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Abstract 

Morphology often indicates genetic distinction and ecological response, mainly associated with adaptive 
radiation. This study aimed to determine the shell shape variation in the green mussel (Perna viridis) 
using a landmark-based approach across Barobo, Buenavista, and Cabadbaran coastal areas in the 
Caraga, Philippines. A total of 180 individuals, comprising 30 females and 30 males in each location, 
and adults of uniform size were collected. Shape variations were identified using the nine homologous 
anatomical landmark points through the tpsDig2 application. Symmetry, Asymmetry, and Geometric 
data software (SAGE) were used to analyze shape variances. Results showed statistically significant 
differences (P<0.0001) in both sexes, suggesting shell shape differences across the study areas. 
Further, Principal Component Analysis showed that the samples from Barobo recorded the highest 
Fluctuating Asymmetry (~96%), followed by Cabadbaran (~93%) and Buenavista (~92-94%) 
respectively. This implies that P. viridis populations differ significantly regarding shell shape. The 
morphologies of the samples from Barobo and Cabadbaran are more alike, whereas those from 
Buenavista are different. Frequently affected landmarks were the ligaments and posterior adductor 
contributing most of the Asymmetry. Moreover, ecological adaptations are essential to shaping species’ 
morphological traits. No prior study of this kind was conducted in the Caraga region. This work presents 
vital information for related morphological studies on other bivalve’ species. Our findings demonstrate 
that the samples exhibit site-specific shell shape variation, supporting its potential as a bioindicator for 
environmental monitoring in Philippine coastal systems. Therefore, the study emphasizes how crucial 
geometric morphometrics is for studying morphological variation. 
 
Keywords: Bivalves; Marine Ecosystem; Morphology; Northern Mindanao 

 

Introduction 

The Green mussel (Perna viridis, Linnaeus, 1758) is a widely distributed bivalve species found in the 

Indo-Pacific region, including the coastal waters of the Philippines (Rajagopal et al., 1998; Benson et 

al., 2001; Soon & Ransangan, 2014; Lee et al., 2015). This species is known for its ecological and 

economic importance, a key component of local fisheries and aquaculture (Sreenivasan et al., 2020). 

P. viridis is commonly farmed across numerous Asian nations as a significant protein source for the 
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human diet because of its superior quality and balanced nutritional profile (Wang et al., 2020; Saritha 

et al., 2015). Ecologically, green mussels play a vital role in maintaining marine ecosystem balance by 

filtering water and providing habitats for various aquatic organisms (Babarinde et al., 2019).  

Morphological variation within P. viridis is influenced by both genetic and environmental factors (Smith 

& Taylor, 2018; Gharbi et al., 2010). Environmental parameters such as water temperature, salinity, 

and food availability significantly affect shell size and shape (Jones et al., 2017). Populations from 

different geographical locations exhibit notable differences in shell morphology, indicating local 

adaptation and environmental influence (Gomes et al., 2016).  These variations are observed in shell 

size, shape, color, markings, and surface texture traits shaped by the interplay of hereditary elements 

and environmental conditions that enhance the mussels’ adaptability and survival (Franza & Tanacredi, 

1993). Shell variation is among the most extensively studied morphological traits. Measurements such 

as shell length, width, and height often exhibit considerable differences among populations, even those 

inhabiting geographically proximate areas (Tan & Ransangan, 2017). Environmental gradients further 

influence these traits: warmer waters tend to produce thinner shells, while calmer environments often 

yield thicker and more robust shells (Lee et al., 2015). Likewise, high salinity promotes elongated shells, 

whereas low salinity favors rounded forms (Lee, 1988). Nutrient-rich habitats support larger shell 

growth, while nutrient-poor conditions limit it (Cheung, 1993). Shell color ranges from deep green to 

brownish hues with a pearly interior, and darker pigmentation often develops under higher UV exposure 

as a protective response (Baker et al., 2007).  

Mussels in polluted waters frequently display irregular coloration or rough textures due to heavy metal 

deposition (Cerdeira-Arias et al., 2024). In high-energy environments, thicker shells provide protection 

against strong currents and predation, while mussels in calm waters invest more energy in growth and 

reproduction (Babarinde et al., 2019).Beyond external features, internal morphological variations are 

also evident in the mussels from turbulent habitats often develop stronger adductor muscles to resist 

dislodgement (Shahabuddin et al., 2010), while those inhabiting nutrient-rich waters tend to possess 

larger gonads, reflecting higher reproductive potential (Sreenivasan et al., 1983). The accumulation of 

metals like Fe, Zn, Cu, and Mn in shellfish and gastropods can influence growth and shell development 

(Davies, Efekemo & Evelyn, 2022; Achudume & Odoh, 2011). Moreover, water pH, temperature, and 

conductivity affect the bioavailability and uptake of these metals, thereby altering shell composition and 

structure (Ben-Eliahu et al., 2020; Yap et al., 2010). Such environmental variations may drive adaptive 

shell morphology in P. viridis, with mussels from high-salinity areas tending to develop thicker and more 

elongated shells than those from brackish waters (Smith & Taylor, 2018). Environmental variables such 

as physico-chemical parameters and heavy metal concentrations play a crucial role in shaping the 

shells of marine and freshwater organisms (Phuong, 2014). 

Geometric morphometrics (GM), a quantitative approach for analyzing biological shape and variation, 

has become an essential tool for distinguishing structural differences within and among species (Lecera 

et al., 2015; Cabuga Jr et al., 2017; Ducos & Tabugo, 2014). Through landmark-based analyses, GM 

minimizes the effects of size, orientation, and position to obtain precise shape measurements (Requiron 

et al., 2010; Joseph et al., 2016; Goswami et al., 2019). This method enables an objective and statistical 

exploration of complex morphological traits and their associations with environmental and biological 

factors (Gaspar et al., 2002). While morphometry focuses on examining shape variation and the 

relationships among measured traits, geometric morphometrics allows for the visualization of shape 

transformations and generates quantitative shape variables suitable for statistical analysis (Rufino et 

al., 2021; Zelditch et al., 2012). Therefore, these methods enable the detailed quantification of shapes 

and the statistical analysis of their variations while eliminating the influence of size. GM methods enable 

the extraction of shape and size components while maintaining the fundamental geometric 

characteristics of the specimens under study. (Claude, 2008; Rohlf & Marcus, 1993; Zelditch et al., 

2012). These methods have been successfully utilized across various disciplines, including biology, 

ecology, evolution, ontogeny, taxonomy, and fisheries (Gold et al., 2014; Hedrick & Dodson, 2013; 

Marquez et al., 2010). Nonetheless, GM techniques are increasingly becoming a standard method for 
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examining patterns of shell shape variation in bivalves (Morais et al., 2014; Rufino et al., 2023; Uba, 

2021). 

The Caraga Region, characterized by diverse coastal environments with varying salinity levels and 

water quality, may drive morphological differentiation in green mussel populations. This region hosts a 

diverse population of bivalves, making it a crucial area for studying their morphology and the impact of 

environmental factors on their populations. However, no prior study has examined the morphological 

variation of P. viridis in the region. Thus, this study aimed to analyze the shell shape variation from 

selected coastal areas in Caraga, Philippines, to provide insights into population structure and adaptive 

responses to local environmental conditions. 

 

Materials and Methods 

Study Areas 

The sampling areas included the coastal waters of Cabadbaran City and Buenavista in Agusan del 

Norte and the Municipality of Barobo in Surigao del Sur, all located within the Caraga Region, 

Philippines (Figure 1). These areas were strategically chosen due to their ecological significance, 

accessibility, and the observed abundance of target species. The coastal zones in these localities are 

characterized by productive nearshore habitats such as mangroves, seagrass beds, and coral reef 

ecosystems that support diverse aquatic fauna. Moreover, these areas represent varying environmental 

conditions and anthropogenic influences, comprehensively representing the region’s coastal 

biodiversity. Selecting multiple sites across different coastal provinces allows for a comparative 

assessment of species distribution and morphological variation concerning local ecological factors. 

 

 

Figure 1: Location Map of the Three Coastal Areas in Caraga Region, Philippines. 
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Bivalves Collection and Processing 

The collection of P. viridis was done by local fishermen in the three selected areas of Cabadbaran City, 

Buenavista in Agusan del Norte, and Barobo in Surigao del Sur.  One Hundred Eighty shells of adult 

bivalves were collected uniformly across the sampling areas. In each study area, there are thirty males 

and thirty females. The shell underwent preparatory procedures, including boiling in water and washing 

under running water while the flesh was removed using forceps. Subsequently, corroded and cracked 

shells were not included (Mahilum & Demayo, 2014). Afterward, male and female samples were 

determined through their genitalia. By classification, males are distinct in milky to creamy white. The 

females are yellow orange to dark orange (Arshad, 2012). Subsequently, each sample was positioned 

ventrally along its left and right sides, preceded by a ruler at the bottom to establish the distance at 

which a digital camera was used to photograph. 

Landmark Selection and Digitization  

The acquired photos were sorted by sex and then converted by using the tps file format. The samples 

were digitalized (Figure 2) using the tpsDig version 2 for landmarking process (Adams, Rohlf & Slice 

2004). In this study, an adopted (Villaluz et al., 2016) nine anatomical landmark locations in the shell of 

P. viridis were presented (1- Umbo, 2-Ligament, 3- Posterior Adductor (1), 4- Posterior Adductor (2), 5- 

Posterior Adductor (3), 6- Posterior Adductor (4), 7- Posterior Adductor border, 8- Projection Adductor, 

and 9- Anterior Adductor. These landmarks have been widely used in bivalve morphometrics because 

they capture major functional and structural shell features.  

 

Figure 2: Digitized Sample of P. viridis with Nine Homologous Anatomical Landmark Points 
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Shape Analysis 

The samples were analyzed in triplicate to minimize measurement error, and both the left and right shell 

sides were photographed for analysis. Procrustes ANOVA was employed to assess variations in bivalve 

shell shape, considering the factors: Individuals, Sides, and Individual × Sides as the basis of the 

analysis. The level of significance was evaluated at p < 0.0001. Principal Component Analysis (PCA) 

was also conducted to examine directional asymmetry and side differences. Additionally, the 

percentage of fluctuating asymmetry (FA) in male and female samples was compared. All landmark 

coordinate data were processed using the Symmetry and Asymmetry in Geometric Data (SAGE) 

software version 1.04 (Márquez et al., 2018) (Figure 3). 

 

Figure 3: Symmetry and Asymmetry in Geometric Data Software Application (SAGE). 

 

Results 

Fluctuating Asymmetry 

Table 1: Procrustes ANOVA on the Shell Shape of P. viridis in Barobo, Surigao del Sur, Philippines 

 

Factors SS DF MS F P-value 

Female 

Individuals 0.101 196 0.0005 0.4868 1.0000 

Sides 0.0105 14 0.0008 0.7117 0.7613 

Individual x Sides 0.2075 196 0.0011 75.7855 0.0001 

Measurement error 
0.0017 840 0 – – 

Male 

Individuals  0.01131 196 0.0006 0.7701 0.9659 

Sides  0.0102 14 0.0007 0.9746 0.4807 

Individual x Sides 0.1469 196 0.0007 32.1289 0.0001 

Measurement error  0.0196 840 0 – – 
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Presented the Procrustes ANOVA (Table 1), the results of P. viridis samples collected from Barobo, 

Surigao del Sur, Philippines. In females, no significant morphological variation was found among 

individuals (p=1.000), and no directional asymmetry was observed between sides (p=0.7613). 

However, the interaction between individuals and sides (p = <0.0001) revealed significant fluctuating 

asymmetry, indicating random deviations between the left and right sides. A similar pattern was found 

in males, with no significant variation among individuals (p = 0.9659) and no directional asymmetry (p 

= 0.4807), but significant fluctuating asymmetry (p = <0.0001). This suggests that male and female 

mussels experience comparable developmental variability resulting in fluctuating asymmetry.  A 

comparable pattern was observed in samples from Buenavista, Agusan del Norte. In females, there 

was no significant variation among individuals (p=1.000) and no directional asymmetry (p=0.1087), but 

significant fluctuating asymmetry (p=<0.0001) was present. In males, individual variation (p 0.9999) and 

sides (p = 0.0005) were not significant, but fluctuating asymmetry (p = <0.0001) again indicated random 

deviations likely caused by developmental instability (Table 2). 

Table 2: Procrustes ANOVA on the shell shape of P. viridis in Buenavista, Agusan Del Norte, 

Philippines 

Factors SS DF MS F P-value 

Female 

Individuals 0.065 196 0.0003 0.5513 1.0000 

Sides 0.0128 14 0.0009 1.5138 0.1087 

Individual x Sides 0.118 196 0.0006 46.6131 0.0001 

Measurement Error 0.010 840 0 – – 

Male 

Individuals  0.089 196 0.000 0.5871 0.9999 

Sides 0.0317 14 0.0023 1.4193 0.0005 

Individual x Sides 0.01516 196 0.0008 2.9278 0.0001* 

Measurement error 0.0139 840 0 – – 

Likewise, in Cabadbaran City, Agusan del Norte (Table 3), female samples showed no significant 

variation among individuals (p= 0.9037) and no directional asymmetry (p=0.2105) but exhibited 

significant fluctuating asymmetry (p= <0.0001). Male samples also showed no individual variation 

(p=0.9445) or directional asymmetry (p=0.0381), but fluctuating asymmetry (p = <0.0001) was again 

evident. These results consistently demonstrate that fluctuating asymmetry occurs in both sexes across 

all sampling sites. 

Table 3: Procrustes ANOVA on the shell shape of P. viridis in Cabadbaran City, Agusan Del Norte, 

Philippines 

Factors SS DF MS F P-value 

Female 

Individuals 
0.0946 196 0.0005 0.8299 0.9037 

Sides 
0.0106 14 0.0008 1.2992 0.2105 

Individual x Sides 
0.114 196 0.0006 51.211 0.0001* 

Measurement error 
0.0095 840 0 – – 

Male 

Individuals 
0.0877 196 0.0004 0.7959 0.9445 

Sides 
0.0085 14 0.006 1.0758 0.3817 

Individual x Sides 
0.1102 196 0.0006 37.7466 0.0001* 

Measurement error 0.0125 840 0 – – 
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Principal Component Analysis 

The Principal Component Analysis (PCA) in Barobo samples is employed as a dimensionality reduction 

technique to summarize and highlight the significant patterns of shape variation in P. viridis shell 

morphology (Table 4). In females, PC1 (39%) and PC2 (24%) captured most of the variance, with 

landmarks at the ligament and posterior adductor contributing most to asymmetry. Further, the total 

variation accounts for (92%) of shape dissimilarity and (96%) of interaction/Fluctuating Asymmetry, 

showing that the female samples have significant shell shape differences. On the other hand, male 

samples PC1 (73%) and PC2 (17%) also captured most of the variance, with landmarks at the ligament 

and posterior adductor contributing most to asymmetry. The total variation accounting to (101%) with 

(96%) of interaction/FA, demonstrating that most shape variation and asymmetry in males is 

concentrated in fewer components, especially PC1 and PC2.  

Table 4: Principal Component Scores Showing the Values of Symmetry and Asymmetry Scores with 

The Summary of the Affected Landmarks In P.Viridis from Barobo, Surigao, Del Sur 

 

PCA Individuals Sides 
Interactions 

(Fluctuating Asymmetry) 
Affected Landmarks 

Female 

PC1 39.22%  67.55% 2,4,7, and 9 

PC2 23.78%  14.19% 1,2,7, and 8 

PC3 13.12%  6.09% 2 

PC4 10.75% 100% 4.91% 4,5, and 7 

PC5 5.00%  3.60% 7 and 8 

Total 91.87%  96.34%  

Male 

PC1    72.79%  56.79% 1 and 2 

PC2 17.43% 100% 21.84% 1, 2, 7, 8, and 9 

PC3 10.84%  9.77% 9 

Total 101.06%  95.82%  

In Buenavista females, PC1 (42%) and PC2 (20%) captured most of the variance, with landmarks at 

the ligament and posterior adductor contributing most to asymmetry. While the total variation accounting 

to (89%) and the interaction/FA (92%). In males, PC1 (42%) and PC2 (30%) also captured most of the 

variance, with landmarks at the ligament and posterior adductor contributing most to asymmetry. The 

total variation accounting to (89%) and the total interactions/FA (94%) (Table 5). Moreover, in 

Cabadbaran, females PC1 (51%) and PC2 (19%) captured most of the variance, with landmarks at the 

ligament and posterior adductor contributing most to asymmetry. The total variation accounts for (90%), 

and the total interactions/FA (94%). In males, PC1 (55%) and PC2 (19%) also captured most of the 

variance, with landmarks at the ligament and posterior adductor contributing most to asymmetry. The 

total variation accounts for (91%) and the total interactions/FA (93%) (Table 6).  

Table 5: Principal Component Scores Showing the Values of Symmetry and Asymmetry Scores with 

The Summary of the Affected Landmarks In P.Viridis from Buenavista, Agusan Del Norte, Philippines 

PCA Individual Sides 
Interactions 
(Fluctuating Asymmetry)  

Affected Landmarks 

Female 

PC1 41.61%  47.95% 2,7, and 8 

PC2 19.69%  24.07% 2 

PC3 13.34% 100% 12.16% 2, 3, and 8 

PC4 9.338%  6.26% 7 and 8 

PC5 5.928%  2.81% 8 

Total 89.92%  92.38%  

Male 

PC1 41.69%  43.79% 2, 6, and 9 

PC2 30.32%  27.02% 4, 7, and 8 

PC3 9.72% 100% 10.90% 4 and 8 

PC4 7.51%  8.73% 7 and 8 

Total 89.24%  94.44%  
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Table 6: Principal Component Scores Showing the Values of Symmetry and Asymmetry Scores with 

the Summary of the Affected Landmarks In P.Viridis from Cabadbaran City, Agusan Del Norte, 

Philippines 

PCA Individuals Sides Interactions 
(Fluctuating Asymmetry) 

Affected Landmarks 

Female 

PC1 36.54%  51.02% 1, 2, and 7 

PC2 23.28%  18.17% 2 and 7 

PC3 14.96%  11.83% 2 

PC4 10.22% 100% 7.8% 3 and 8 

PC5 5.26%  5.11%  

Total 90.25%  93.93%  

Male 

PC1 54.50%  57.78% 1,2, and 9 

PC2 18.92%  19.22% 7 and 8 

PC3 10.09% 100% 10.35% 2 and 8 

PC4 7.00%  6.08%  

Total 90.51%  93.41%  

 

The recurring affected landmarks 2 (Ligament), 7 (Posterior Adductor Border), 8 (Posterior Adductor) 

across sexes and locations point to consistent areas of the shell that are developmentally sensitive, 

particularly the anterior and ventral regions, which are often the most plastic in response to 

environmental variation. High degrees of fluctuating asymmetry demonstrate that ecological stress 

and individual-level factors significantly impact P. viridis shell shape variation. The consistent impact on 

specific shell landmarks, especially in regions responsible for structural and protective functions, 

supports the idea that shell morphology can serve as a sensitive biomonitoring tool. Subsequently, both 

sexes' high percentages of fluctuating asymmetry (~94%) provide compelling evidence of 

developmental variability. Repeated involvement of landmarks 2, 7, and 8 suggests that specific shell 

regions are susceptible to environmental variation, making them reliable stress indicators. Furthermore, 

the observable FA in male and female specimens indicates possible long-term morphological 

adaptation to consistent physical forces in the local habitat, such as current direction, wave exposure, 

or substrate type.  

 
Figure 4: PCA-implied Deformation Plots of Female P. Viridis from Barobo, Surigao Del Sur Showing 

Major Landmarks Contributing to Asymmetry 
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This PCA-based morphometric analysis highlights the complex interplay between developmental 

plasticity, environmental stress, and morphological adaptation in P. viridis populations from the Caraga 

Region. Generally, the percentage of FA and affected landmarks interactions varies across the three 

sampling sites. Barobo has a total FA of (96%) for females and (96%) for males (Figures 4 & 5). 

Followed by Buenavista has a total FA of (92%) for females and (94%) for males (Figures 6 & 7). 

Cabadbaran samples have a total FA of (94%) for females and (93%) for males (Figures 8 & 9). Across 

the three coastal areas, Barobo was the highest, followed by Cabadbaran and Buenavista respectively. 

This suggests that geographic location highly influences the trait differentiation of the species, if 

morphology reflects where the organisms inhabit. 

 

Figure 5: PCA-Implied Deformation Plots of Male P. Viridis from Barobo, Surigao Del Sur Showing 

Major Landmarks Contributing to Asymmetry 

 

Figure 6: PCA-Implied Deformation Plots of Female P. Viridis from Buenavista, Agusan Del Norte 

Showing Major Landmarks Contributing to Asymmetry 
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Figure 7: PCA-Implied Deformation Plots of Male P. Viridis from Buenavista, Agusan Del Norte 

Showing Major Landmarks Contributing to Asymmetry 

 

Figure 8:  PCA-Implied Deformation Plots of Female P. Viridis from Cabadbaran, Agusan Del Norte 

Showing Major Landmarks Contributing to Asymmetry. 
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Figure 9: PCA-Implied Deformation Plots of Male P. Viridis from Cabadbaran, Agusan Del Norte 

Showing Major Landmarks Contributing to Asymmetry 

 

Figure 10: Frequency Distribution Showing the Shell Shape Variation in the Appended Left/Right 

Region Between Sexes of P. Viridis Across Three Coastal Areas in Caraga Region, Philippines 

 

Additionally, (Figure 10) compares the total Fluctuating Asymmetry (FA) percentages for females and 

males collected at the three selected coastal areas in the Caraga Region. All FA values exceed (92%), 

indicating substantial random left-right shell-shaped deviations at every site. In geometric-morphometric 

studies, FA of this magnitude is widely accepted as a biomarker of environmental stress possibly linked 

to various anthropogenic resources, i.e., water contamination and heavy metal-laden sediments. 
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Barobo exhibits the highest FA for both sexes, mirroring earlier morphometric results that singled out 

this locality for the most pronounced asymmetry. Buenavista shows the lowest FA in females and a 

moderate level in males, suggesting comparatively reduced stress. Cabadbaran holds an intermediate 

position for both sexes. Sex-specific sensitivity varies by site; at Barobo and Cabadbaran, females 

display slightly higher FA than males, implying greater developmental sensitivity or a higher energetic 

cost of reproduction under stress. At Buenavista, the pattern flips; males show the greater FA, hinting 

that sex-specific physiological responses (e.g., growth rates, metabolic allocation) interact with a milder 

stress regime.  

 

Figure 11. Scatter Plot Showing the Interaction Frequences Across the Three Areas and Nine 

Anatomical Landmarks of P. Viridis Sampled from the Three Coastal Areas of Caraga Region, 

Philippines 

Presented in (Figure 11) is a landmark-based shape variation profile for P. viridis across three coastal 

areas: Barobo (green), Buenavista (orange), and Cabadbaran (purple). Each point on the X-axis (1–9) 

represents the anatomical landmark on the shell. At the same time, the Y-axis denotes the shape 

variation of the PCA from the scores of interactions. Landmark 1 (Umbo) has the highest variation, while 

all three locations show maximum shell shape variation at landmark 1. Further, Barobo registered the 

highest peak (~68%), and Cabadbaran and Buenavista. Landmark 1(Umbo) is typically the anterior or 

umbonal region of the shell, which is a critical growth point. The higher variability suggests 

developmental instability or adaptive changes influenced by local conditions. The landmarks 2 to 5 have 

a minimal variation and are relatively low and stable across all sites, suggesting morphological 

consistency in these mid-shell regions. These areas may be less sensitive to environmental factors or 

represent structurally constrained regions. Landmark 6 (Posterior Adductor), the secondary peak, a 

pronounced increase in variation occurs again at landmark 6 for all, especially Barobo and Cabadbaran, 

indicating a sensitive region of shell expansion, possibly at the posterior–ventral margin. Buenavista 

shows moderately less variation here, implying potentially more stable environmental conditions or 

reduced stress at that location. Landmarks 7 to 9 show a decline in variation; after landmark 6, a steady 

decrease in variation is observed from landmarks 7 to 9. On the other hand, Barobo drops to zero at 

landmark 9, suggesting possible structural tapering or consistency at the shell’s posterior end. 

The differences in landmark variation patterns among Barobo, Buenavista, and Cabadbaran reflect 

geographically influenced morphological plasticity. Barobo shows the most extreme variations 

(Landmarks 1 and 6), which aligns with prior findings of higher fluctuating asymmetry. This suggests 

that Barobo samples experience the highest environmental stress and temperature fluctuations. The 

higher FA values in Barobo may reflect greater environmental stress, possibly linked to higher 

anthropogenic and sediment variation in this site. Buenavista displays moderate and more balanced 
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variation across all landmarks, indicating relatively stable environmental conditions. Cabadbaran 

presents an intermediate profile, with shape variation peaks close to Barobo but without as much 

fluctuation at the posterior end. This supports its classification as a transitional environment in terms of 

both stress and stability. This landmark-based shell shape analysis suggests that P. viridis displays 

site-specific morphological differences likely driven by environmental stress gradients. The most 

affected landmarks, particularly 1 and 6, should be monitored as morphometric indicators of ecological 

health and mussel developmental stress.  

 

Figure 12: Canonical Variate Analysis of the Implied Deformation of the P. Viridis Shell Shape Across 

Three Coastal Areas in Caraga Region, Philippines 

The Canonical Variate Analysis (Figure 12) showed the implied deformation across the three coastal 

areas. It was observed that Buenavista was positioned on the Y-axis and near the center on the X-axis. 

This suggests that the samples from the area have a distinct shell shape compared to the other two 

(Barobo and Cabadbaran), especially along the Y-axis shape dimension. The Cabadbaran and Barobo 

areas are in the lower part of the plot, suggesting these two share similar shell shape characteristics or 

at least are more identical to each other than Buenavista. They cluster close together, indicating less 

morphological divergence between them. The green lines represent the Procrustes distance, showing 

the morphological distance between group means. The longer the lines, the greater the shape 

differences. At the same time, the Buenavista coastal area shows the most significant divergence from 

the others.  Generally, this plot suggests a significant shell shape variation among P. viridis populations 

from different locations. The samples from Buenavista have a distinct morphology, while Cabadbaran 

and Barobo are more similar. These differences may reflect environmental, genetic, or ecological 

influences such as water quality, substrate type, or local adaptation. Taxonomic characteristics have a 

higher potential in delineating shape variances, while quantitative analysis objectively provides 

morphological characters.  

 

Discussions 

Fluctuating Asymmetry 

The findings indicate a discernible variation in shell shape within the Perna viridis population and among 

the different geographical areas studied. Overall, among the analyzed factors, Individuals, Sides, and 

Individuals × Sides, only the interaction (Individuals × Sides) was statistically significant (p= <0.0001), 

indicating morphological shape variation associated with developmental disparity. This may suggest 

that P. viridis broad tolerance to environmental fluctuations in coastal ecosystems (Gamier et al., 2019). 

Environmental factors such as trophic conditions, population density, wave impact, and water depth 

influence shell shape (Seed, 1980; Yonge & Campbell, 1968). Mussel density and growth rate can 



Cabuga Jr et al. 
Int J Adv Life Sci Res. Volume 8(4), 186-206 

199 

 

significantly affect shell morphology, with densely packed populations producing elongated shells due 

to physical constraints, while sparsely distributed individuals develop taller, more triangular forms 

(Seed, 1968; Caill-Milly et al., 2012). Shell shape variation also corresponds with population age 

structure and habitat conditions. Sites with fewer predators and older populations tend to harbor 

mussels with distinctive, hoof-like shells (Orton, 1928; Negus, 1966), whereas areas dominated by 

younger individuals show less pronounced morphological development (Sivalingam, 1997). Such 

variability underscores the role of growth rate, crowding, and local environmental pressures in shaping 

shell morphology (Gharbi et al., 2010). Because environmental conditions fluctuate spatially and 

temporally, significant shape differences may arise among individuals within the same locality (Costa 

et al., 2008). Previous studies further suggest that shell shape differences are largely due to phenotypic 

plasticity mussels tend to develop morphologies characteristic of their current environment regardless 

of origin (Gosling, 2003). Bivalve shell morphology and growth are regulated by a combination of abiotic 

(exogenous) and biotic (endogenous) influences (Gaspar et al., 2002).  

Various environmental factors have been shown to influence shell morphology and relative proportions 

in many bivalve species. These include latitude (Beukema & Meehan, 1985), depth (Claxton et al., 

1998), shore level (Franz, 1993), tidal level (Dame, 1972), currents (Fuiman et al., 1999), water 

turbulence (Hinch & Bailey, 1988), wave exposure (Akester & Martel, 2000), substrate type (Claxton et 

al., 1998), and sediment composition (Newell & Hidu, 1982). Moreover, burrowing behavior, efficiency, 

and capability have also been reported to affect bivalve species' relative growth and shape development 

(Eagar, 1978; Seed, 1980). Morphological traits such as shell size and shape influence biomechanics, 

physiology, reproductive success, and overall fitness (Stanley, 1970; Gosling, 2003). The considerable 

diversity of shell morphology in bivalves has been attributed to adaptive evolutionary processes shaped 

by both biotic and abiotic factors (Lande & Arnold, 1983; Belonsky & Kennedy, 1988; Hamilton et al., 

2020). Environmental variables including geographic location, depth, tides, current strength, shore 

level, turbulence, and substrate type all contribute to these variations (Beaukema & Meehan, 1985; 

Claxton et al., 1998; Dame, 1972; Furman et al., 1999; Franz, 1993; Akester & Martel, 2000; Bailey & 

Green, 1988; Eagar, 1978; Newell & Hidu, 1982). Growth rate and shell proportions can also vary 

seasonally and interspecifically depending on food availability, maturation, and environmental stability 

(Sutherland, 1970; Parry, 1978; Kay & Magruder, 1977; Branch, 1981). Hence, shell length and height 

remain fundamental parameters in assessing growth and morphological variation among bivalves 

(Franz, 1993; Zainudin & Tsuchiya, 2007). 

Moreover, FA is commonly used as a bioindicator of developmental variability in bivalves and other 

organisms, often increasing under stress, such as pollution or environmental disturbance (Clarke, 1995; 

Leung & Forbes, 1997). While several studies have reported increased FA in bivalves in response to 

metal contamination Rodriguez et al., 2019; Dutta et al., s2022), the present study did not perform such 

a test. However, this study's absence of such a pattern is associated with the effective detoxification or 

tolerance mechanisms in P. viridis (Yap et al., 2023). Variability in other environmental factors (e.g., 

salinity, temperature, food availability) masks the potential effects of metal exposure (Bayen, 2012). 

Although P. viridis is known to bioaccumulate heavy metals, the link between external contamination 

(in sediments or water) and morphological changes is complex and context-dependent (Yap et al., 

2022). Studies suggest that metal uptake and its impact on physiology and morphology vary depending 

on the metal speciation and bioavailability (Rainbow, 2002). Exposure duration, organism age (Wong 

et al., 2000), and local hydrodynamic and sedimentation processes (Bayen, 2012). In addition, shell 

growth and morphology are influenced by multiple environmental drivers, not just pollution. For 

example, temperature, salinity, and nutrient levels significantly shape shell structure and asymmetry 

(Guerra-García, Ros & Baeza-Rojano, 2015). Similar observations have been noted in previous 

environmental monitoring studies where spatial heterogeneity in coastal environments led to weak 

statistical associations despite underlying ecological interactions (Mouneyrac et al., 2003). 

Inconsistencies in species morphometric relationships may stem from distinct hydrological and 

sedimentological conditions among various geographic areas (Gaspar et al., 2002).  
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Principal Component Analysis, Scatter Plot and Canonical Variate Analysis 

Principal Component Analysis (PCA) is a fundamental multivariate statistical tool that summarizes and 

interprets complex datasets by reducing their dimensionality while retaining most of the original variation 

(Jolliffe & Cadima, 2016). In morphometric studies, PCA is particularly valuable because it identifies the 

main patterns of shape variation among individuals or populations by transforming correlated variables 

into a smaller set of uncorrelated variables called principal components (Rohlf & Marcus, 1993). In this 

study, the shell shape difference of the samples was identified, and it was supported by the study 

conducted by Jayalakshmy et al. (2013), describing that P. viridis, known as an amphibole species, and 

its growth is influenced by environmental and climatic conditions. At the same time, this mussel 

indicates pollution by heavy metals, organic chlorides, and petroleum hydrocarbons (Gaspar et al., 

2002). Further, the growth characteristics of this species are essential to understand the influence of 

climatic conditions on their morphometry. While temperature is the main factor influencing their growth, 

other factors include the habitat, such as littoral, sub-littoral, and estuarine regions (Kulakovskii & Lezin, 

2002). Likewise, factors such as reproduction, population density, and habitat influence tissue growth. 

In comparison, the study indicated that the smaller size of P.indica may be attributed to the different 

environmental conditions and the presence of predators, i.e., mussels are consumed by fishes like 

leatherjackets, crabs, and starfish (Jayalakshmy et al., 2013). Related studies also show that the 

influence of the biological environment intercepts the morphology due to the habitat differences (Black, 

1977; Lewis & Bowman, 1975). 

Study suggests that variations in the relative proportions of bivalve shells during growth are generally 

linked to maintaining an optimal physiological area-to-volume ratio in response to environmental 

conditions (Rhoads & Pamella, 1970). In several bivalve species, shell height and width increase with 

growth to enhance stability and prevent dislodgement by turbulence and currents (Eagar, 1978; Hinch 

& Bailey, 1988). Also, these ontogenetic changes in bivalves are associated with differences in lifestyle 

between juveniles, active burrowers, and adults, who are more sedentary and typically inhabit deeper 

layers of bottom sediments (Thayer, 1975). The data implied that habitat heterogeneity likely affects 

shell shape with the interplay of ecological components. Studies have compared the ratios of several 

morphometric variables in mussels (Dermott & Munawar, 1993; Pathy & Mackie, 1993). Simple 

allometry occurs when the ratio between the specific growth rates of two characters is constant 

(Blackstone, 1987). Characteristically, the growth rate of mussels may vary intra or inter-specifically 

depending on several factors, including tides, seasons (Urdy et al., 2010) food availability (Parry, 1978), 

maturation (Kay & Magruder, 1977), and eventually lead to different proportions and longevities 

(Branch, 1981). Multivariate analysis can identify independent characters for separating morphological 

forms (Dodson & Lee, 2006). The growth and shape of shells are influenced by abiotic (environmental) 

and biotic (physical) factors (Miguel et al., 2002). At the same time, abiotic factors include geographical 

location (Beukema & Meehan, 1985), depth (Claxton et al., 1998), shore level (Franz, 1993), tides 

(Dame, 1972), currents (Fuiman et al.,1999), turbulence (Bailey & Green, 1988), waves (Akester & 

Martel, 2000), type of bottom (Claxton et al., 1998), sediment texture (Newell & Hidu, 1982) and 

burrowing behavior (Eagar, 1978). In this study, the mussels taken from three different environments 

were found to vary by size and shape. Hence, other factors must also be included to identify their 

morphometric behavior further. 

Assessing morphological changes in the green mussel is important for understanding the species 

adaptive responses to varying environmental conditions. Morphological variation, particularly in shell 

shape and size, often reflects the influence of abiotic and biotic factors such as water temperature, 

salinity, substrate type, and nutrient availability (Seed, 1980; Akester & Martel, 2000). These phenotypic 

variations can indicate environmental stress and habitat quality, providing valuable insights into 

ecosystem health and local adaptation processes (Claxton et al., 1998; Gosling, 2003).Besides, 

monitoring morphological variation among geographically distinct populations supports the identification 

of potential stock differentiation and population structure, which are essential for sustainable 

management and aquaculture practices (Innes & Bates, 1999; Rajagopal et al., 2006). Geometric 

morphometric analysis, in particular, provides a powerful approach to quantify and visualize these 



Cabuga Jr et al. 
Int J Adv Life Sci Res. Volume 8(4), 186-206 

201 

 

variations, allowing researchers to detect subtle shape differences that may be linked to environmental 

heterogeneity or anthropogenic impacts (Rohlf & Marcus, 1993; Zelditch et al., 2012). Understanding 

such morphological dynamics is vital for evaluating the ecological plasticity of P. viridis and informing 

conservation strategies in rapidly changing coastal ecosystems. Thus, by employing geometric 

morphometric techniques, the study aims to quantify and compare shape and size variations among 

populations, elucidating the potential influence of environmental and ecological factors on shell 

morphology. The findings are expected to contribute to a deeper understanding of phenotypic plasticity 

and population differentiation in P. viridis across varying coastal habitats. 

 

Conclusion 

The comparative morphometric assessment of the green mussel (Perna viridis Linnaeus, 1758) from 

various coastal areas of the Caraga Region revealed discernible spatial variations in shell shape and 

size, reflecting the species’ morphological plasticity in response to environmental heterogeneity. Our 

findings demonstrate that P. viridis exhibits site-specific shell shape variation, supporting its potential 

as a bioindicator for environmental monitoring. Applying geometric morphometric techniques proved 

effective in quantifying and visualizing subtle morphological differences among populations, thereby 

providing practical evidence of potential ecological and hydrological influences on shell form. These 

findings emphasize the importance of integrating morphometric analyses in evaluating population 

structure, local adaptation, and habitat-specific responses of the species. Such insights are essential 

for advancing understanding of the species’ ecological resilience and supporting informed management 

and conservation strategies within the dynamic coastal ecosystems of the Philippines. 
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