
B
u

il
d

in
g

 e
vi

d
en

ce

TaxaTaxa

fo
r conservation globally

ThreatenedThreatened
Journal ofJournal of

10.11609/jott.2026.18.5.28739–29002
 www.threatenedtaxa.org 

26 May 2026 (Online & Print)
18(5): 28739–29002

ISSN 0974-7907 (Online) 
ISSN 0974-7893 (Print)

Open Access

Years



EDITORS

Founder & Chief Editor 
Dr. Sanjay Molur
Wildlife Information Liaison Development (WILD) Society & Zoo Outreach Organization (ZOO), 
Coimbatore, Tamil Nadu 641006, India

Assistant Editor 
Dr. Chaithra Shree J., WILD/ZOO, Coimbatore, Tamil Nadu 641006, India

Managing Editor 
Mr. B. Ravichandran, WILD/ZOO, Coimbatore, Tamil Nadu 641006, India

Associate Editors 
Dr. Mandar Paingankar, Government Science College Gadchiroli, Maharashtra 442605, India 
Dr. Ulrike Streicher, Wildlife Veterinarian, Eugene, Oregon, USA
Ms. Priyanka Iyer, ZOO/WILD, Coimbatore, Tamil Nadu 641006, India

Board of Editors 
Dr. Russel Mittermeier
Executive Vice Chair, Conservation International, Arlington, Virginia 22202, USA

Prof. Mewa Singh Ph.D., FASc, FNA, FNASc, FNAPsy
Ramanna Fellow and Life-Long Distinguished Professor, Biopsychology Laboratory, and 
Institute of Excellence, University of Mysore, Mysuru, Karnataka 570006, India; Honorary 
Professor, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore; and Adjunct 
Professor, National Institute of Advanced Studies, Bangalore 

Stephen D. Nash
Scientific Illustrator, Conservation International, Dept. of Anatomical Sciences, Health Sciences 
Center, T-8, Room 045, Stony Brook University, Stony Brook, NY 11794-8081, USA

Dr. Fred Pluthero
Toronto, Canada

Dr. Priya Davidar 
Sigur Nature Trust, Chadapatti, Mavinhalla PO, Nilgiris, Tamil Nadu 643223, India

Dr. John Fellowes
Honorary Assistant Professor, The Kadoorie Institute, 8/F, T.T. Tsui Building, The University of 
Hong Kong, Pokfulam Road, Hong Kong

Prof. Dr. Mirco Solé
Universidade Estadual de Santa Cruz, Departamento de Ciências Biológicas, Vice-coordenador 
do Programa de Pós-Graduação em Zoologia, Rodovia Ilhéus/Itabuna, Km 16 (45662-000) 
Salobrinho, Ilhéus - Bahia - Brasil

Dr. Rajeev Raghavan
Professor of Taxonomy, Kerala University of Fisheries & Ocean Studies, Kochi, Kerala, India

English Editors 
Mrs. Mira Bhojwani, Pune, India 
Dr. Fred Pluthero, Toronto, Canada 

Copy Editors 
Ms. Usha Madgunaki, Zooreach, Coimbatore, India 
Ms. Trisa Bhattacharjee, Zooreach. Coimbatore, India 
Ms. Paloma Noronha, Daman & Diu, India

Web Development
Mrs. Latha G. Ravikumar, ZOO/WILD, Coimbatore, India

Typesetting
Mrs. Radhika, Zooreach, Coimbatore, India
Mrs. Geetha, Zooreach, Coimbatore India

Fundraising/Communications
Mrs. Payal B. Molur, Coimbatore, India

Subject Editors 2021–2023

Fungi 

Dr. B. Shivaraju, Bengaluru, Karnataka, India 
Dr. R.K. Verma, Tropical Forest Research Institute, Jabalpur, India
Dr. Vatsavaya S. Raju, Kakatiay University, Warangal, Andhra Pradesh, India 
Dr. M. Krishnappa, Jnana Sahyadri, Kuvempu University, Shimoga, Karnataka, India
Dr. K.R. Sridhar, Mangalore University, Mangalagangotri, Mangalore, Karnataka, India
Dr. Gunjan Biswas, Vidyasagar University, Midnapore, West Bengal, India
Dr. Kiran Ramchandra Ranadive, Annasaheb Magar Mahavidyalaya, Maharashtra, India

Plants 

Dr. G.P. Sinha, Botanical Survey of India, Allahabad, India
Dr. N.P. Balakrishnan, Ret. Joint Director, BSI, Coimbatore, India 
Dr. Shonil Bhagwat, Open University and University of Oxford, UK 
Prof. D.J. Bhat, Retd. Professor, Goa University, Goa, India 
Dr. Ferdinando Boero, Università del Salento, Lecce, Italy 
Dr. Dale R. Calder, Royal Ontaro Museum, Toronto, Ontario, Canada 
Dr. Cleofas Cervancia, Univ. of Philippines Los Baños College Laguna, Philippines 
Dr. F.B. Vincent Florens, University of Mauritius, Mauritius 
Dr. Merlin Franco, Curtin University, Malaysia 
Dr. V. Irudayaraj, St. Xavier’s College, Palayamkottai, Tamil Nadu, India 
Dr. B.S. Kholia, Botanical Survey of India, Gangtok, Sikkim, India 
Dr. Pankaj Kumar, Department of Plant and Soil Science, Texas Tech University, Lubbock, Texas, USA.
Dr. V. Sampath Kumar, Botanical Survey of India, Howrah, West Bengal, India 
Dr. A.J. Solomon Raju, Andhra University, Visakhapatnam, India 
Dr. Vijayasankar Raman, University of Mississippi, USA
Dr. B. Ravi Prasad Rao, Sri Krishnadevaraya University, Anantpur, India 
Dr. K. Ravikumar, FRLHT, Bengaluru, Karnataka, India
Dr. Aparna Watve, Pune, Maharashtra, India
Dr. Qiang Liu, Xishuangbanna Tropical Botanical Garden, Yunnan, China
Dr. Noor Azhar Mohamed Shazili, Universiti Malaysia Terengganu, Kuala Terengganu, Malaysia
Dr. M.K. Vasudeva Rao, Shiv Ranjani Housing Society, Pune, Maharashtra, India 
Prof. A.J. Solomon Raju, Andhra University, Visakhapatnam, India
Dr. Mandar Datar, Agharkar Research Institute, Pune, Maharashtra, India
Dr. M.K. Janarthanam, Goa University, Goa, India
Dr. K. Karthigeyan, Botanical Survey of India, India
Dr. Errol Vela, University of Montpellier, Montpellier, France
Dr. P. Lakshminarasimhan, Botanical Survey of India, Howrah, India
Dr. Larry R. Noblick, Montgomery Botanical Center, Miami, USA
Dr. K. Haridasan, Pallavur, Palakkad District, Kerala, India
Dr. Analinda Manila-Fajard, University of the Philippines Los Banos, Laguna, Philippines
Dr. P.A. Sinu, Central University of Kerala, Kasaragod, Kerala, India
Dr. Afroz Alam, Banasthali Vidyapith (accredited A grade by NAAC), Rajasthan, India
Dr. K.P. Rajesh, Zamorin’s Guruvayurappan College, GA College PO, Kozhikode, Kerala, India
Dr. David E. Boufford, Harvard University Herbaria, Cambridge, MA 02138-2020, USA
Dr. Ritesh Kumar Choudhary, Agharkar Research Institute, Pune, Maharashtra, India
Dr. A.G. Pandurangan, Thiruvananthapuram, Kerala, India
Dr. Navendu Page, Wildlife Institute of India, Chandrabani, Dehradun, Uttarakhand, India
Dr. Kannan C.S. Warrier, Institute of Forest Genetics and Tree Breeding, Tamil Nadu, India

Invertebrates 

Dr. R.K. Avasthi, Rohtak University, Haryana, India 
Dr. D.B. Bastawade, Maharashtra, India
Dr. Partha Pratim Bhattacharjee, Tripura University, Suryamaninagar, India 
Dr. Kailash Chandra, Zoological Survey of India, Jabalpur, Madhya Pradesh, India 
Dr. Ansie Dippenaar-Schoeman, University of Pretoria, Queenswood, South Africa
Dr. Rory Dow, National Museum of natural History Naturalis, The Netherlands 
Dr. Brian Fisher, California Academy of Sciences, USA
Dr. Richard Gallon, llandudno, North Wales, LL30 1UP
Dr. Hemant V. Ghate, Modern College, Pune, India 
Dr. M. Monwar Hossain, Jahangirnagar University, Dhaka, Bangladesh

ISSN 0974-7907 (Online); ISSN 0974-7893 (Print)

Publisher 	  Host 
Wildlife Information Liaison Development Society 	 Zoo Outreach Organization
www.wild.zooreach.org 	 www.zooreach.org

Srivari Illam, No. 61, Karthik Nagar, 10th Street, Saravanampatti, Coimbatore, Tamil Nadu 641035, India
Registered Office: 3A2 Varadarajulu Nagar, FCI Road, Ganapathy, Coimbatore, Tamil Nadu 641006, India

Ph: +91 9385339863 | www.threatenedtaxa.org
Email: sanjay@threatenedtaxa.org

continued on the back inside cover

Cover: Oil painting of Humpback Whale Megaptera novaeangliae. © R. Mahesh.

For Focus, Scope, Aims, and Policies, visit https://threatenedtaxa.org/index.php/JoTT/aims_scope
For Article Submission Guidelines, visit https://threatenedtaxa.org/index.php/JoTT/about/submissions
For Policies against Scientific Misconduct, visit https://threatenedtaxa.org/index.php/JoTT/policies_various

https://www.threatenedtaxa.org
https://threatenedtaxa.org/index.php/JoTT/aims_scope


28845

Editor: Anonymity requested.	 Date of publication: 26 May 2026 (online & print)

Citation: Badakumar, B., D. Inbakandan & P.S. Murthy (2026). Succession of biofouling organisms on structural materials and their environmental drivers off the 
Kalpakkam coast, India. Journal of Threatened Taxa 18(5): 28845–28861. https://doi.org/10.11609/jott.10096.18.5.28845-28861
  
Copyright: © Badakumar et al. 2026. Creative Commons Attribution 4.0 International License. JoTT allows unrestricted use, reproduction, and distribution of this 
article in any medium by providing adequate credit to the author(s) and the source of publication.

Funding: The financial grant for this work was provided from the Board of Research in Nuclear Sciences, Department of Atomic Energy, Government
of India, funded research project entitled “Development of antifouling technologies against green mussel fouling for process cooling water system of MAPS”, to 
Dr. D. Inbakandan, Sanction NO 56/14/03/2020-BRNS/36152.

Competing interests: The authors declare no competing interests.

Declaration of competing interest: The authors declare that they have no known competing financial interests or personal relationships that could have appeared 
to influence the work reported in this paper.

Author details: Bandita Badakumar: senior research fellow in Sathyabama Institute of Science and Technology, working for BRNS funded project titled “Deve-
lopment of antifouling technologies against green mussel fouling for process cooling water system of MAPS”. Currently working in the field of marine ecology, 
biofoluing, ecotoxicology and  biomarkers. D. Inbakandan: head and professor  of National Facility for Coastal and Marine Research, Center for Ocean Research, at 
Sathyabama Institute of Science and Technology. Expert in marine biology, ecology, aquaculture and fisheries. P. Sriyutha Murthy: scientific officer and professor 
HBNI- BARC Facilities, Kalpakkam. Extensively worked in Biofouling control in Industrial cooling water system. Expert in biofouling, biofilms, antifouling technolo-
gies, and ecotoxicology.

Author contribution: BB—conceptualization, field work, sampling and formal analysis, data analysis, statistics, writing original manuscript. DI—funding, manuscript 
review. PSM—conceptualization, field work, manuscript review.

Acknowledgments: The authors would also like to thank the head, Water & Steam Chemistry Division for providing necessary facilities to carry out the research 
work. The authors would also like thank the Station Director of MAPS, Kalpakkam for providing the permission and support to carryout this work.

Succession of biofouling organisms on structural materials and their 
environmental drivers off the Kalpakkam coast, India

Bandita Badakumar 1         , D. Inbakandan 2          & P. Sriyutha Murthy 3         

1,2 National Facility Coastal and Marine Research, Centre for Ocean Research, Sathyabama Institute of Science and Technology, Chennai, 
Tamil Nadu 600119, India.

1,3 Water & Steam Chemistry Division, Bhabha Atomic Research Centre, Kalpakkam, Tamil Nadu 603102, India.
3 Homi Bhabha National Institute, Anushakti Nagar, Mumbai, Maharashtra 400094, India. 

1 bandita.badakumar@gmail.com, 2 inbakandan@gmail.com (corresponding author), 3 psmurthy@igcar.gov.in (corresponding author)

Journal of Threatened Taxa | www.threatenedtaxa.org | 26 May 2026 | 18(5): 28845–28861

ISSN 0974-7907 (Online) | ISSN 0974-7893 (Print)  

https://doi.org/10.11609/jott.10096.18.5.28845-28861

#10096 | Received 15 August 2025 | Final received 17 April 2026| Finally accepted 28 April 2026

OPEN 
ACCESS

Abstract: The settlement and succession of marine fouling organisms were monitored on three structural materials—stainless steel (SS), 
titanium (Ti), and fibre-reinforced plastic (FRP)—over a 300-day static immersion in coastal waters of Kalpakkam along the eastern coast 
of India. Barnacles were found to be initial settlers, with 15 fouling species identified during the study period. The final climax community 
was dominated by green mussels, hydroids, and barnacles on all three substrates. Biofouling load was the highest on FRP (23.6 kg/
m²), followed by SS (20.11 kg/m²) and Ti (16.19 kg/m²) after 300 days of exposure. Interestingly, green mussels colonized after 150 
days of exposure signifying their preference for cues from the substratum. Correlation analysis revealed strong relationships between 
environmental parameters and fouling loads. Temperature and salinity were positively correlated (r = 0.874), while temperature and 
dissolved oxygen showed a negative correlation (r = -0.646). FRP surfaces supported the highest diversity and biomass accumulation 
compared to Ti and SS surfaces. Results of the study indicate material-specific differences in biofouling loads and findings have implication 
in the choice of material selection for cooling water system as well as for offshore aquaculture structures.

Keywords: Biofouling succession, coastal electric power station, coupons, cooling water systems, corrosion, environmental parameters, 
fouling area coverage, fibre reinforced plastic, macrofouling, microfouling, settlement, stainless steel, titanium.
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INTRODUCTION

Marine biofouling is a ubiquitous and spontaneous 
process, beginning with the formation of a primary 
organic film, followed by microbial and algal adhesion, 
biofilm formation with extracellular polymeric substances 
(EPS) (More et al. 2014; Decho & Gutierrez 2017; Negm 
et al. 2019), and eventual settlement and succession 
of marine invertebrate larvae (Maki & Mitchell 2002; 
Wigglesworth-Cooksey & Cooksey 2005; Qian et al. 
2007; Hadfield 2011). Succession in fouling communities 
is influenced by seasonality (Briand et al. 2017; Qian 
et al. 2022), temperature, salinity, and hydrodynamic 
conditions (Alotaibi & Bukhari 2021; Jamieson & 
Leterme 2021; Briand et al. 2022). Biofouling causes 
significant operational problems in industrial cooling 
water systems and hence control measures can be 
devised only after understanding the density, diversity, 
and seasonal settlement of fouling organisms at a given 
geographical location. Operational and economic losses 
due to biofouling are well documented in desalination 
plants (Azis et al. 2001; Henderson 2010; Alayande et 
al. 2022), power plant cooling water systems (Nair et al. 
1999; Satpathy et al. 2010; Murthy et al. 2011; Rao et 
al. 2015), aquaculture installations (Durr & Watson 2010; 
Fitridge et al. 2012; Hopkins et al. 2021), offshore oil 
and gas platforms (Sanders et al. 2005; Yeo et al. 2009; 
Page et al. 2010), sensors and data buoys (Zhang et al. 
2015; Venkatesan et al. 2017), and shipping (Schultz et 
al. 2011). Biofouling on ship hulls has been linked to the 
spread of invasive or non-indigenous species, causing 
ecological imbalance (Fernandes et al. 2016; Shevalkar et 
al. 2020; Yousef & Nasser 2023).

Titanium (Ti), stainless steel-304 (SS), and fibre-
reinforced plastic (FRP) are widely used industrial 
materials, particularly in marine and coastal industries, 
due to their superior mechanical properties. Titanium 
is used as a heat transfer material, in heat exchangers 
at power plants in Kalpakkam, due to its excellent heat 
transfer and anticorrosion properties. However, it is 
prone to severe biofouling. SS-304 is used as a structural 
material in various pipelines and seawater pump casings 
along with FRP. Cost involved in maintaining the cooling 
system, heat exchangers, and structural materials is 
considerable (Todd et al. 2019; Wahl 2020) and therefore 
understanding the endemic species, their settlement, 
recruitment, and succession patterns on these structural 
materials is required to devise a suitable control strategy.

The southeastern coast of India supports a rich and 
diverse marine ecosystem (Satpathy et al 1996; Sahu 
et al. 2015; Ponnusamy et al. 2017). Several studies 

have characterized various aspects of this environment, 
including microbial diversity and the settlement and 
succession of biofouling organisms off the Kalpakkam 
coast (Nair et al. 1988; Rajagopal et al. 1997; Sahu et 
al. 2011, 2015). These investigations have consistently 
identified major macrofouling species such as barnacles, 
mussels, and ascidians in the region. While building upon 
these earlier findings, the present study provides an 
updated perspective by recording monthly biofouling load 
on different structural materials and documenting the 
seasonal succession of fouling communities. In contrast 
to earlier works, this study integrates environmental 
drivers (such as, temperature, salinity, dissolved oxygen, 
nutrients, and chlorophyll concentration) to examine 
their correlation with observed fouling trends. Notably, 
fluctuations in fouling community composition during 
the post-monsoon period appear to be influenced 
by changes in temperature and reduced nutrient 
availability (Venugopalan 1991; Venkatnarayanan 2018). 
This combined approach not only reaffirms previously 
observed patterns but also offers new insights into the 
environmental drivers that shape biofouling dynamics in 
this ecologically and industrially important coastal zone.

The present study evaluates biofouling accumulation 
and community succession on three structural materials 
(Ti, SS, and FRP) deployed in the coastal waters off 
Kalpakkam on the southeastern coast of India. The 
objective includes assessing the temporal variation in 
biofouling load and species composition over a one-year 
period; monitoring monthly settlement and succession 
patterns of fouling organisms; and correlating these 
patterns with variations in physicochemical parameters. 
The study further seeks to understand the timing and 
dynamics of organism settlement and its relationship 
with environmental conditions, providing insights into 
material-specific fouling behaviour in a tropical marine 
environment.

MATERIALS AND METHODS

Description of study area and coupon immersion
The study was carried out from January to December 

2022 at the approach jetty area of MAPS an operating 
coastal power station, off Kalpakkam (12.335o N, 80.115o 
E) located on the eastern coast, of India (Image 1). Coupon 
mounted on holder with stainless steel screws were 
suspended at a distance of 350 m from the shore beyond 
the coastal surf zone at a depth of -1 m . Three different 
structural materials most commonly used in industry were 
used as coupons for the experiment such as stainless steel 
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304 (SS-304), titanium (Ti), and fibre-reinforced plastic 
(FRP) with a size of 10 × 15 cm. Each coupon (in triplicate) 
was attached on a polypropylene frame and suspended 
at a depth of -1.0 m in coastal waters. The settlement 
pattern and succession of macrofouling organisms was 
monitored monthly on the coupons, for a period of 
300 days. Every month the coupons were retrieved for 
checking the wet biomass and photographed (Canon, 
DS EOS RP) for the species composition. The percentage 
coverage of different organisms was estimated using 
Image J software (NIH, USA). The same set of coupons 
was monitored throughout the study period, with 
monthly retrieval for non-destructive assessment of 
biofouling (photography and wet weight estimation). 
Care was taken during handling and measurement to 
minimize disturbance, and the coupons were promptly 
re-immersed to allow continued development of the 
fouling community. Barnacles, polychaete tube worms, 
bivalves, and other organisms (such as crabs, snails) 
were counted individually and expressed as individuals/
cm2. Coelenterate hydroids, ascidians, and encrusted 
bryozoans, being colonial organisms, were counted as 
area occupied per cm2 on each of the coupons.

Measurement of environmental parameters
Physico-chemical parameters such as salinity, water 

temperature, pH, and dissolved oxygen (DO), were 
measured by using a multi-parameter water quality 
probe in seawater (HYDROLAB, DS5, USA). Chlorophyll 
a (Chl-a) concentration was determined by filtering 
500 mL seawater through a Whatman GF/C glass fibre 
filter. The filter papers were then placed in 90% acetone 
(10 ml) and incubated at 4˚ºC in complete darkness 
for overnight to facilitate pigment extraction. The 
absorbance of the extracted solution was subsequently 
measured using a spectrophotometer to quantify the 
chlorophyll-a concentration. During the study period, 
sub-surface seawater samples were collected monthly 
from the coastal waters, transported to laboratory for 
the estimation of nutrient parameters viz: nitrite (NO2), 
nitrate (NO3), inorganic phosphate (PO4), ammonia 
(NH3), and silicate (Si) by following the standard method 
as described by Grasshoff et al. (1999). Total suspended 
solids (TSS) was estimated in water sample as per the 
gravimetric method (APHA 2005).

Statistical analysis
All samples were collected in triplicate and the 

Image 1. Map showing the coupon immersing site in the Madras Atomic Power Station (MAPS) (Source: Google Earth).
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measured values were expressed as mean with standard 
deviation. To evaluate the significant differences with 
physico-chemical parameters between different seasons 
were analyzed using one-way ANOVA using PAST- 4.03 
software (UK) (Hammer et al. 2001). SPSS (version 10) 
software stats package was used for generating the 
minimum, maximum, mean and SD values with ANOVA 
p-values. Pearson correlation matrix was generated 
using PAST-4.03 software for p-values. Fouling load on 
the surface of coupons were quantified using ImageJ 
software (NIH, USA).

RESULTS AND DISCUSSION

Hydrobiology and species diversity
During the study, 15 species were identified across 

all three coupons, representing seven distinct phyla: 
Annelida (2 species), Arthropoda (3 species), Cnidaria 
(1 species), Ectoprocta (1 species), Mollusca (5 species), 
Echinodermata (1 species), and Urochordata (3 species) 
(Table 1) (Rajagopal et al. 1997; Venkatnarayanan 2018). 
Monthly observations revealed a notable dominance 
of hydroids, green mussels, and barnacles, reflecting 
their competitive advantage and prevalence within the 
fouling communities in this geographical location (Sahu 
et al. 2011; Venkataraman et al. 2012). Various epibiotic 
organisms such as crab, polychaete worms, amphipods 
and gastropods were also observed (Wickramasinghe et 
al. 2021). The species richness recorded on the panels 
(mean ± standard deviation) fluctuated based on the 
type of substrate and season.

Table 2 presents seasonal variations in physico-
chemical and biological parameters, which were 
prominent throughout the study period, with fluctuations 
across different seasons observed at Kalpakkam on 
the southeastern coast of India. The categories are 
monsoon (MON: June–September), post-monsoon 
(POM: October–December), and pre-monsoon (PRM: 
January–May).. Seawater temperatures were lowest 
in the month of December (26.3 oC, POM) and January 
(26.5 oC, PRM), while the highest was observed in April 
and May (30.2—31.0 oC) in PRM season. A steady decline 
in water temperature occurred during the MON season 
(June to August), followed by a marginal rise during the 
POM phase (September–October), which then continued 
to increase during the subsequent pre-monsoon months. 
Earlier studies at the intake region of the power plant 
site reported fluctuation of temperature ranging from 
minimum 5.8 oC to maximum 8.0 oC (Sahu et al. 2012; 
Venkatnarayanan 2018). Previous studies on sea-surface 

temperature variability have well established the role 
of atmospheric temperature impacts on sea-surface 
temperature, which significantly influence the later 
leading to seasonal and regional variations (Deser et 
al. 2010). Temperature fluctuation can have cascading 
effects on chemical and biological process, affecting 
salinity, phytoplankton growth, and conductivity 
(Satheesh & Wesley 2009; Fernandez et al. 2022). Current 
findings align with the earlier observations regarding air 
temperature along the study area, which exhibited a 
bimodal pattern with peaks occurring in April–May and 
another during September–October.

The pH levels in Kalpakkam coastal waters ranged 
8.07–8.26 across the three seasons, suggesting a generally 
well-buffered aquatic ecosystem, while salinity exhibited 
seasonal variation, reaching its lowest at 27.6 ppt in 
December and peaking to 35.4 ppt in June (summer). 
The lowest pH and salinity recorded in December (POM) 
are attributed to a large inflow of rainwater during the 
north-east monsoon (NEM) from both Sadras and Edayur 
estuarine systems (Venkatnarayanan 2018). The highest 
pH value (8.24) was recorded in July during the monsoon 
period. These fluctuations in pH and salinity may be linked 
to the north-east monsoon, with additional influences 
from freshwater influx from nearby estuarine systems 
and also due the influx of low-saline Palar riverine water 
(Varkey et al. 1996; Sahu et al. 2011). Dissolved oxygen 
(DO) was highest in post-monsoon (November, 6.91 
mg/L) and lowest in the month of September (5.23 mg/L), 
reflecting seasonal changes. The peak DO levels were 
observed during month of November may be attributed 
to an increase in chlorophyll-a concentration, driven 
by the northeast monsoon and the influx of nutrient-
rich estuarine waters (Satpathy 1996). Additionally, the 
reduction in salinity and enhanced oxygenation in large 
tidal action resulting from physical mixing processes 
could have further contributed to the elevated DO levels 
(Venkatnarayanan 2018).

Chlorophyll-a fluctuated between 6.3 mg L-1 (Oct) and 
18.6 (Jun) mg L-1, an indicator of phytoplankton growth, 
reflecting favourable conditions for algal growth due 
to nutrient availability (Rajagopal et al. 1991). Highest 
concentration was observed during pre-monsoon period 
and at the beginning of the monsoon period, which 
may be attributed to the relatively stable and optimal 
conditions of salinity, temperature, light, and nutrient 
levels prevailing during this period (Sahu et al. 2011). The 
low chlorophyll-a levels observed during the monsoon 
season may be attributed to reduced salinity, which 
is most likely unfavourable for marine phytoplankton 
growth, while the minimum concentration recorded in 
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October (6.23 mg L-1) could be due to increased grazing 
pressure. Several studies conducted along the Kalpakkam 
coast have reported similar trends to those observed in 
the present study (Rajagopal et al. 1991; Satpathy 1996; 
Sahu et al. 2015; Achary et al. 2010; Venkatnarayanan 
2018). Levels of total suspended solids (TSS) was found 
to be high during the month of November (88 mg L-1), 
indicating a significant (p < 0.001) increase in sediment 
resuspension during post-monsoon period, while the 
lowest values were recorded in the month of August 
(29.3 mgL-1). Nutrient concentrations, including nitrite, 
nitrate, ammonia, phosphate, and silicate, showed 
significant seasonal variation, with higher levels during 
the monsoon and post-monsoon periods, followed by a 
noticeable decline toward the end of the pre-monsoon 
season. The concentration for nitrate and nitrite was 
5.18—9.45 µmol L-1 and 1.0—3.08 µmol L-1, respectively. 
Levels of ammonia varied 1.0—3.7 µmol L-1, maintaining 
a relatively consistent concentration across all seasons. 
Levels of inorganic phosphate ranged 1.68—5.7 µmol 
L-1 during all seasons. A significant (p < 0.001) rise in 
phosphate concentration was observed during MON 
and POM period, with a steady increase from August 
to December. However, the phosphate concentration 
spiked during the month of December (14.1 µmol L-1), 
which could be due to the NEM rains which induced land 
runoff. This trend may be attributed to the phenomenon 
of ‘coastal upwelling’ which has been frequently reported 
in this region (Suryanarayan & Rao 1992). The silicate 

Table 1. Composition of biofouling community on coupons.

(Si) concentration was found relatively high in the POM 
with a value of 19.18 µmol L-1 compared to the other two 
seasons MON and PRM. The silicate level ranged 11.04—
19.18 µmol L-1 throughout three seasons. This parameter 
also in turn coincides with the mixing of the backwater 
due to the NEM rains (Sahu et al. 2012). 

ANOVA results indicate statistically significant 
seasonal variations (p ≤ 0.05) in most parameters, 
including temperature, salinity, dissolved oxygen, 
chlorophyll-a, TSS, and nutrient concentrations, while 
silicate (p = 0.742) remained relatively stable. These 
findings highlight the influence of seasonal changes on 
water quality, with monsoon-driven fluctuations affecting 
salinity, nutrients, and biological activity. These findings 
underscore the dynamic influence of seasonal cycles on 
water quality, with monsoonal rainfall playing a crucial 
role in nutrient loading, salinity dilution, and biological 
productivity. The data suggest that freshwater inflows, 
evaporation, and biological interactions collectively 
shape the physicochemical characteristics of the aquatic 
system, highlighting the need for continuous monitoring 
to assess ecosystem health and potential anthropogenic 
impacts.

Biofouling loading on structural materials
The physical and chemical characteristics of 

structural materials play a crucial role in determining 
their susceptibility to biofouling. In the present study, 
distinct differences were observed in fouling intensity 

Phylum Class Order Family Species

Annelida Polychaeta
Canalipalpata Serpulidae Hydroides elegans

Aciculata Nereididae Pseudonereis sp.

Arthropoda
Cirripedia Thoracica Balanidae Amphibalanus reticulatus

Balanus amphitrite

Malacostaca Amphipoda Corophidae Corophium sp.

Cnidaria Hydrozoa Thecata Campanulariidae Obelia dichotoma                                    

Ectoprocta Gymnolaemata Cheilostomata Bugulidae Bugula sp.

Mollusca

Bivalvia Mytilida

Mytilidae Perna viridis

Ostreidae
Modiolus modiolus 

Crassostrea madrasensis 

Gastropoda Neogastropoda Muricidae Thais sp.

Patellidae Patella sp.

Echinodermata Ophiurodea Ophiurida Ophiotrichidae Ophiothrix sp.

Urochordata Ascidiacea Enterogona
Didemnidae

Didemnum sp.

Aplousobranchia Lissoclinum sp.

    Phlebobranchia Perophoridae Ecteinascidia sp.
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Image 2. Biofouling organisms observed on different structural materials (SS—stainless steel | Ti—titanium | FRP—fibre reinforced plastic) 
immersed in Kalpakkam coastal waters from Day 0 to 300.

Figure 1. Temporal variation of biofouling loading observed on different structural material (SS—stainless steel | Ti—titanium | FRP—fibre 
reinforced plastic) with respect to seasonal variation (PRM—pre-monsoon | MON—monsoon | POM—post-monsoon) of fouling load.
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among stainless steel (SS), titanium (Ti), and fibre-
reinforced plastic (FRP), which can be attributed to 
their surface properties. Stainless steel possesses 
a relatively smooth surface with moderate surface 
energy, allowing initial microbial and larval attachment. 
However, the passive oxide layer formed on its surface 
provides a certain degree of corrosion resistance and 
reduces long-term colonization (Rajagopal et al. 1997; 
Dexter & Chandrasekaran 1998). Titanium, exhibits 
superior anticorrosive properties due to the formation 
of a stable and highly inert titanium oxide (TiO₂) film, 
which minimizes both corrosion and bio-adhesion 
(Kobayashi & Dauskardt 2001; Dobretsov 2010). Its 
low surface roughness and hydrophobic nature further 
contribute to its resistance to organism settlement 
(Zhao et al. 2014). Fibre-reinforced plastic  on the other 
hand, has a comparatively rough and heterogeneous 
surface structure that provides micro-crevices for the 
attachment of fouling organisms (Patil et al. 2007; 
Ponnusamy et al. 2016). Its inert nature and surface 
irregularities create favourable conditions for larval 
settlement and growth of macrofouling communities. 
Consequently, FRP showed the highest fouling load in the 
present study, while titanium exhibited the least. These 
findings underscore that the surface texture, energy, and 
chemical composition of materials strongly influence 
initial colonization, community succession, and the 
overall biofouling load in marine environments (Callow & 
Callow 2011; Dobretsov et al. 2013).

Biofouling loading on different structural materials 
SS, Ti, and FRP, immersed over a period of 300 days in 
Kalpakkam coastal waters is given in Image 2. Larval 
settlement on all three substrates was found to occur 
within the first 24 hours of immersion. However, with time, 
shifts in community structure and species succession lead 
to dynamic changes in the fouling assemblage. A total 
of 15 organisms were identified on different substrates 
during the study period, with barnacles emerging as the 
initial settlers, rapidly colonizing the surfaces within the 
first 1–4 days of immersion. In addition to barnacles, 
other fouling species, including ascidians, bryozoans, 
oysters, and gastropods were also present. Various 
epizoic organisms such as crabs, copepods, brittle 
stars, and amphipods were also present. Barnacles and 
hydroids were found to attach between the 5th and 7th 
day of immersion whereas, settlement of oysters and 
polychaetes occurred later, establishing themselves 
between the 7th and 10th day of immersion. Even 
though green mussels spat settlement was detected as 
early as the 15th day of immersion, juvenile recruitment 
was observed only after 120–230 days of immersion. 

Rajagopal et al. (1997) similarly reported juvenile mussel 
settlement during May–June and October. In the present 
study, the juveniles that are settled after 120 days, 
eventually overgrew, covered the previously settled 
fouling organism on the coupons, a pattern previously 
reported along the same coast (Rajagopal et al. 1997; 
Sahu et al. 2011). Similar kind seasonal succession of 
green mussel pattern and fouling load were observed in 
the same coast (Rajagopal et al. 1997; Sahu et al. 2013; 
Venkatnarayanan 2018; Rao et al. 2021 ).

The settlement and recruitment of different 
biofouling organisms on different materials, season 
wise is given in Figure 1. Biofouling loading, increased 
with time on all three surfaces. However, there were 
significant differences in the intensity of colonization of 
different fouling species, between the three surfaces. 
Fibre-reinforced plastic (23.6 kg/m2) surface exhibited 
the highest fouling accumulation, consistently compared 
to SS (20.11 kg/m2) and Ti (16.19 kg/m2) over the 
immersion period. Within the 120th day of immersion, 
fouling load on FRP surfaces reached (13 kg/m2) which 
was significantly higher (p < 0.05). This increased to 
15.67 kg/m2 by the 170th day, with fouling accumulation 
accelerating even further, ultimately reaching 23.6 kg/
m² by 300 days. The increased fouling on FRP suggests 
may be attributed to the surface texture and material 
properties which provide a more favourable substrate for 
marine organisms to attach and grow (Venkatnarayanan 
2018).

Initial loading of stainless steel (9.2 kg/m2), were 
much similar to that observed with FRP (9.72 kg/m2) 
surfaces but diverged around 90–120 days. By 300 days, 
SS accumulated a fouling load of 20.11 kg/m2 marginally 
lower compared to FRP (23.57 kg/m2) but higher than Ti 
(16.19 kg/m2), indicating, the surface was not immune 
to biofouling. Results suggests that SS surfaces in marine 
environment may still require protection by use of 
antifouling coatings for long-term applications. On the 
other hand, Ti surface was found to attract consistently 
low settlement and recruitment of fouling organism 
compared to both SS and FRP throughout the 300-day 
immersion period. This reduced settlement observed 
on titanium surfaces is likely due its smooth surface 
and formation of a passive oxide layer, which inhibit the 
attachment of marine organisms, making it the most 
suitable material for long-term marine applications.

Percentage of area coverage on different coupons
A comprehensive analysis of settlement and 

recruitment of biofouling organisms (Figure 2a,b,c) on 
SS, Ti, and FRP revealed that species settlement on SS 
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Figure 2. Biofouling load and percent area coverage observed on different coupons: a1 & a2—stainless steel | b1 & b2—titanium | c1 & c2—
fibre reinforced polymer throughout the year in three seasons.
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surfaces showed notable changes over time. Barnacles 
exhibited an initial peak in settlement (2.31 individuals/
cm2) within the first 30 days on SS surfaces, but their 
numbers declined sharply subsequently, indicating 
early attachment followed by detachment, mortality, 
disturbance, overgrowth or competition with other 
fouling organisms. Settlement of polychaete tube 
worms, solitary ascidians, and green mussels gradually 
increased in density between 90 and 120 days. In terms 
of surface coverage, coelenterate hydroids dominated 
the initial phase (56.89%), covering nearly 80% of the 
surface from 0–60 days before declining. Following this, 
colonial ascidians peaked on the 90 day (24.44%), and 
declined after 120days (9.33%), replacing hydroids as the 
dominant organisms. Settlement of encrusting bryozoans 
was observed after 90 days (3.78%), and the recruits 
were observed on the coupons subsequently, but with a 
lower dominance compared to ascidians. Green mussels 
were observed to settle on the substrates from the 90th 
day (0.11 individuals/cm2) and peaked on the 120th (1.12 
individuals/cm2) day. Settlement of green mussels was 
observed on empty barnacle shells and covered the entire 
coupon surface area on the outer layer, a trend which 
was observed in a previous study by Venkatnarayanan 
(2018). Species succession of foulants on SS surfaces was 
more prominent and dynamic compared to FRP surfaces. 

Titanium surfaces exhibited a distinct biofouling 
pattern compared to (SS) and (FRP). On the SS surface, 
barnacles were the early settlers, within the first 30 
days (1.40%). Subsequently, the surfaces were colonized 
by other fouling organisms such as polychaete worms, 
solitary ascidians, and green mussels showed a sporadic 
settlement with relatively lower fouling densities 
compared to SS and FRP. Results suggests that Ti resists 
dense fouling, likely due to its passive oxide layer, 
which makes it less appealing for biofouling attachment 
(Alshammari 2017). In terms of surface coverage, 
coelenterate hydroids, dominated during the initial 60 
days (71.11%), and disappeared after 60 days. 

Settlement of colonial ascidians also peaked around 
90 (39.78%)–120 days (24.76%), similar to SS, but their 
presence was short-lived on Ti. Encrusting bryozoans 
were found in few numbers throughout the study period, 
further supporting the trend of lower fouling on Ti. Green 
mussels settled and dominated the fouling community 
after 120 days (0.92 individuals/cm2) up to 300 days (0.72 
individuals/cm2). Similar to SS substrate, the presence of 
green mussels reduced the settlement of other organisms 
particularly barnacles, creating competitive pressure 
among species for space on the substrate. Overall, the 
relatively lower surface coverage on Ti indicates less 

biofouling accumulation compared to SS and FRP. 
Fibre-reinforced plastic surfaces was found to 

accumulate higher biofouling compared to SS and 
Ti. Barnacle settlement peaked (1.77%), during the 
first 60 days of exposure. Additionally, green mussels 
and polychaete tube worms exhibit higher densities 
(0.92% and 0.40% respectively) on FRP, with continuous 
colonization observed after 120 days. Fibre-reinforced 
plastic supports a more diverse fouling community, likely 
due to its rougher surface texture and inert material 
composition, which provide more attachment points for 
organisms. In terms of surface coverage, coelenterate 
hydroids (20%), dominated along with barnacles during 
the early stages (first 60 days) but decline gradually, with 
the drop being less sharp than on SS and Ti. Colonial 
ascidians were found to appear later, peaking around 
60 days (33.11%)–120 days (16.44%), and maintain a 
longer presence, suggesting that FRP provides a more 
stable environment for biofouling. Encrusting bryozoans 
were observed on the coupons and showed an increase 
in percentage coverage after 90 days (23.87%)–170 
(10.67%) days, which was unique and not observed on SS 
and Ti surfaces. Green mussel density was notably high on 
this substrate, with spats beginning to attach from day 90 
(0.34 individuals/cm2) and steadily increasing, reaching 
a peak by 120 days (0.92 individuals/cm2). In contrast, 
attachment on SS and Ti substrates was observed only 
after 120 days. Overall, the higher surface coverage 
on FRP suggests that it is the most prone to biofouling 
accumulation among the materials studied.

Hierarchical cluster analysis grouped the nine marine 
fouling species into four distinct clusters based on their 
standardized monthly abundance patterns shown in 
Figure 3. Although it does not display seasons explicitly, it 
reflects how closely species are aligned in terms of their 
temporal dynamics throughout the year. Species that 
are joined by short branches such as polychaete tube 
worms, oysters, and colonial ascidians exhibit similar 
seasonal trends, likely responding in comparable ways 
to environmental or ecological cues. In contrast, species 
like barnacles, solitary ascidians, and green mussels are 
separated by longer branch lengths, indicating distinctly 
different temporal behaviours. The stepwise clustering 
seen in the dendrogram highlights the presence of both 
tightly cohesive groups and more isolated taxa, providing 
insight into the degree of seasonal specialization or 
generalism.

Barnacles consistently appear as one of the most 
isolated species in the dendrograms, branching off at 
a large dissimilarity distance. This reflects their unique 
seasonal colonization pattern characterized by a distinct 
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early-year peak (January–February) followed by a steep 
decline in their number through the rest of the year. 
Even though barnacles were year-round breeders at the 
tropical location, a peak in their settlement was observed 
in the months of January–February characterized by 
lower water temperatures. In all three dendrograms 
(Figure 3a,b,c), green mussels consistently appear as a 
distinct entity, clustering separately from other fouling 
species or joining groups only at high dissimilarity levels. 
This consistent isolation suggests that their seasonal 
abundance pattern is markedly different from the 
rest of the community. Unlike other taxa that exhibit 
synchronized settlement trends such as peaks during 
spring or declines in monsoon,  green mussels show a 
unique temporal trajectory characterized by a decline in 
early spring followed by a steady increase through the 
summer and post-monsoon periods. This inverted pattern 
relative to species like solitary ascidians or barnacles 
likely reflects differences in ecological strategies, such 
as reproductive timing, settlement preferences, or 
environmental tolerance. As a result, their consistent 
unique status across all clustering analyses highlights 
their potential role as an indicator species for specific 
environmental conditions or seasonal shifts that are not 
captured by other taxa. 

Solitary ascidians display a sharp spike in abundance 
during April and are otherwise low or negative throughout 
the year. Hydroids branch earlier in the clustering process 
and show a moderately distinct pattern, peaking early 
in the year (January–February) similar to barnacles and 
remaining low afterward. Polychaetes cluster more 
closely with species like oysters and ascidians, indicating 
moderately synchronized seasonal dynamics. Oysters 
follow a similar pattern to polychaete tube worms, 
showing moderate abundance through late spring and 
summer. Colonial ascidians exhibit mild abundance in 
PRM (March–May) and negligible presence afterward. 
Their limited seasonal window places them close to 
oysters and polychaetes in the dendrogram. Bryozoans 
show a brief spring peak (May), followed by low or absent 
values. They are structurally clustered with colonial 
ascidians, implying similar ecological timing. 

The other species observed shows fluctuating 
presence without a sharp peak, resulting in a moderate 
position in the dendrogram. It clusters loosely with 
the mid-year species, reflecting variable and possibly 
opportunistic dynamics, possibly driven by less dominant 
or transient taxa. Based on the comparative analysis of 
the three dendrograms corresponding to SS, Ti, and FRP 
substrates, it is evident that FRP is the most favourable 
surface for the recruitment of green mussels. In the Ta
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Figure 3. Bray-Curtis similarities of species diversity in different materials (a) stainless steel, (b) titanium, & (c) fibre reinforced plastic in a year 
(Jan–Dec 2022).
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dendrogram for FRP, green mussels are less isolated 
and join clusters with other fouling species at a lower 
dissimilarity level. This suggests that their seasonal 
abundance pattern on FRP aligns more closely with the 
broader fouling community, indicating consistent and 
possibly robust recruitment.

In contrast, on SS, green mussels appear highly 
isolated in the dendrogram, branching off at a large 
dissimilarity distance. This implies that their occurrence 
on SS is ecologically distinct, likely reflecting limited 
settlement or poor substrate compatibility. Titanium 
shows an intermediate pattern, where green mussels still 
remain relatively isolated but to a lesser extent than on 
SS, suggesting moderate but less predictable recruitment. 
The overall trend points to FRP providing surface 
characteristics such as suitable roughness, favourable 
biofilm development, or lower material toxicity that 
better supports the settlement and establishment of 
green mussels compared to the other metallic substrates.

Relationship between environmental parameters 
and fouling load in different coupons

Environmental parameters and correlations
Correlation matrix provides insight into the 

relationships between different water quality 
parameters and biofouling loading on coupons. Water 
temperature (WT) is strongly correlated with salinity 
(0.874, p < 0.001), Table 3. This could be due to the 
evaporation of water, which concentrates salts in the 
remaining water body. Conversely, dissolved oxygen (DO) 
and temperature exhibit a strong negative correlation 
(-0.646, p = 0.023), suggesting that higher temperatures 
reduce the solubility of oxygen in water. This is a well-
documented phenomenon, as warmer water holds 
less oxygen, potentially leading to hypoxic conditions 
in aquatic ecosystems. Additionally, salinity and DO 
also show a significant negative correlation (-0.852, p < 
0.001), indicating that areas with higher salinity tend to 
have lower oxygen levels, possibly due to reduced mixing 
or increased biological oxygen demand. pH was positively 
correlated with DO (0.863, p < 0.001). This could be 
due to increased photosynthetic activity in the water, 
which both raises pH (due to CO₂ uptake) and increases 
oxygen levels. On the other hand, pH and salinity have a 
negative correlation (-0.723, p = 0.008), suggesting that 
higher salinity waters tend to be more acidic. This could 
be due to the influence of dissolved salts and carbonate 
chemistry in marine or estuarine environments.

Among the inorganic nutrients a strong correlation 
between nitrite and nitrate (0.839, p < 0.001) was 

observed. Similarly, ammonium (NH4) and nitrate 
have a strong inverse correlation (-0.843, p < 0.001), 
meaning that when ammonium concentrations are 
high, nitrate levels tend to be lower. This could indicate 
active nitrification, where ammonium is converted 
to nitrate through microbial processes. The overall 
pattern in these relationships points to active nitrogen 
cycling, likely influenced by biological activity and 
environmental conditions such as oxygen availability. 
Stainless steel is often used in marine environments 
due to its corrosion resistance, but does not inherently 
possess anti-fouling properties. Earlier studies with SS 
in seawater environments revealed that interaction of 
metals under neutral pH conditions results in an increase 
in electrostatic interactions, which can affect microbial 
adhesion, while alkaline conditions potentially accelerate 
surface oxidation (Ferris et al. 1989; Sedriks 1996). 

Alternatively, it might indicate that SS structures 
are more commonly used in environments where pH is 
naturally higher. A decrease in pH reduces electrostatic 
interactions, thereby diminishing the free energy 
available for metallic ion adsorption (James & Healy 
1972). Stainless steel corrosion is known to be affected 
by oxygen levels, as oxidation processes (such as the 
formation of chromium oxide protective layers) require 
oxygen (Kritzer 2004). Higher DO levels might enhance 
corrosion under certain conditions, especially in the 
presence of chlorides (Kritzer et al. 2000). Stainless 
steel can be prone to biofouling, but factors like 
surface roughness, passive oxide layer formation, and 
environmental conditions play a role.

Material-specific fouling and corrosion
Titanium is known for its excellent corrosion 

resistance in seawater due to its strong passive oxide 
layer (TiO₂), which reduces microbial attachment 
(Órdenes-Aenishanslins et al. 2014). Additionally, the 
photocatalytic properties of TiO2 have been utilized 
for disinfection purpose, demonstrating antimicrobial 
activity under certain conditions (Simonin et al. 2016). 
Titanium is generally corrosion-resistant, but its 
interactions with dissolved organic matter, suspended 
solids, could initiate primary biofilm formation aiding 
settlement and colonization of higher organisms. 

FRP surfaces are generally more prone to biofouling 
than metals due to their rough texture and ability to trap 
microorganisms. Several researchers have examined the 
adhesion of marine bacteria on various surfaces and 
concluded that bacterial attachment is lower on low-
energy (hydrophilic) surfaces compare to high-energy 
surfaces, which promotes stronger adhesion (Dexter et 
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al. 1975; Hamza et al. 1977). Muthukumar et al. (2011) 
reported that glass fibre reinforced polymer and carbon 
fibre reinforced showed maximum fouling (barnacle) 
attachment on hard surfaces (Muthukumar et al. 2011) 
than on flexible surfaces (Silicon rubber). FRP is the most 
prone to biofouling among the three due to its rough 
surface and micro plastic shedding, which can support 
microbial colonization.

Green mussel settlement patterns
Green mussel settlement was observed after 150 

days and continues by covering the coupons completely. 
The attachment was seen during June–December with 
peak in August–September. In our study the first peak 
was lesser spat settlement. Green mussels dominating 
the whole surface area and not letting any other 
organisms to grow during this time. In previous report, 
it was observed that green mussel settlement during 
April–November with peaks in May–June, which showed 
some similarities to our current study carried out at the 
study area (Rajagopal et al. 1997; Sahu et al. 2011). It is 
also reported that the peak during March–November 
and with second peak August–September by (Paul 1942) 
Madras harbour. This peak settlement coincided with 
relative high temperature during the period (Selvaraj 
1984). Myint & Tyler (1982) reported that spawning 
occurs according to the availability of food resources and 
high salinity. This indicates that more larval abundance 
and settlement pattern of green mussels influenced 
by the availability food, high temperature and salinity 
(Pieters et al. 1980; Newell et al. 1982).

Implication of materials selection
The present study highlights the significant 

differences in biofouling accumulation on SS, Ti, and FRP 
over time. Titanium is the most resistant material, while 
FRP shows the highest susceptibility to fouling, making 
it less favourable for long-term marine applications. 
Seasonal variations in fouling loads have also been 
reported in studies conducted at other locations (Swami 
& Chhapgar 2002; Swami & Udhayakumar 2010; Sahu et 
al. 2015). Understanding these material-specific trends 
is crucial for selecting appropriate materials for offshore 
structures, cooling water systems, and other marine 
applications where biofouling can impact performance 
and maintenance costs. When considering the other 
side of the story, it is important to recognize that the 
same materials that may be prone to biofouling can also 
serve as valuable substrates for recruiting desired marine 
organisms for aquaculture purposes. Among the three 
substrates used for recruitment studies, Ti remained to be 

highly resistant to fouling. However, stainless steel, with 
its moderate resistance to fouling, may offer a balanced 
substrate for attracting certain species, particularly those 
that thrive in semi-clean environments. Its ability to 
support a variety of organisms, from barnacles to algae, 
can be advantageous for applications like marine habitats 
or artificial reefs where biodiversity is desired.

CONCLUSION

In conclusion, the comparative analysis of 
the materials reveals distinct differences in their 
susceptibility to biofouling as well as species succession 
patterns. Among the three surfaces, evaluated titanium 
showed the least biofouling with a low density of fouling 
organisms and minimal surface coverage, highlighting 
its resistance to biofouling. Stainless steel surfaces on 
the other hand, experienced moderate fouling, with 
barnacles settling early but eventually their numbers 
decreased as settlement of other organisms occurred, 
leading to a more balanced fouling community over 
time. In contrast, FRP was found to be a most suitable 
substrate for settlement and recruitment of many 
biofouling organisms and was found to support a higher 
density of organisms due to its inert nature and rough 
surface. Ideally barnacles were the initial settlers on 
all three surfaces during the first 30 days of exposure 
followed by coelenterate hydroids which dominated 
the surfaces after 30 days of immersion. Colonial and 
mat forming ascidians, solitary bryozoans settled and 
colonized from the 60th day.  Green mussels formed the 
mature fouling community with on all three surfaces with 
settlement observed from 120 day. Results of the study 
provide the biofouling potential of these three surfaces 
and FRP surfaces was found to sustain a more diverse 
fouling community.
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