m [1]. Giant clams harbor symbiotic 

zooxanthellae within their unique tubular system, which provides a stable microenviron-

ment for the algae. This symbiotic relationship necessitates prolonged exposure to light, 

requiring the shells to remain open for extended periods. Consequently, giant clams face 

heightened environmental challenges, including increased risk of predation, physical 

damage, and exposure to fluctuating environmental conditions [2,3]. To mitigate these 

risks, giant clams have evolved numerous pallial eyes that perceive environmental 

changes and detect potential threats, triggering rapid mantle retraction and shell closure. 

The eye serves as the primary sensory organ for vision, and evolutionary processes 

have generated a diverse array of ocular morphologies in nature to adapt to different eco-

logical demands. Representative structural categories include primitive eyes, cup eyes, 

ocelli, multiple ocelli, compound eyes, pinhole eyes, camera-type eyes, and reflective eyes 

[4]. Simulations of aquatic animal eye evolution conducted by Nilsson and Pelger [5] re-

veal that the primitive eye consists of a simple cup-shaped structure containing a single 

photoreceptor cell and one pigment cell. To achieve higher spatial resolution, evolution-

ary trajectories initially involve the longitudinal deepening of the ocular structure to form 

cup eyes, which can better distinguish light direction. Subsequently, pigment cells narrow 

the aperture to produce pinhole eyes, which improve image sharpness by reducing light 

scattering. Finally, the emergence of a lens facilitates the development of camera-type eyes, 

enabling precise light focusing and high-resolution imaging. 

Bivalves have evolved a diverse array of photoreceptive organs essential for habitat 

selection, predator avoidance, and the synchronization of biological rhythms [6]. While 

larvae often utilize transient ocelli for settlement [7–10], adults primarily possess cephalic 

or pallial eyes. Cephalic eyes are evolutionarily conserved yet rare [11,12]. In contrast, 

pallial eyes—characteristic of giant clams—evolved independently across multiple line-

ages, including the Pteriida, Pectinidae, and Cardioidea. These organs demonstrate sig-

nificant morphological plasticity, appearing on the outer, middle, or inner mantle folds 

depending on the taxon [13–16]. Consequently, ocular traits such as eye count, position, 

and structure are increasingly valued as diagnostic taxonomic characters, providing criti-

cal insights into bivalve phylogeny. 
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Despite the diversity of bivalve visual systems, research on the eyes of giant clams 

remains relatively limited. The eyes of Tridacninae are classified as pallial eyes, which are 

numerous and distributed along the outer mantle folds, representing a unique adaptation 

for their photosymbiotic lifestyle. Upon detecting moving objects or sudden changes in 

light intensity, these organisms rapidly retract their mantles and close their shells tightly 

to avoid potential harm. Specifically, Land [17] pioneered the functional analysis of 

Tridacna maxima eyes, identifying them as pinhole-type structures capable of basic spatial 

resolution. However, comparative studies on the ocular traits and visual capabilities of 

different giant clam species are still lacking. Besides, theoretical models of pinhole eyes 

suggest that image quality depends on the geometry of the pupil and eye cup, where a 

higher Pupil-to-Eye Ratio (PER) is predicted to correlate with superior optical perfor-

mance and visual resolution. Yet, empirical evidence systematically comparing these 

traits across Tridacna species is absent, hindering our comprehensive understanding of 

their evolutionary adaptation strategies. In the present study, we systematically charac-

terized the ocular structures, basic eye parameters, and visual angles of three ecologically 

important giant clam species (T. crocea, T. squamosa, and T. maxima). They are taxonomi-

cally classified under the Phylum Mollusca, Class Bivalvia, Order Venerida, Family 

Tridacnidae, and genus Tridacna [18]. These species exhibit distinct vertical zonation and 

life history strategies, serving as an ideal model for comparative sensory ecology. Con-

fined to shallow reef flats at depths of 0 to 5 m, T. crocea adopts an endolithic lifestyle by 

fully embedding itself within calcareous substrates to withstand high wave energy [1]. T. 

maxima predominantly colonizes high-energy reef crests down to 10 m, relying on robust 

byssal attachment and partial boring for stability. Research indicates its light compensa-

tion depth of approximately 16 m aligns closely with its maximum depth limit, character-

izing it as a strict photoautotroph restricted by light availability [19]. In contrast, T. squa-

mosa demonstrates the broadest depth range, extending to 42 m and settling on sandy or 

rubble substrates along reef slopes. Despite this deep distribution, its light compensation 

depth remains surprisingly shallow at roughly 9 m. This discrepancy implies that indi-

viduals in deeper waters must supplement their energy budget through heterotrophic fil-

ter-feeding to survive in low-light regimes [1,19]. We hypothesize that such distinct vari-

ations in ambient light intensity, substrate type, and predator guilds have driven diver-

gent adaptations in their visual systems. These findings are expected to provide founda-

tional data for understanding the evolution and ecological adaptation of the bivalve visual 

system, as well as insights into the interaction between giant clams and their habitats. 

2. Materials and Methods 

2.1. Specimen Selection and Basic Parameter Measurement 

All specimens were obtained from hatchery-reared populations in Sanya City of Hai-

nan Province in China. During the experiment, water quality parameters were maintained 

at stable levels: water temperature 26–28 °C, salinity 33–35 ppt, and pH 8.0–8.2. The one-

year-old individuals of T. crocea, T. squamosa, and T. maxima utilized in this study exhibit 

significant external morphological differences as manifested in the mantle coloration, pat-

tern, and shell structures (Figure 1). One-year-old specimens of T. crocea, T. squamosa, and 

T. maxima were randomly selected for this study. To determine eye diameter and pupil 

size, we examined 5 randomly chosen individuals per species using a stereomicroscope 

(S8APO/MC170HD, Leica, Wetzlar, Germany). Subsequently, 6 eyes were randomly sam-

pled from each individual. Microscopic images were acquired and processed using Leica 

Application Suite V4.6 software to conduct the necessary measurements. For counting the 

number of eyes, 30 individuals were randomly selected from each species, and the num-

ber of eyes present on the left and right mantles was tallied independently. 
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Figure 1. Comparative external morphology and ocular distribution of three giant clam species. The 

panels illustrate the morphological characteristics of one-year-old (A) T. crocea, (B) T. squamosa, and 

(C) T. maxima. Left column: View of the whole organism. Middle column: Enlarged view of the 

mantle tissue showing the distribution of eyes (Eye) and iridophores (Iri). Right column: High-mag-

nification close-up of a single eye and surrounding pigmented structures. 

2.2. Collection and Preparation of HE Staining Samples 

All experiments were conducted in accordance with local animal care and use guide-

lines. Experimental specimens were anesthetized in a 4% magnesium chloride-seawater 

solution for 2 h to minimize stress and ensure complete extension of the mantle tissue [20]. 

Once the mantles were fully extended, the eyes and adjacent mantle tissue (approximately 

5 mm × 5 mm) were carefully excised using sterile surgical scissors and immediately 

placed in Bouin’s solution for 24 h preservation at room temperature. This was followed 

by sequential processes of dehydration through a graded ethanol series (70%, 80%, 90%, 

95%, and 100% ethanol, 30 min per gradient), clearing in xylene (twice, 15 min each), em-

bedding in paraffin wax at 60 °C, sectioning into 5 μm thick slices using a microtome 

(RM2235, Leica, Wetzlar, Germany), and mounting on glass slides. Finally, the sections 

were stained with hematoxylin-eosin (HE) staining solution following standard protocols: 

hematoxylin staining for 5 min, differentiation with 1% hydrochloric acid-ethanol for 30 

s, eosin staining for 3 min, dehydration, clearing, and mounting with neutral balsam. 

Stained sections were observed and imaged using a light microscope (DM4000B, Leica, 

Wetzlar, Germany). 

2.3. Collection and Preparation of TEM Samples 
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After anesthesia as described above, the eyes and adjacent mantle tissue of giant clam 

specimens were rapidly excised and immediately placed in a 2.5% glutaraldehyde fixative 

solution (pH 7.2–7.4) for storage at 4 °C. Subsequently, samples were postfixed in 1% 

phosphate-buffered osmium tetroxide (OsO4, Servicebio, Wuhan, China) (0.1 mol/L) for 

2 h at room temperature. Tissues were dehydrated through a graded ethanol series and 

embedded in EMBed-812 resin. Ultrathin sections ranging from 60 nm to 80 nm were then 

stained with uranyl acetate (Servicebio, Wuhan, China) and lead citrate (Servicebio, Wu-

han, China), and observed on a Hitachi HT7700 TEM (Hitachi, Tokyo, Japan). 

2.4. Experimental Setup for Grating Stimulation Assays 

The experimental methodology followed the protocol established by Land[17]. The 

experiments were conducted indoors under subdued natural daylight to simulate the am-

bient light environment of the clams’ natural habitat and ensure the eyes were light-

adapted. Care was taken to avoid direct sunlight and reflections on the screen surface. The 

schematic diagram of the experimental setup is presented in Figure 2. Stimuli employed 

80% high-contrast square-wave gratings with variable periods. These gratings face down-

ward directly above the aquarium housing the clams. The minimum distance between the 

clam mantles and the screen was measured accounting for the position of the air–water 

interface. This distance was utilized to calculate the angle subtended by the grating width 

at the clam eyes. These dimensions ensured that the screen fully covered the entire mantle 

of each clam. Additionally, a full-spectrum LED light source (wavelength 400–700 nm) 

was used to provide consistent illumination, with the luminance of the white regions on 

the screen maintained at 400 nits. 

 

Figure 2. Schematic representation of the behavioral assay setup used to determine visual resolu-

tion. The system consists of a computer-controlled variable light source and a screen displaying 

high-contrast (80%) square-wave gratings positioned directly above the aquarium. The visual angle 

(α) subtended by the grating stripe at the clam’s eye was calculated using the formula α = 2 × arctan 

(l/2h), where l represents the width of a single stripe (one black or one white bar) and h denotes the 

distance from the screen to the mantle surface (corrected for the air-water interface). Clam responses 

(siphon retraction or shell closure) were monitored to determine visual thresholds. 
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2.5. Statistics Analysis 

Data processing and statistical analyses were performed using Microsoft Excel 2024 

and SPSS version 27.0. Homogeneity of variance was assessed using Levene’s test. For 

data adhering to normal distribution and homogeneity of variance, one-way ANOVA fol-

lowed by Duncan’s multiple range test was used. For data with heterogeneous variance, 

Welch’s ANOVA followed by Games–Howell post hoc test was employed. Results were 

considered statistically significant when probability (p) values were less than 0.05. Figures 

were generated using Origin 2024. 

3. Result 

3.1. Basic Eye Parameters of 3 Giant Clams 

Biometric measurements yielded mean shell lengths of 27.69 ± 3.16 mm for T. crocea, 

39.54 ± 3.62 mm for T. squamosa, and 34.61 ± 4.48 mm for T. maxima. Regarding ocular 

parameters (Figure 3), significant interspecific variations were observed in the total num-

ber of eyes per individual. Specifically, T. maxima exhibited the highest eye count (221 ± 

8), which was significantly higher than T. crocea (75 ± 11) and T. squamosa (60 ± 8) (p < 0.001). 

We also analyzed the distribution of eyes on the left and right mantles to assess symmetry. 

Paired t-tests revealed no significant differences in eye count between the two sides for T. 

crocea (t(29) = 1.181, p = 0.247), T. squamosa (t(29) = 0.967, p = 0.341), and T. maxima (t(29) = 

−0.175, p = 0.862). 

 

Figure 3. Quantitative analysis of ocular traits among T. crocea, T. squamosa, and T. maxima. Violin 

plots display the distribution of (A) pupil size, (B) total eye count per individual, (C) eye diameter, 

and (D) pupil-to-eye ratio (PER) (n = 30 individuals for eye count; n = 5 individuals, 30 eyes total for 

eye diameter and pupil size). The black box within each violin plot represents the interquartile 

range, and the horizontal line indicates the median. Data are presented as mean ± standard devia-

tion (SD). Different lowercase letters (a, b, c) indicate statistically significant differences between 

species (where a > b > c; Duncan’s multiple range test, p < 0.05). Asterisks denote significance levels: 

*** p < 0.001; NS indicates no significant difference. 

Distinct variation in eye diameter per individual was observed among the 3 giant 

clams. T. squamosa exhibited significantly larger eye diameters compared to the other 
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species. In contrast, T. crocea and T. maxima showed no significant difference in this trait. 

Specifically, T. squamosa (0.490 ± 0.099 mm) was significantly larger than both T. crocea 

(0.285 ± 0.061 mm) and T. maxima (0.303 ± 0.057 mm) (p < 0.001). 

Regarding pupil size, T. squamosa also displayed the largest value (0.133 ± 0.006 mm), 

significantly exceeding T. crocea (0.101 ± 0.008 mm) and T. maxima (0.086 ± 0.007 mm) (p < 

0.001). 

Additionally, this study calculated the PER for each clam individual. T. crocea 

showed the highest PER (0.368 ± 0.077), differing significantly from the other two species 

(p < 0.001), while no significant difference in PER was found between T. squamosa (0.284 ± 

0.061) and T. maxima (0.296 ± 0.067) (p > 0.05). 

3.2. HE-Stained Sections of Eyes from the 3 Giant Clams 

Standardized sectioning methods were applied to the eyes of all 3 species. Cross-

sections were prepared along the maximum transverse plane of the eyes and adjacent 

mantle tissue. The morphological appearance of the histological sections is illustrated in 

Figure 4. All eye cavities were oval-shaped with specific diameters measuring approxi-

mately 145.13 μm for T. crocea, 139.82 μm for T. squamosa, and 130.53 μm for T. maxima. 

From the histological sections, filler cells, receptor cells, and a small number of neuronal 

cells were observed. Specifically, filler cells were concentrated in the central ocular region 

while receptor cells surrounded them in a ring-like pattern. Additionally, neuronal cells 

were distributed near the eye cavities. There were differences in the proportional ratio of 

filler cells to receptor cells among the 3 species, which may be attributed to variations in 

the relative depth during sectioning. 

 

Figure 4. Histological organization of giant clam eyes examined via Hematoxylin-Eosin (HE) stain-

ing. Representative cross-sections of eyes from (A) T. crocea, (B) T. squamosa, and (C) T. maxima. The 

eyes are encapsulated, distinct structures lacking a lens. Arrows indicate key anatomical compo-

nents: F, filler cells occupying the central region; R, receptor cells arranged peripherally around the 

filler cells; NB, nerve bundles exiting the eye cup; and Zoo, symbiotic zooxanthellae distributed in 

the adjacent mantle tissue. 

3.3. Basic Structure of Eyes from the 3 Giant Clams Under TEM 

TEM revealed the detailed ultrastructure of the eyes in T. crocea, T. squamosa, and T. 

maxima (Figure 5). At low magnification, the eyes of all three species presented a con-

served oval morphology embedded within the mantle tissue. The ocular interior was pre-

dominantly occupied by filler cells, with receptor cells located peripherally and symbiotic 

zooxanthellae distributed in the adjacent tissue, highlighting the close spatial relationship 

between the visual and symbiotic systems. 
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Figure 5. Ultrastructural organization of the eyes in three giant clam species visualized by Trans-

mission Electron Microscopy (TEM). Columns correspond to T. crocea, T. squamosa, and T. maxima, 

respectively. Top row (Eye): Low-magnification overview showing the general arrangement of filler 

cells (F) and receptor cells (R) within the eye, with symbiotic zooxanthellae (Zoo) visible in the ad-

jacent mantle tissue. Middle row (Filler cell): High-magnification views of filler cells, each contain-

ing a prominent nucleus (N). Note the distinct cell membranes in T. squamosa compared to the vac-

uolated cytoplasm in the other two species. Bottom row (Receptor): High-magnification views of 

receptor cells, characterized by the presence of a nucleus (N) and a high density of mitochondria 

(Mit) in the cytoplasm, indicating high metabolic activity associated with light perception. 

High-magnification analysis revealed distinct interspecific variations in filler cells. In 

T. squamosa, filler cells exhibited compact organization with well-defined plasma mem-

branes. In contrast, the filler cells of T. crocea and T. maxima displayed less distinct bound-

aries and contained numerous cytoplasmic vacuoles of varying sizes, potentially indicat-

ing differences in intracellular fluid regulation or light-scattering properties. Despite these 

structural variances, the nuclei of filler cells in all species were consistently spherical and 

centrally located, featuring prominent, electron-dense nucleoli. 

Crucially, ultrastructural examination of the receptor cells identified a high density 

of mitochondria within the cytoplasm across all three species. These organelles were 

abundant and closely associated with the nucleus. The enrichment of mitochondria sug-

gests that the photoreceptor cells in giant clams are metabolically active. This high energy 

production is likely required to drive the ion pumps and signal transduction pathways 

necessary for maintaining membrane potential and generating rapid neural responses to 

shadow stimuli. 
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3.4. Investigation of Spatial Resolution via Grating Stimulation Assays 

Responses to grating stimuli were observed by adjusting the grating width. We es-

tablished a response intensity scoring standard shown in Figure 6, where a score of 0 in-

dicated no response. A score of 0.5 denoted the initiation of siphon and mantle contraction, 

while a score of 1 represented complete mantle contraction and shell closure. Additionally, 

to minimize observer bias, behavioral responses were recorded independently by two ob-

servers, and the final response score was averaged. 

 

Figure 6. Determination of spatial resolution thresholds using grating stimulation assays. Response 

intensity curves for (Top) T. crocea, (Middle) T. squamosa, and (Bottom) T. maxima plotted against 

the receptive field angle. Response strength ranges from 0 (no response) to 1 (full shell closure). The 

left red circles indicate the threshold visual angle at which a response was first initiated, while the 

right red circles mark the angle at which the maximum response was achieved. Circular insets illus-

trate the specific grating widths corresponding to these critical threshold points for each species. 

Experimental results indicated distinct response thresholds for each species. T. crocea 

initiated a response when the receptive field angle projected onto the receptors was ap-

proximately 5.82°. It achieved a full response at approximately 11.64°. Similarly, T. squa-

mosa initiated a response at approximately 8.62° and achieved a full response at 13.16°. 

Finally, T. maxima initiated a response at approximately 10.15° and achieved a full re-

sponse at 12.26° (pairwise comparison p < 0.05 against both T. squamosa and T. maxima). 

4. Discussion 

The three giant clam species (T. crocea, T. squamosa, and T. maxima) in this study were 

classified as possessing pinhole eyes based on structural characteristics. A defining feature 

of pinhole eyes is the absence of a lens, which precludes active light focusing. Additionally, 

individual photoreceptor cells receive photons randomly from various directions, as there 

is no lens to direct light to specific photoreceptors. This phenomenon reduces image qual-

ity and introduces noise, causing significant blurring of details in low-contrast images [21]. 

However, pinhole eyes have the advantage of a large depth of field, allowing objects at 

different distances to be imaged simultaneously, which is beneficial for sedentary organ-

isms like giant clams that need to detect threats from various distances. 
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In the present study, the significant interspecific differences in eye count observed in 

these 1-year-old juveniles, reared under identical hatchery conditions, suggest that eye 

number is a genetically fixed trait specific to each species, rather than being driven by 

differences in shell length. Increasing sampling points in the visual environment via a 

greater number of eyes may represent an oversampling strategy employed by these ani-

mals, although specific benefits remain to be fully elucidated. In distributed visual sys-

tems, a larger number of overlapping optical units theoretically provides enhanced sensi-

tivity and improves the signal-to-noise ratio of visual signals by integrating information 

from multiple eyes. Furthermore, it may ensure complete visual coverage of the environ-

ment, eliminating blind spots [5]. Eye count likely affects functions such as visual field 

range and neural processing latency: increased eye count enables animals to obtain more 

precise stereoscopic vision by comparing signals from adjacent eyes, which aids in dis-

tance perception [22]. Additionally, some organisms have evolved two distinct visual sys-

tem strategies: one involves developing high-sensitivity systems by reducing eye number 

and increasing photoreceptor volume to capture more photons in low-light environments; 

the alternative strategy achieves high-resolution systems by increasing eye number and 

decreasing photoreceptor volume to improve spatial sampling [23]. Audino demonstrated 

that mobile scallop species possess significantly more eyes than sedentary ones, suggest-

ing that increased visual sampling is essential for detecting predators in dynamic habitats 

[24]. T. maxima, which has a larger adult body size and may face more complex environ-

mental threats, exhibited the highest eye count, which aligns with this strategy. 

Eye size directly determines the capacity for receptor and nerve cells, thereby influ-

encing image quality. Collectively, eye and pupil size reflect evolutionary trajectories 

adapted to specific habitat conditions. Invertebrate eye evolution typically follows a pro-

gressive sequence from cup eyes to pinhole eyes and finally to camera-type eyes [4]. Spe-

cifically, with the formation of pinhole eyes, the amount of incident light entering the eye 

through the aperture decreases compared to cup eyes. Individual photoreceptor cells then 

randomly receive photons from different directions, which in turn leads to reduced image 

quality and the occurrence of noise. Furthermore, insufficient incident light causes signif-

icant blurring of details in low-contrast images. When optical blurring fails to eliminate 

noise, organisms can only further improve imaging resolution through the evolution of a 

lens [21]. However, giant clams have retained the pinhole eye structure, which may be 

due to their sedentary lifestyle and metabolic reliance on symbiotic zooxanthellae, reduc-

ing the selective pressure for high-resolution vision. 

Previous research indicates that the actual performance of pinhole eyes in Nautilus 

and Tridacna aligns closely with the theoretical optical optimum [17]. Theoretical models 

of pinhole eyes suggest that image quality depends on the geometry of the pupil and eye 

cup, where a higher PER is predicted to correlate with superior optical performance and 

visual resolution. This theoretical optimum is intrinsically linked to the dimensions of the 

pupil and eye: a larger PER allows more light to enter the eye, improving light-gathering 

capacity, while a smaller PER reduces light scattering, improving image sharpness. There-

fore, the PER serves as a reliable proxy for evaluating the functional performance of pin-

hole eyes. In the present study, T. crocea exhibited the largest PER, which was significantly 

higher than that of T. squamosa and T. maxima. This morphological advantage is consistent 

with results from grating stimulation assays, where T. crocea demonstrated the highest 

visual resolution, indicating that the PER is indeed closely related to visual function in 

giant clams. 

Variations in eye count, eye diameter, pupil size, and PER were observed among T. 

crocea, T. squamosa, and T. maxima, and these variations are speculated to be primarily 

driven by differences in their habitats. Specifically, the three species exhibit distinct habi-

tat preferences: T. crocea inhabits tropical shallow-sea coral reef environments at water 
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depths of 0.5 m to 3.5 m, where light intensity is high and environmental conditions are 

relatively stable [25]. T. squamosa resides in subtidal coral reefs or rocky seabeds at water 

depths greater than 20 m, where light intensity is low and the environment is darker [26]. 

T. maxima is distributed in coral reefs and lagoon shoals at water depths less than 10 m, 

with moderate light intensity [27]. Among them, T. squamosa occupies the deepest habitat, 

and its low-light environment favors a reduction in eye count and an increase in photore-

ceptor volume to enhance light sensitivity, which is consistent with the high-sensitivity 

strategy proposed by Blest [23]. In contrast, T. crocea and T. maxima inhabit shallower wa-

ters with sufficient light, and consequently, they tend to increase eye count and decrease 

photoreceptor volume to develop high-resolution visual systems, enabling them to detect 

small changes in the environment. Multiple eyes allow the three giant clams to detect ob-

jects from various directions, and upon detecting an approaching object, the clams rapidly 

contract their mantles and close their shells tightly to avoid predation. 

Furthermore, differences in eye characteristics between T. crocea and T. maxima may 

relate to adult body size. The adult body size of T. maxima is approximately twice that of 

T. crocea, and a larger body size may expose the clams to more complex environmental 

challenges and greater environmental pressure (e.g., more predators, larger home ranges). 

This drives the evolution of more eyes to achieve higher-resolution visual function, en-

suring comprehensive environmental monitoring. 

Statistical analysis involved counting eyes on the left and right mantles of each indi-

vidual separately, and the results showed no significant difference in the number of eyes 

between the left and right mantles of the three species. This indicates that the eyes of giant 

clams exhibit numerically symmetric distribution patterns despite their incomplete posi-

tional symmetry. Numerical symmetry ensures balanced visual perception on both sides 

of the body, which is important for accurate direction detection, while positional asym-

metry may be a result of random distribution during development, with no significant 

impact on visual function. 

These interspecific variations in ocular morphology strongly support the hypothesis 

of adaptive plasticity driven by environmental constraints. T. squamosa, which typically 

inhabits deeper waters with attenuated light intensity, exhibited the largest absolute pupil 

size. This enlargement likely serves to maximize photon capture to function effectively in 

dim environments, inevitably sacrificing some degree of image sharpness due to in-

creased blur circles. Conversely, T. crocea resides in shallow, high-light intertidal zones 

where photon abundance is not a limiting factor. Consequently, it has evolved the highest 

Pupil-to-Eye Ratio (PER) and the finest visual resolution. This adaptation allows T. crocea 

to prioritize spatial acuity over sensitivity, enhancing its ability to detect potential preda-

tors against the complex, bright background of the reef flat. Furthermore, T. maxima, often 

found in intermediate depths with a sessile, exposed lifestyle, possessed significantly 

more eyes than the other species. Given the restricted acceptance angle of individual pin-

hole eyes, this proliferation of ocular organs likely functions to maximize total visual field 

coverage. By increasing the density of visual sampling points along the mantle, T. maxima 

achieves omnidirectional environmental monitoring, ensuring robust motion detection 

from all directions to compensate for its vulnerability to predation. 

Histological and ultrastructural analysis revealed numerous zooxanthellae in the 

mantle tissue surrounding the eyes, confirming the stable symbiotic relationship between 

giant clams and zooxanthellae. The host (giant clam) provides a safe habitat along with 

inorganic salts and carbon dioxide required for photosynthesis, while zooxanthellae syn-

thesize organic matter through photosynthesis, supplying up to 90% of the energy de-

mand for the host [28,29]. This symbiotic relationship is crucial for the survival and 

growth of giant clams, and the proximity of zooxanthellae to the eyes may also play a role 

in light perception, as the algae can absorb specific wavelengths of light, potentially 
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modifying the light environment detected by the clam’s eyes. Further observations re-

vealed no significant differences in core ocular structure among the three species: each eye 

is mainly composed of filler cells in the anterior-middle region and receptor cells at the 

base, with sparse neuronal cells for signal transmission. The filler cells occupying the eye 

cavity likely serve a dual function: providing structural support to maintain the optimal 

pinhole geometry and acting analogously to a vitreous body. Their clear cytoplasm may 

facilitate light transmission and reduce internal scattering, thereby enhancing the image 

quality on the primitive retina. Neuron cells were clearly observable in histological sec-

tions of T. crocea, which may be related to its higher visual resolution. None of the three 

species possesses differentiated lenses, which prevents light refraction and classifies them 

as typical pinhole eyes. High magnification revealed the absence of a retinal structure; 

instead, a simple photosensitive system composed of photoreceptor cells and neurons en-

ables blurred visual imaging. This eye structure is relatively primitive among mollusks. 

For example, cephalopod eyes, such as those of squids, are camera-type eyes exhibiting 

convergent evolution with vertebrate eyes [30]. However, comparative studies have 

shown important anatomical and histological differences: the vertebrate retina is inverted 

(photoreceptors located at the back of the retina), while the cephalopod retina is everted 

(photoreceptors located at the front); furthermore, the vertebrate retina possesses a mul-

tilayered structure containing several types of photoreceptors, neurons, and glial cells [31], 

while the cephalopod retina consists of two nuclear layers separated by a basal membrane 

containing photoreceptors and support cells [32]. Scallops possess a unique visual system 

comprising up to 200 reflecting eyes, each containing a concave mirror rather than a lens 

to focus light, and the hierarchical organization of the multilayered mirror regulates im-

age formation from component guanine crystals at the nanoscale to complex three-dimen-

sional morphology at the millimeter level [33]. Compared with squids and scallops, giant 

clams have not evolved such complex eye structures, presumably because giant clams are 

sedentary organisms relying mainly on zooxanthellae for energy, which eliminates the 

need for active predation or rapid predator avoidance, thereby reducing the requirement 

for a complex visual system. 

Our results are consistent with research by Land [17] on T. maxima: specifically, clams 

showed no response to static stimuli but exhibited a strong response to gratings with sud-

den phase changes (moving stimuli). Land [17] also revealed that the receptor receptive 

field angle of T. maxima was approximately consistent with the visual angle estimated via 

anatomical methods. Using the grating threshold established in that experiment, we de-

rived receptive field angles for the three species: approximately 10.94° for T. crocea, 13.61° 

for T. squamosa, and 14.01° for T. maxima. Precise determination of receptor receptive field 

angles for these three species requires combined analysis with anatomical estimates, as 

the grating stimulation assay reflects the overall visual response of the organism, while 

anatomical methods can directly measure the receptive field of individual photoreceptor 

cells. Results indicate that T. crocea possesses higher visual resolution compared to T. max-

ima and T. squamosa, which is consistent with its higher PER and more receptor cells. Con-

versely, no significant difference was observed between T. squamosa and T. maxima in vis-

ual resolution, which may be due to their similar PER values. Notably, all three species in 

this study exhibited higher visual resolution compared to the T. maxima specimens de-

scribed by Land [17]. A discrepancy exists regarding the visual resolution of T. maxima 

between the two studies, and the higher resolution observed in the present study may be 

attributed to differences in the geographical origin of the sampled populations (Land’s 

study used specimens from the Great Barrier Reef, while the present study used speci-

mens from Hainan, China) or differences in environmental conditions during rearing 

(hatchery-reared vs. wild-caught). 

https://doi.org/10.3390/biology15040363


Biology 2026, 15, 363 13 of 15 
 

https://doi.org/10.3390/biology15040363 

However, the visual resolution of these three giant clams is still far lower than that 

of scallops in the Family Pectinidae. Scallops have a unique eye morphology featuring a 

double-layered retina, a reflector, and a differentiated lens structure, which enables them 

to resolve objects 2° across, providing a level of protection unavailable to animals relying 

solely on a shadow response [34]. Nevertheless, if giant clams responded to all stimuli in 

their visual environment, they would spend most of their life with their shells closed, 

which would hinder photosynthesis by symbiotic zooxanthellae and reduce energy intake. 

It is therefore plausible that their relatively simple optical system acts as a filter to prevent 

such excessive responses, only triggering defensive behaviors when stimuli exceed a cer-

tain threshold (large moving objects or sudden light changes), which balances the need 

for protection and energy acquisition. 

5. Conclusions 

Data from this study revealed significant differences in key eye parameters among 

one-year-old T. crocea, T. squamosa, and T. maxima, including eye count, diameter, pupil 

size, and PER. T. maxima had the highest eye count, T. squamosa had the largest eye diam-

eter and pupil size, and T. crocea had the highest PER and visual resolution. However, all 

three species shared a common characteristic: the number of eyes on the left and right 

mantles was symmetric, while their positions were not fully symmetric. These parameter 

differences are hypothesized to represent evolutionary adaptations to respective habitats 

and environmental conditions, such as variations in water depth and light intensity. Fur-

thermore, anatomical observation combined with histological and ultrastructural analyses 

confirmed that the eyes of all three species are of the pinhole type, lacking a lens and retina 

structure, and primarily composed of filler cells, receptor cells, and sparse neuronal cells. 

Symbiotic zooxanthellae were detected in the surrounding mantle tissue, highlighting the 

close relationship between the visual system and symbiosis. Additionally, grating stimu-

lation assays quantified the receptive field angles of eye receptors to characterize spatial 

resolution, with specific receptive field angles of approximately 10.94° (T. crocea), 13.61° 

(T. squamosa), and 14.01° (T. maxima). These findings provide comprehensive insights into 

the structure and function of the visual system in giant clams, contributing to a better 

understanding of the evolutionary and ecological adaptation mechanisms of bivalves. Fu-

ture research could focus on the molecular mechanisms underlying photoreception in gi-

ant clams, as well as the impact of environmental factors (light intensity, temperature) on 

the development and function of their eyes. However, this study has certain limitations. 

The use of hatchery-reared individuals may not fully reflect the phenotypic plasticity seen 

in wild populations subject to different environmental pressures. Future research should 

aim to compare these findings with wild specimens and integrate ocular morphology with 

molecular phylogenetics to further refine the systematic classification of the Tridacninae 

subfamily. 
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