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GENERAL INTRODUCTION

Barnacles are the dominant macrofouling organisms found all over the world. 

Among barnacles Balanus amphitrite is a predominant species inhabiting the Indian 

coastline. Pitombo (2004) carried out a major phylogenetic revision of Balanidae that 

resulted in a new family Amphibalanidae. As a consequence, B. amphitrite was 

renamed as Amphibalanus amphitrite. However, Clare and Hoeg (2008) suggested 

that the introduction o f Amphibalanus would seriously confuse the naming of a 

barnacle that is at the centre of experimental research and suggested retention of the 

earlier nomenclature or adoption of a compromise nomenclature. Conversely, in a 

reply to this suggestion Carlton and Newman (2009) stated that the new name, 

Amphibalanus amphitrite was proposed in accordance with the International Code of 

Zoological Nomenclature. They also pointed out that the criticism offered by Clare 

and Hoeg (2008) had no scientifically valid reason to return to the earlier 

nomenclature of this or any other well-known species of barnacle. In view of this, 

though I have used B. amphitrite throughout the thesis, I wish to state that it is 

without any prejudice to the debated taxonomic status.

Larval development in B.amphitrie is through 6 planktotrophic naupliar stages 

followed by a pre-settling non-feeding cyprid stage. Cyprids explore for a suitable 

substratum to settle and metamorphose. In the life cycle o f barnacles, the cyprid 

stage is the transitory stage between the pelagic and sessile life. Larval settlement is 

an active behavioral process influenced by environmental factors and also depends on
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the properties of the substratum. Metamorphosis of cyprids to juveniles and their 

growth to adults depends on various pre-and post-settlement factors. Studying the 

recruitment o f intertidal organisms such as barnacles with a two-phase life cycle and 

to understand the determinants of recruitment is a complex problem. Many processes 

which operate during the pelagic pre-settlement phase and benthic post-settlement 

phase at different spatial and temporal scales can determine the success of a barnacle 

population (Pineda et al, 2009 and the references therein). Distribution and 

abundance o f barnacles at regional and local scales are shaped by climatic as well as 

oceanographic processes. A range of abiotic factors, such as temperature, 

precipitation and local hydrodynamics can affect the abundance o f barnacles at local 

and regional scales. Besides these abiotic factors, biotic factors such as competition, 

predation, food availability, reproduction, larval supply, substratum cues and larval 

behaviour can all influence the distribution and abundance o f barnacles in a particular 

bioregion (Scheltema 1974; Ryland 1976; Crisp 1984; Rittschof and Bonaventura 

1986; Svane and Young 1989; Morse 1990; Pawlik 1992; Abelson and Denny 1997; 

Rittschof et al, 1998; Clare and Matsumura 2000, Railkin 2004; Khandeparker and 

Anil 2007). The problem that concerns ecologists worldwide is the change in 

population abundance over a period of time which is directly or indirectly dependent 

on the above mentioned biotic and abiotic factors. Survival of organisms till 

reproduction is also very important ecologically as well as evolutionarily because 

individuals can contribute genes to the next generation only when they survive to 

reproduce (Pineda et al, 2009).
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Since the larval life cycle of this species has both planktrotrophic naupliar and 

non-feeding cyprid stages, naupliar energetics has a bearing on the capabilities of 

cyprids to explore surfaces for settlement and also the recruitment success of 

juveniles. Barnacle larvae have evolved complex photoreceptors and elaborate 

phototactic behaviors, which help them to identify suitable habitats for feeding and 

settlement (Chiang et al, 2003). The ability o f the cyprid to discriminate between 

surfaces determines its successful transition. In all Cirripedia, the cypris is a key 

phase or plays a key role in locating a suitable substratum for settlement (Lagersson 

and Hoeg 2002). Most of the balanomorph barnacles are simultaneous 

hermaphrodites (Chamov 1987), for which obligate internal cross-fertilization is the 

norm. However, incidences o f self-fertilization have also been reported (Barnes and 

Crisp 1956; Furman and Yule 1990; El-Komi and Kajihara 1991; Desai et al, 2006). 

B. amphitrite is known to breed year round in Indian waters (Karande 1967) and 

experiments with this species indicate that it breeds frequently with brood intervals of 

5-8 days per brood (El-Komi and Kajihara 1991). Temperature and nutritional 

conditions also influence breeding and molting processes in this species. Availability 

o f food is of fundamental importance in the development of barnacles with high 

metabolic rates. The ability o f the adults to postpone hatching may have important 

implications for the energy reserves and viability o f newly hatched nauplii (Lucas and 

Crisp 1987). Thus, in balanomorph barnacles, energy metabolism of eggs has a vital 

role in their larval ecology.
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It has also been suggested that persistent changes in the structure of pelagic 

food webs can have important effects on the species-specific food availability for 

invertebrate larvae, which can result in large-scale differences in recruitment rates of 

a given species and in the relative recruitment success of different species that make 

up benthic communities (Vargas et al, 2006). Variations in the settlement behavior 

o f cyprid larva is influenced by the energy reserves (Lucas et al, 1979; Anil .and 

Kurian 1996; Pechenik et al, 1998; Anil et al, 2001; Thiyagarajan et al, 2002a; Desai 

and Anil 2004 and references therein), as the cyprids do not feed and derive energy 

from stored lipids accumulated during the planktotrophic larval developmental stages. 

Cyprids can prolong larval duration in the absence of stimuli. However, after 

delaying, larvae settle in a less discriminatory manner (Knight- Jones 1953; Rittschof 

et al, 1984; Toonen and Pawlik 2001), probably because energy reserves are depleted 

in the searching process (Lucas et al, 1979), which jeopardizes post-metamorphic 

growth and/or survival (Pechenik and Cerulli 1991; Pechenik et al, 1993). This 

signifies the importance o f energy reserves and/or nutritional conditions of larvae in 

the process of settlement and attachment. Even after successful metamorphosis, 

competitive ability of juveniles can be impaired by reduced growth rate which is 

dependent upon larval energetics (Jarrett and Pechenik 1997; Jarrett 2003). Pechenik 

et al. (1993) observed that delayed metamorphosis in B. amphitrite increases an 

individual's chance o f locating a site appropriate for metamorphosis but 

simultaneously reduces the ability to compete for space within the first few weeks of 

juvenile life.
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There has been a growing body of evidence showing that decrease in larval 

energetic reserves can strongly impose upon post-metamorphic success (Jarrett 1997; 

Pechenik et al, 1998; Miron et al, 2000; Anil et al, 2001). Starvation or food 

limitation has also been considered as an important cause of reproductive loss in 

marine invertebrate larvae (Lang et al, 1979; Anil et al, 1995; Desai and Anil 2000,

2004). The larval development duration has also shown to be increased after 

starvation (Desai and Anil 2000, 2004). Laboratory experiments have shown that the 

starvation capability o f larvae o f the barnacle Balanus amphitrite is influenced by 

temperature and the type o f food available (Anil et al, 1995; Desai and Anil 2000, 

2004).

Timing of larval release by an adult is also another important factor that 

determines barnacle recruitment success. The quality of larvae released is also 

important in determining their ultimate recruitment success (Anil et al, 1995). 

Studies have shown that phytoplankton blooms can synchronize barnacle spawning 

(Barnes and Barnes 1957; Starr et al, 1990, 1991). Spatial and temporal variations in 

the concentration of available phytoplankton can lead to considerable difference in 

the opportunities of feeding for planktotrophic marine invertebrate larvae. Larvae in 

the natural habitat have to survive wide variations in environmental parameters as 

well as the availability o f food.

Information on the food consumed by the barnacle nauplii in the wild is very 

much lacking in spite o f its importance in larval energetics, dispersion, settlement and



6

recruitment (Turner et al, 2001; Vargas et al, 2006). Work on laboratory rearing of 

nauplii, fed on unialgal cultures demonstrates that nauplii feed efficiently on cells 

over a different size-range (Vargas et al, 2006). However, this knowledge is derived 

from incubation experiments, most o f them using laboratory cultured phytoplankton 

as food (Qiu and Qian 1997; Anil et al, 2001; Desai and Anil, 2004; Desai et al, 

2006). Different techniques (such as quantification of fecal pellets egested by the 

larvae, gut fluorescence analysis and stable isotopic analysis) are employed in this 

study to assess the feeding o f larvae collected from the natural environment.

Barnacle larvae, depending upon the bioregion, have differential 

developmental duration and the cues provided for metamorphosis could vary. In 

addition to this, variability in physical processes can yield different dispersion 

scenarios. As the larval life span o f barnacles lasts for several days, the capability of 

larvae to disperse to distant localities cannot be negated and it has been recognized as 

one o f the pathways o f reproductive loss. Larval mortality can also diminish the 

number o f surviving larvae with time and distance from their source. Temperature 

fluctuations, absence o f adequate settlement substratum, offshore transport of larvae, 

starvation and predation have long been regarded as important contributors to the 

high mortality o f larvae (Thorson 1950). Larval transport is a key component of the 

settlement rate, the rate at which planktonic larvae establish permanent contact with 

the substratum (Connell 1985) and a key component of recruitment rate, the rate at 

which juveniles join the population. Phenomena influencing settlement include 

processes influencing the larval pool, physical transport, hydrodynamics, substratum
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availability and behavior (Pineda 1994, 2000). Physical transport processes such as 

local wind patterns and hydrodynamics along with larval behaviour also determine 

the rate o f arrival of larvae in a particular area (Crisp 1955; Gaines et al, 1985; 

Minchinton and Scheibling 1991; Pineda 1994; Bertness et al, 1996; Thompson et al, 

1998; Shanks 1998). Changes in physical factors such as tidal regime, wind forcing 

and also the supply of food for both the larvae and the adult population can result in 

variations in settlement and recruitment of barnacles. Wind-induced larval transport 

can also cause large-to medium-scale variations in settlement and recruitment of 

barnacles (Pineda 1994). Difference in the orientation of coastline relative to the 

prevailing wind can also results in differences in larval settlement o f that area 

(Kendall et al, 1982, 1985). Fluctuations in the rate of larvae arriving at each of the 

locality by area-specific hydrodynamic processes or by behavioural preferences of the 

larvae at settlement can also influence the recruitment of barnacles (Connell 1961a; 

Pineda 1994).

Rocky intertidal habitats that exist at the margins of both terrestrial and 

marine realms are subject to environmental changes posed by both aquatic and aerial 

climatic regimes. The use o f intertidal organisms as indicators of climate change has 

been proposed (Mieszkowska et al, 2006). Temperature affects almost all 

physiological processes and many ecological interactions. This indicates that 

temperature changes associated with either climate change or other anthropogenic 

reasons are expected to alter the diversity of communities and ecosystem functioning. 

Several studies have indicated that temperature can affect the survival, physiological
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performance o f organisms and species distributions (Orton 1929; Hutchins 1947; 

Vemberg 1962; Somero 2005; Helmuth et al, 2006). It has also been observed by 

Yule and Walker (1984) that B. amphitrite naupliar swimming rate significantly 

increases with increasing temperature and hypothesized that, if the larvae swim faster 

due to an increase in temperature, a greater percentage of their available energy may 

go into swimming and the ability o f the larvae to replace that energy becomes a 

limiting factor for continued larval development.

An understanding o f the scales at which variations in settlement and 

recruitment occur will allow identification o f those processes most important in 

determining the settlement and recruitment rate in any particular area (Levin 1992; 

Jenkins et al, 2000). To figure out the different factors which are responsible for 

either success or decline o f a population in a particular bioregion, we need to monitor 

them on a regular basis. Long-term monitoring o f intertidal biota such as barnacles 

can act as proxy for forecasting climate change. Along the coast of India, there has 

been considerable effort in documenting the intensity of biofouling since the early 

1960’s. However, studies pertaining to spatial and temporal variations in settlement 

and recruitment o f the barnacle Balanus amphitrite along the Indian coast are very 

much lacking in spite o f its dominance in the intertidal community (Desai and Anil

2005). Barnacles from the region are mostly studied with respect to its importance in 

the macrofouling community (Daniel 1954; Iyengar et al, 1957; Karande 1965; Nair 

1965; Menon et al, 1977; Anil 1986; Satyanarayana Rao and Balaji 1988; Fernando 

1990; Venugopalan and Nair 1990). The present study deals with the settlement and
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recruitment o f barnacle Balanus amphitrite along the coast of Goa, west coast of 

India and some of the factors influencing settlement and recruitment of barnacles in 

this tropical environment on spatial and temporal scales. Compilations of the 

observations made at some localities along the west coast of India (Mumbai, Goa, 

Mangalore and Cochin) are also provided to bring out the changes that have occurred 

in barnacle population in the region during the last few decades and the possible 

causative factors for such changes in this tropical monsoon- influenced environment 

are dealt with.

The chapters addressed in the thesis are: Settlement and recruitment of the 

barnacle Balanus amphitrite and an overview o f the changes in abundance of 

barnacles along the west coast of India, Distribution studies of barnacle larvae, 

Feeding studies o f barnacle larvae and a concluding summary.
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2A.1. INTRODUCTION

Settlement is the culmination o f cyprid metamorphosis to a juvenile, 

whereas recruitment is the survival of the individual to an adult. Successful 

settlement and subsequent recruitment in an area indicates the population’s 

sustainability in that particular region. Metamorphosis of cyprids to juveniles and 

their further growth to adults depends on various pre-and post-settlement factors. 

To figure out the different factors which are responsible for either success or 

decline o f  a population in a particular bioregion, one has to monitor them on a 

regular basis. In view o f this, observations were carried out on settlement and 

recruitment o f barnacles from a tropical, monsoon-influenced environment (Goa- 

west coast o f India) on spatial and temporal scales.

Settlement rate which is defined as the rate at which planktonic larvae 

establish permanent contact with the substratum, depends on a number of factors 

which operate over different spatial and temporal scales (Jenkins et al, 2000). 

Settlement is influenced by variations in physical factors such as water 

temperature, salinity, current patterns that may disperse the planktotrophic larvae 

and biological factors such as phytoplankton abundance, which is a source of food 

for the larvae as well as adult populations (Anil et al, 1995; Anil et al, 2001; 

Desai and Anil 2002; 2005) and also at the same time competition for space and 

predation by other intertidal organisms along with substratum cues and larval 

behaviour. Larval abundance in an area, which is one o f the important sources of 

variation in settlement, is influenced by variations in reproduction and adult 

population o f the area (Wellington and Victor 1988). Physical transport processes
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such as local wind patterns and hydrodynamics along with larval behaviour and 

substratum characteristics also determines the rate of arrival o f larvae in a 

particular area (Crisp 1955; Gaines et al, 1985; Minchinton and Scheibling 1991; 

Pineda 1994; Bertness et al, 1996; Thompson et al, 1998; Shanks 1998). An 

understanding of the scales at which variations in settlement and recruitment 

occur will allow identification o f those processes most important in determining 

the settlement and recruitment rate at any particular area (Levin 1992; Jenkins et 

al, 2000).

Studies on spatial and temporal variations in settlement and recruitment of 

the barnacle Balanus amphitrite along the Indian coast are very much lacking in 

spite o f  its dominance in the intertidal community (Desai and Anil 2005). 

Barnacles from the region are mostly studied with respect to their importance in 

the macrofouling community (Daniel 1954; Iyengar et al, 1957; Karande 1965; 

Nair 1965; Menon et al, 1977; Anil 1986; Fernando 1990). This investigation 

deals with the monitoring o f  settlement and recruitment of the intertidal barnacle 

Balanus amphitrite from the coast of Goa, west coast of India on spatial and 

temporal scales. The probable factors responsible for the variations in settlement 

and recruitment o f barnacles on different spatial and temporal scales in this unique 

tropical region which is influenced by monsoons is also addressed.

2A.2. MATERIALS AND METHODS

2A.2.1 Study area
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Fig. 2A. 1. Study locations for settlement and recruitment monitoring 1. Dona Paula; 2. Mormugao Port; 3. INS-Mandovi; 4. Arambol.
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This study was earned out along the coast o f Goa, west coast o f India (Fig. 

2A.1). Four different stations were selected (Dona Paula, Mormugao Port (MPT), 

INS-Mandovi and Arambol). Station Dona Paula is situated at the mouth of the 

Zuari estuary which is continuously exposed to wave flushing due to its perennial 

connection with the Arabian Sea. Station Mormugao Port (MPT) is one of the 

busiest ports along the central west coast o f India. Station INS-Mandovi is a 

Naval jetty located near the mouth o f the Mandovi estuary and station Arambol is 

located at the northern end o f the Goa coast which is directly exposed to the 

Arabian Sea with a rocky shoreline. The local tidal amplitude in the region ranges 

from 0.25m during neap tides to 2.5m during spring tides. The study sites are 

influenced by south-west monsoons. Based on the influence o f monsoons, a year 

can broadly be classified into pre-monsoon (February to May), monsoon (June to 

September) and post-monsoon (October to January) seasons.

2A.2.2 Settlement and recruitment

Settlement and recruitment o f the barnacle Balanus amphitrite was studied 

at 4 different stations. At stations Dona Paula and Mormugao Port (MPT) the 

observations were made from June 2005 to May 2007, whereas at station INS 

Mandovi and Arambol, the observations were made from June 2006 to May 2007. 

Panels o f aluminium and acrylic materials o f size 15x10cm were used as a
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substratum at stations Dona Paula, MPT and INS-Mandovi. Every month, a new 

set o f  panels were immersed in triplicate and six marked quadrats o f size 25cm2 

each were observed. At station Arambol, the observations of settlement and 

recruitment were made from a naturally available rocky substratum. Quadrats of 

25cm2 were marked in triplicate at the beginning of each month. The surfaces of 

the marked quadrats were manually cleaned for the existing fauna using a 

scrapper and then by a nylon brush so that no cyprids were present on the cleaned 

surfaces. Settled and recruited barnacles on the panels as well as rocky 

substratum were counted at the end o f a respective month with the help o f a hand

held lens. Seasonal observations o f settlement and recruitment were also made by 

retaining the respective month panels and the marked quadrats o f the rocky 

substratum till the end o f a particular season. 0-2mm size classes were considered 

as settlers and above 2mm size classes were considered as recruits. Sizes (rostro 

carinal basal diameter) o f the recruits were also monitored on a monthly as well as 

seasonal basis. Settlement and recruitment o f the barnacles is expressed in terms 

of numbers per decimetre square (No./dm ).

2A.2.3 Environmental variables

Samples to measure environmental variables such as temperature, salinity, 

pH, dissolved oxygen (DO), nutrients (nitrate, nitrite, phosphate and silicate), 

chlorophyll a and suspended particulate matter (SPM) for the period 2005-2007 

were also taken from 7 different stations on a bimonthly basis (for station 

locations see Chapter 3; Fig. 3.1A). Samples were collected in triplicate. 

Standard procedures were used for the analyses o f  these variables (Parsons et al,
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1984). The rainfall data for the study period were also obtained from the Indian 

meteorological department to evaluate the influence o f monsoons over the area.

2A.2.4 Data analysis

Settlement and recruitment data o f barnacles which were collected during 

different months were log x+1 transformed to ensure normality o f means and 

homogeneity o f variances before subjecting to statistical analysis. The log x+1 

transformed data was then subjected to two-way analysis of variance (ANOVA) 

(Sokal and Rohlf 1981) to evaluate the variance between different sampling 

months at each station (temporal variation) and also between different stations 

(spatial variation). For the analysis of spatial variation, station Arambol was 

excluded to nullify the effect o f  substratum since, at this station, the observations 

were carried out from a naturally available rocky substratum. Correlation analysis 

was performed between settlement, recruitment and environmental variables and 

also between the settlement and subsequent recruitment of barnacles.

2A.2.5 Clustering and ordination analysis

Log x+1 transformed data o f settlement and recruitment o f barnacles 

which were collected during different months were converted to a lower triangular 

similarity matrix using Bray-Curtis coefficients (Bray and Curtis 1957). These 

similarity matrices were then subjected to clustering and ordination techniques. 

Clustering was performed using the group average method (Pielou 1984) and 

ordination was done by Non-metric Multidimensional Scaling (NMDS) (Kruskal
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and W ish 1978). These analyses were carried out using the software PRIMER 

version 5.

2A.3. RESULTS

2A.3.1 Environmental variables

The bimonthly observations o f environmental variables during the period 

2005-2007 from 7 different stations are provided in Table 2A.1. Temperature 

ranged between 27 to 36.2°C. Salinity ranged between 0.2 to 36.7. pH ranged 

between 7.2 to 9.18. Dissolved Oxygen ranged between 2.45 to 7.57ml.f1. 

Nutrients such as nitrate ranged between 0.04 to 13.21pM, nitrite ranged between 

0.03 to 12.60pM, phosphate ranged between 0.10 to 4.28pM and silicate ranged 

between 1.18 to 76.41 pM. Suspended particulate matter ranged between 6.05 to 

nO .Sm g.l'1 and Chlorophyll a  concentration ranged between 0.4 to 11.50mg.m'3 

(Table 2 A. 1)

2A.3.2 Temporal variations in settlement and recruitment

Settlement varied significantly among the sampling months at all the 4 

stations monitored during the period 2005-2006 and 2006-2007 (ANOVA: 

p<0.05). In general, settlement was lower during the monsoon season when 

compared to post- and pre-monsoon seasons (Fig. 2A.2 a & b; Fig. 2A.3 a & b; 

Fig. 2A.4 a & b; Fig. 2A.5). Recruitment also varied significantly among the



Table 2A.1. Environmental variables from the region during the study period. (Stations: 1-Old Goa, 2-Panjim bridge, 3-Miramar, 4- 
Offshore, 5-MPT, 6-Dona Paula, 7-Zuari bridge)

Stations/months Mar.
2005

May
2005

Sept
2005

Nov.
2005

Jan.
2006

Mar.
2006

May
2006

Sept
2006

Nov.
2006

Jan.
2007

Mar.
2007

May
2007

1 29.6 32.7 27.2 28.3 36.2 31.0 28.0 28.0 30.0 29.0 34.0 30.0
2 29.2 31.1 28.3 28.4 26.4 29.6 29.0 29.2 30.0 27.0 33.0 31.5
3 29.0 30.8 28.1 28.5 26.5 30.0 30.0 28.5 30.0 28.5 32.0 30.0

Temperature (°C) 4 28.7 29.9 28.3 28.2 27.7 29.6 30.0 28.0 30.0 29.5 32.0 31.0
5 28.5 31.9 27.0 28.2 27.3 29.4 30.0 28.8 30.0 29.0 31.0 31.0
6 29.3 31.5 28.1 28.7 27.0 29.8 30.0 28.6 28.0 29.5 31.0 30.0
7 30.0 32.5 28.8 28.8 27.0 32.0 29.0 30.0 30.0 29.5 30.0 30.0

1 8.3 8.3 7.1 8.2 8.4 8.0 8.4 7.5 7.2 7.5 8.2 8.4
2 8.4 7.8 7.6 8.2 8.5 8.4 8.6 7.8 7.3 7.5 8.5 8.6
3 8.5 8.0 7.9 8.3 8.5 8.3 8.8 7.9 7.2 7.6 8.3 8.8

pH 4 8.4 8.3 8.7 8.2 8.6 8.4 9.0 8.0 7.9 7.6 8.6 9.0
5 8.5 8.0 8.6 8.4 8.6 8.4 8.7 8.0 8.0 7.5 8.6 8.8
6 8.4 8.4 8.4 8.3 8.5 8.3 9.1 7.9 7.8 7.5 8.5 9.2
7 8.3 8.0 8.3 8.0 8.1 8.0 9.0 7.5 8.0 7.6 8.2 9.0

Cont..



Salinity

1 30.0 33.3 0.2 18.0 23.2 24.3 0.4 0.2 14.0 25.0 28.0 33.3
2 34.0 36.0 3.7 33.3 33.3 34.6 10.0 7.3 25.0 31.0 34.0 35.1
3 34.2 35.3 5.5 33.3 33.0 33.9 17.0 17.8 30.0 35.0 37.0 35.3
4 35.5 36.7 12.9 36.7 33.5 35.2 31.0 35.0 35.0 39.0 38.0 36.6
5 34.4 36.0 17.9 36.0 34.1 34.6 31.0 20.6 34.0 37.0 36.0 36.0
6 34.5 36.0 17.7 34.0 33.0 34.3 27.0 17.9 33.0 35.0 37.0 36.0
7 33.2 34.7 3.9 32.0 26.7 28.4 21.0 10.0 29.0 28.0 35.0 34.7

1 2.45 3.64 3.19 2.85 4.55 4.10 4.67 2.90 2.50 3.76 2.85 4.10
2 2.85 3.76 2.96 2.62 4.04 4.44 4.78 2.73 3.02 4.21 3.85 3.76
3 2.79 3.76 3.19 2.62 4.55 3.98 5.63 3.41 3.56 4.50 2.85 3.87

D.O. (ml. r1) 4 2.85 2.73 3.24 2.62 4.44 4.44 6.60 3.19 3.62 4.55 2.79 3.76
5 2.85 3.76 2.73 3.02 4.21 4.21 5.46 3.19 2.85 4.55 2.45 3.64
6 2.85 3.87 3.41 2.56 4.50 4.15 7.57 2.96 3.62 4.04 3.85 4.76
7 2.85 4.10 2.90 2.50 3.76 4.55 7.00 3.24 2.62 4.44 3.85 2.73

1 1.27 0.07 0.05 0.25 0.84 1.59 0.09 8.5 0.25 0.2 1.74 9.4
2 0.09 0.00 0.20 0.49 0.58 0.09 0.00 13.21 0.54 4.08 1.34 3.73
3 0.09 0.42 0.08 0.66 0.59 0.08 0.30 5.34 0.25 3.22 1.22 2.93

Nitrate (fiM) 4 0.09 0.06 0.05 0.57 0.28 0.06 0.04 0.35 0.54 3.16 1.36 6.2
5 0.08 0.30 0.17 0.25 0.2 0.09 0.06 2.04 0.57 1.42 0.86 1.9
6 0.12 0.04 0.04 0.50 0.4 0.09 0.42 3.11 0.66 1.34 1.28 6.53
7 0.06 0.04 0.08 0.54 1.77 0.12 0.04 4.68 0.50 0.11 0.49 1.8

Cont...



Nitrite (pM)

1 0.00 0.44 6.44 2.25 3.34 0.69 1.35 0.25 2.79 0.24 0.67 1.35
2 0.23 0.42 12.60 1.43 1.75 0.54 0.44 0.33 2.36 0.3 0.63 0.44
3 0.25 0.63 3.67 1.63 1.83 0.38 0.36 0.24 2.38 0.51 0.32 0.36
4 0.09 0.30 0.63 0.45 0.88 0.4 0.24 0.54 0.45 1.23 0.4 0.16
5 0.00 0.18 9.82 0.79 1.08 0.28 0.28 0.27 0.98 0.55 0.24 0.51
6 0.00 0.10 0.03 2.36 1.86 0.35 0.25 0.25 1.63 0.2 0.28 0.71
7 0.00 12.53 2.01 2.67 3.7 0.76 12.33 0.33 1.43 0.55 0.83 1.27

1 0.24 0.13 0.57 0.78 1.36 0.35 0.63 0.8 1.58 0.76 0.43 0.54
2 0.28 0.05 2.03 1.02 0.79 0.30 0.87 2.08 0.59 0.6 0.43 0.97
3 0.20 0.18 0.60 4.17 0.63 0.20 0.89 2.03 1.28 0.54 0.32 0.97

Phosphate (pM) 4 0.10 0.20 0.55 0.66 0.46 0.39 0.49 0.68 0.76 0.5 0.43 0.54
5 0.15 0.26 0.98 0.49 0.49 0.39 0.30 1.55 1.10 0.58 0.43 1.84
6 0.24 0.15 0.90 1.04 0.82 0.89 0.15 1.84 4.28 0.97 0.97 1.51
7 0.23 0.20 0.18 1.41 1.39 0.25 0.38 1.79 0.98 1.25 0.22 1.62

1 2.07 3.28 30.27 22.99 24.61 2.11 4.58 30.5 30.55 12.09 10.23 24.37
2 1.93 5.93 76.41 9.22 5.26 1.18 7.93 64.95 10.32 4.5 5.77 9.3
3 2.56 2.67 22.97 6.14 5.71 1.46 3.57 50.5 7.25 3.91 2.6 15.44

Silicate (pM) 4 4.17 5.25 15.59 4.74 4.49 4.15 6.90 25.05 5.75 7.25 0.93 11.72
5 1.18 1.37 19.56 3.04 4.64 1.93 1.49 33.62 4.98 9.86 3.16 18.97
6 1.46 1.32 15.00 5.61 9.16 2.56 1.61 33.24 6.85 8.45 2.79 15.44
7 2.01 1.51 9.05 14.77 21.85 2.07 2.45 37.63 17.45 21.2 5.39 18.79



SPM (mg. I 1)

1 16.37 12.07 3.05
2 15.53 14.87 5.60
3 14.97 22.00 9.50
4 13.73 6.05 10.28
5 14.57 8.00 19.10
6 14.77 9.00 11.95
7 15.57 18.00 9.93

1 4.08 9.35 0.45
2 2.98 4.33 2.75
3 3.54 8.89 2.04
4 1.41 4.81 9.25
5 2.83 6.01 11.51
6 4.29 3.68 1.66
7 6.84 6.02 6.62

Chlorophyll a (mg/m3)



19.30 30.33 19.58 14.16
25.83 40.13 15.67 19.00
31.50 38.70 15.90 34.00
30.33 30.80 14.97 12.75
28.37 38.53 16.37 18.00
33.10 35.13 15.53 17.77
26.87 30.37 14.86 18.86

55.9 36.60 40.49 13.55
120.5 37.13 36.25 17.67
80.5 33.23 38.35 25.00

12.55 23.96 40.13 19.05
34.5 29.76 30.37 17.58
25.5 35.40 36.25 16.87
21.5 19.30 38.25 18.49

7.25
1.07
3.87
1.81
3.95
4.42
2.55

9.83
5.47
5.98
1.07
1.89 
5.38
1.89

3.47
4.20
4.23
3.00
3.07
3.50
4.53

4.73
4.40
3.90
4.10
4.27
4.00
4.30

0.50
0.90
1.20
1.40
1.50
1.67
0.60

3.40
3.73
5.77
4.90
4.93
5.33
5.70

5.67
5.33
6.67
5.00 
4.63
4.33 
5.97

4.57
4.10
3.40 
2.60
3.73
4.33
4.40

19.76
16.66
15.79
15.90
18.49
17.48
15.56

4.40
4.43
4.30
3.70
4.23
3.57
3.83

Cont..



14.03.05 08.05.05 28.09.05 05.12.05 31.01.06 31.03.06 07.06.06 25.09.06 28.11.06 13.02.07 10.04.07 08.06.07

1 6:35PM 10:30AM 10:55AM 9:30AM 9:30AM 9:33AM 11:10AM 11:00AM 10:00AM 9:20AM 9:45AM 10:15AM

2 5:25PM 12:15PM 12:10PM 10:45AM 10:47AM 11:40AM 12:15PM 2:20PM 11:25AM 10:55AM 11:40AM 1:20PM

Date/Time 3 4:30PM 12:50PM 12:45PM 11:45 AM 11:28AM 12:30PM 12:40PM 3:15PM 11:55AM 11:25 AM 12:30PM 2:05PM

4 2:55PM 2:00PM 1:50PM 12:33PM 1:05PM 1:00PM 1:43PM 10:00AM 1:35PM 12:35PM 2:00PM 3:30PM

5 12:40PM 3:50PM 3:45PM 12:55PM 3:46PM 3:10PM 3:55PM 11:30AM 4:00PM 3:00PM 4:00PM 4:45PM
6 1:30PM 4:15PM 4:00PM - 2:15PM 2:47PM 4:00PM 4:44PM 12:00AM 6:45PM 3:40PM 4:45PM 5:30PM
7 10:55AM 6:10PM 5:50PM 3:45PM 5:49PM 5:50PM 5:53PM 12:20PM 5:15PM 5:00PM 6:20PM 6:50PM
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Fig. 2A.2. Settlement and recruitment of the barnacle Balanus amphitrite at 
station D ona Paula on (a) Acrylic and (b) Aluminium panels. (Error bar indicates 
standard deviation from the mean).

sampling months at all the 4 stations sampled during the period 2005-2006 and 

2006-2007(ANOVA:p<0.05). Recruitment was also lower during the monsoon 

season w hen compared to post-and pre-monsoon seasons (Fig. 2A.2 a & b; Fig. 2-
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Fig. 2A.3. Settlement and recruitment of the barnacle Balanus amphitrite at 
station MPT on (a) Acrylic and (b) Aluminium panels. (Error bar indicates 
standard deviation from the mean).

A.3 a & b; Fig. 2A.4 a & b; Fig. 2A.5). Settlement and recruitment did not show 

any significant correlation with the environmental variables except for salinity and 

chlorophyll a concentrations at station Dona Paula (p<0.05).
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Fig. 2A.4. Settlement and recruitment o f the barnacle Balanus amphitrite at 
station INS-Mandovi on (a) Acrylic and (b) Aluminium panels. (Error bar 
indicates standard deviation from the mean).

2A.3.3 Spatial variations in settlement and recruitment

Settlement did not vary significantly among the stations sampled during 

the period 2005-2007 on both aluminium and acrylic panels (ANOVA: p>0.05)
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except during 2006-2007 period on aluminium panels (ANOVA: p<0.05). 

Recruitment also did not vary significantly among all the 3 stations sampled

during the period 2005-2007 on both aluminium and acrylic panels (ANOVA: 

p>0.05).
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Fig. 2A.5. Settlement and recruitment of the barnacle Balanus amphitrite at 
station Arambol. (Error bar indicates standard deviation from the mean).

2A.3.4 Seasonal observations o f settlement and recruitment

Seasonal patterns of settlement and recruitment at stations Dona Paula, 

MPT and INS-Mandovi on aluminium and acrylic panels and at station Arambol 

during the period 2005-2006 and 2006-2007 are presented in Fig. 2A.6 (a, b, c & 

d); Fig. 2A.7 (a, b, c & d); Fig. 2A.8 (a & b) and Fig. 2A.9. Settlement and 

recruitment was consistent during 2006-2007. Peak in recruitment was observed 

during 2005-2006 at station Dona Paula during post-monsoon season (Fig.
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2A.6c). Not all the settled barnacles recruited themselves during 2005-2006 at 

station MPT during monsoon season (Fig. 2A.7c). Settlement to recruitment 

correlation was found to be weak during 2005-2006 (p>0.05) compared to 2006- 

2007.
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Fig. 2A.6. Seasonal observations of settlement and recruitment of the barnacle 
Balanus amphitrite at station Dona Paula on acrylic panels during (a) 2005-2006 
(b) 2006-2007 and aluminium panels during (c) 2005-2006 (d) 2006-2007 period. 
(Error bar indicates standard deviation from the mean).

2A.3.5 Clustering and ordination analysis

Clustering and ordination analysis showed different groupings of months 

at different stations for both settlement and recruitment of barnacles on different 

substratum. The results o f the analysis are presented in Figures 2A.10-2A.16
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station-wise on different panels during different periods (2005-2006 and 2006- 

2007).

Settlement and recruitment of barnacles on acrylic panels at station Dona 

Paula is shown in Fig. 2A.10 (a-h), at station MPT is shown in Fig. 2A.11 (a-h) 

and at station INS-Mandovi is shown in Fig. 2A.12 (a-d).
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Fig. 2A.7. Seasonal observations of settlement and recruitment of the barnacle 
Balanus amphitrite at station MPT on acrylic panels during (a) 2005-2006 (b) 
2006-2007 and aluminium panels during (c) 2005-2006 (d) 2006-2007 period. 
(Error bar indicates standard deviation from the mean).
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Fig. 2A.8. Seasonal observations of settlement and recruitment of the barnacle 
Balanus amphitrite at station INS-Mandovi during 2006-2007 period on (a) 
acrylic and (b) aluminium panels. (Error bar indicates standard deviation from the 
mean).
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Fig. 2A.9. Seasonal observations of settlement and recruitment of the barnacle 
Balanus amphitrite at station Arambol during 2006-2007 period. (Error bar 
indicates standard deviation from the mean).

Cluster and NMDS ordinations for settlement at Dona Paula on acrylic 

panels formed two prominent clusters during 2005-2006 and 2006-2007 periods. 

During 2005-2006, Aug-05, Sept-05, Oct-05 and Feb-06 months formed one 

cluster due to low settlement during these months and the rest of the months 

formed the other cluster (Fig. 2A.10 a&b) whereas during 2006-2007, Jun-06, 

July-06, Sept-06, Oct-06, Dec-06, Feb-07 and Mar-07 months formed one cluster 

due to the low settlement during these months whereas the rest of the months 

formed the other cluster (Fig. 2A.10 e&f).

Cluster and NMDS ordinations for recruitment at Dona Paula on acrylic 

panels formed two clusters during 2005-2006 and 2006-2007 periods. During 

2005-2006, Mar-06 and Apr-06 months formed one cluster due to high 

recruitment during these months (Fig. 2A.10 c&d), whereas during 2006-2007,
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Fig. 2A.10. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station Dona Paula on acrylic panels: a & b: Settlement during 2005- 
2006; c & d: Recruitment during 2005-2006; e & f: Settlement during 2006-2007; 
g & h: Recruitment during 2006-2007.
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Fig. 2A.11. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station MPT on acrylic panels: a & b: Settlement during 2005-2006; c 
& d: Recruitment during 2005-2006; e & f: Settlement during 2006-2007; g & h: 
Recruitment during 2006-2007.
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Fig. 2A.12. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station INS-Mandovi on acrylic panels: a & b: Settlement during 
2006-2007; c & d: Recruitment during 2006-2007.

Apr-07 and May-07 months formed one cluster due to the high recruitment during 

these months (Fig. 2A.10 g&h).

Cluster and NMDS ordinations for settlement at MPT on acrylic panels 

also formed two clusters during 2005-2006 and 2006-2007 periods. During 2005- 

2006, Aug-05, Dec-05, Jan-06 and Apr-06 months formed one cluster due to high 

settlement during these months (Fig. 2A.11 a&b) whereas during 2006-2007, 

Nov-06, Dec-06, Jan-07, Apr-07 and May-07 months formed one cluster due to 

high settlement during these months (Fig. 2A.11 e&f).
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Cluster and NMDS ordinations for recruitment at MPT on acrylic panels 

also showed two clusters during 2005-2006 and 2006-2007 period. During 2005- 

2006, Aug-05, Nov-05, Mar-06 and May-06 months formed one cluster due to 

high recruitment (Fig. 2A.11 c&d), whereas during 2006-2007, Apr-07 and May- 

07 months formed one cluster due to the high recruitment during these months 

(Fig. 2A. 11 g&h).

Cluster and NMDS ordinations for settlement at INS-Mandovi on acrylic 

panels also formed two clusters, one comprising of Dec-06, Apr-07 and May-07 

months with high settlement and the rest of the months formed the other cluster 

(Fig. 2A.12 a&b).

Cluster and NMDS ordinations for recruitment at INS-Mandovi on acrylic 

panels also showed two clusters during 2006-2007, one comprising of Apr-07and 

May-07 months due to high recruitment and the rest of the months formed the 

other cluster (Fig. 2A.12 c&d).

Settlement and recruitment of barnacles on aluminium panels at station 

Dona Paula is shown in Fig. 2A.13 (a-h), at station MPT is shown in Fig. 2A.14 

(a-h) and at station INS-Mandovi is shown in Fig. 2A.15 (a-d).

Cluster and NMDS ordinations for settlement at Dona Paula on aluminium 

panels showed two prominent clusters during 2005-2006 and 2006-2007 periods. 

During 2005-2006, Jun-05 and Jul-05 months formed one cluster due to the low-
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Fig. 2A.13. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station Dona Paula on aluminium panels: a & b: Settlement during 
2005-2006; c & d: Recruitment during 2005-2006; e & f: Settlement during 2006- 
2007; g & h: Recruitment during 2006-2007.
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Fig. 2A.14. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station MPT on aluminium panels: a & b: Settlement during 2005- 
2006; c & d: Recruitment during 2005-2006; e & f: Settlement during 2006-2007; 
g & h: Recruitment during 2006-2007.
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settlement (Fig. 2A.13 a&b), whereas during 2006-2007, only July-06 month 

separated from the rest of the months due to low settlement (Fig. 2A.13 e&f).

Cluster and NMDS ordinations for recruitment at Dona Paula on 

aluminium panels also showed two groups during 2005-2006 and 2006-2007 

periods. During 2005-2006, Jun-05, Jul-05, Sept-05 and Oct-05 months formed 

one group due to low recruitment during these months (Fig. 2A.13 c&d), whereas 

during 2006-2007, Jul-06, Sept-06, Oct-06 and Dec-06 months formed one cluster 

due to low recruitment during these months (Fig. 2A.13 g&h).

Cluster and NMDS ordinations for settlement at MPT on aluminium 

panels showed two clusters during 2005-2006 and 2006-2007 periods. During 

2005-2006, Jul-05 and Oct-05 months formed one cluster due to low settlement 

during these months (Fig. 2A.14 a&b) whereas during 2006-2007, Jun-06, Aug- 

06, Sept-06 and Feb-07 months formed one cluster due to low settlement during 

these months (Fig. 2A.14 e&f).

Cluster and NMDS ordinations for recruitment at MPT on aluminium 

panels also showed two clusters during 2005-2006 and 2006-2007 period. During

2005- 2006, Jun-05, Jul-05, Oct-05, Feb-06 and Apr-06 months formed one cluster 

due to low recruitment during these months (Fig. 2A.14 c&d), whereas during

2006- 2007, Jun-06, Sept-06 and Oct-06 months formed one cluster due to low 

recruitment during these months (Fig. 2A.14 g&h).
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Fig. 2A.15. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station INS-Mandovi on aluminium panels: a & b: Settlement during 
2006-2007; c & d: Recruitment during 2006-2007.
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Fig. 2A.16. Cluster and NMDS ordination plots for settlement and recruitment of 
barnacles at station Arambol: a & b: Settlement during 2006-2007; c & d: 
Recruitment during 2006-2007.



35

Cluster and NMDS ordinations for settlement at INS-Mandovi on 

aluminium panels showed two clusters during 2006-2007, one comprising of Jun- 

06, Jul-06 and Aug-06 months due to low settlement and the rest of the months 

formed the other group (Fig. 2A.15 a&b).

Cluster and NMDS ordinations for recruitment at INS-Mandovi on 

aluminium panels also formed two clusters during 2006-2007, one comprising of 

Jul-06 and Sept-06 months due to low recruitment and the rest of the months 

formed the other group (Fig. 2A.15 c&d).

Settlement and recruitment of barnacles at station Arambol is shown in 

Fig. 2A.16 (a-d). Cluster and nMDS ordinations for settlement at station Arambol 

during 2006-2007 showed two clusters, one comprising of Jun-06, Jul-06 and 

Aug-06 due to low settlement during these months and rest of the months formed 

the other cluster (Fig. 2A.16 a&b). Recruitment also showed two clusters, one 

comprising of Jun-06 and Jul-06 months due to low recruitment during these 

months and rest of the months formed the other cluster (Fig. 2A.16 c&d).

2A.3.6 Size ranges (rostro carinal basal diameter) of barnacle recruits

(a) M onthly observations

Size ranges of barnacles during one month period at station Dona Paula 

ranged between 3.4-10.0mm on acrylic panels and between 3.4-9.4mm on 

aluminium panels (Fig. 2A.17a & b). At station MPT, it ranged between 2.6-5.6 -
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Fig. 2A.17. Size of the barnacle recruits on one month period ai stations IX>m» 
Paula, MPT and INS-Mandovi on (a) acrylic and (b) aluminium panels.

mm on acrylic panels and 3.0-7.0mm on aluminium panels (Fig. 2A. 17a & b) At 

station INS-Mandovi, the size range was between 3.0-5.6mm on acrylic panels 

and 4.0-5.6mm on aluminium panels (Fig. 2A.17a & b) and at station A ram bo I. 

the size range was between 3.5-4.6mm (Fig. 2A.18). Overall, the si/cs o!
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barnacle recruits varied significantly between different months on acrylic and 

aluminium panels at all the stations monitored (ANOVA: p<0.05), but not on 

rocks at station Arambol (ANOVA: p>0.05).
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Fig. 2A.18. Size of the barnacle recruits on one month period at station Arambol.

(b) Seasonal observations

Size ranges of recruits on a seasonal basis at stations Dona Paula, MPT 

and INS-Mandovi on aluminium and acrylic panels and at station Arambol on 

rocks during the period, 2005-2006 and 2006-2007 are presented in Fig. 2A.19 (a, 

b, c & d) and Fig. 2A.20. Size ranges attained by the recruits were larger during 

2005-2006 (3.4-14.0mm) than 2006-2007 (2.8-7.6mm) on both acrylic and 

aluminium panels at station Dona Paula. Sizes attained by the recruits were 

mostly found to be larger on acrylic (14mm) than on aluminium (11.3mm) panels
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at stations Dona Paula and MPT. Whereas at station Arambol, 

by the recruits were between 3.5-5.6mm.
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Fig. 2A.19. Seasonal observations of sizes of barnacle recruits on acrylic panels 
during (a) 2005-2006, (b) 2006-2007 and aluminium panels during (c) 2005-2006, 
(d) 2006-2007.
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Fig. 2A.20. Seasonal observations of sizes of barnacle recruits at station Arambol 
during 2006-2007.

2A.3.7 W eekly observations o f settlement and recruitment

Weekly observations o f settlement and recruitment of the barnacles was 

carried out at station Dona Paula for a period of two years (2005-2007) on acrylic 

and aluminium panels during monsoon, post-monsoon and pre-monsoon season 

and the results are presented in Fig. 2A.21 (a & b). Cumulative observations 

taken within a season on acrylic and aluminium panels is shown in Figures 2A.22- 

2A.33. Settlement and recruitment varied significantly on a temporal basis. In -
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Fig. 2A.21. Weekly observations of settlement and recruitment of barnacles on (a) acrylic and (b) aluminium panels at station Dona Paula.
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Fig. 2A.22. Weekly observations of settlement and recruitment of barnacles on 
acrylic panels during monsoon season (2005-2006). (a) Jun (b) Jul (c) Aug (d) 
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Fig. 2A.24. Weekly observations of settlement and recruitment of barnacles on 
acrylic panels during pre-monsoon season (2005-2006). (a) Feb (b) Mar (c) Apr 
(d) May.

4 0 0

3 5 0

3 0 0

2 5 0

200
1 50

100

50

0

4 0 0

3 5 0

3 0 0

2 5 0

200

150

100

50

0

in  in  t i  in  v i iri in  w, «n i n i n ' n n ' n i n i n ' n  © © © © © © © © ©  ©  O © © © 0 © © 0  © © © © © © $ © © © © © © © © © © ©  <N N  n  (S n  fS N  <N r-l <N (N fS <S N  (S N  N  
o o v n r ' K b n - r ' O O O o o c i e o O ' ^ ^ ^ o c  © < © © © © © © © ©  ©  © © o © © © - ^ ~  
o'  00 <A <N C\" ©'  ' ©  cn ©'  r>-’ r f  —  00 «n r j  ao— —■ <n  ©  ©  — r-i m  ©  — rs  <n  ©  ~  — <N © ©

4 0 0

3 5 0

3 0 0

2 5 0

200

150

100

50

0

4 0 0

3 5 0

3 0 0

2 5 0

200
150

100
50

0

b . +  Settlement 
H Recruitment

♦ ♦ *

>n >n <n <n un in  >n in

rs  <n 
r—'©  ©

I I I m  m 8 8
r> go s© oc s© © © © © © © © ©

d .

N  N  O

♦

8 2
©  —  —

W eekly observations W eekly observ ations

Fig. 2A.25. Weekly observations of settlement and recruitment of barnacles on 
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Fig. 2A.26. Weekly observations of settlement and recruitment of barnacles on 
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Fig. 2A.27. Weekly observations of settlement and recruitment of barnacles on
aluminium panels during pre-monsoon season (2005-2006). (a) Feb (b) Mar (c)
Apr (d) May.
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Fig. 2A.28. Weekly observations of settlement and recruitment of barnacles on 
acrylic panels during monsoon season (2006-2007). (a) Jun (b) Jul (c) Aug (d) 
Sept.
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Fig. 2A.29. Weekly observations of settlement and recruitment of barnacles on
acrylic panels during post-monsoon season (2006-2007). (a) Oct (b) Nov (c) Dec
(d) Jan.
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Fig. 2A.30. Weekly observations of settlement and recruitment of barnacles on 
acrylic panels during pre-monsoon season (2006-2007). (a) Feb (b) Mar (c) Apr 
(d) May.
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Fig. 2A.33. Weekly observations of settlement and recruitment of barnacles on
aluminium panels during pre-monsoon season (2006-2007). (a) Feb (b) Mar (c)
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Fig. 2A.34. Daily rainfall over the study area during the sampling period.



49

general settlement and recruitment was found to be lower during the monsoon 

season except during monsoon breaks. Consistency in settlement and recruitment 

was mostly observed during the pre-monsoon season.

2A.3.8 Rainfall

Daily rainfall per hour ranged between 0.025 to 6.40mm during 2005 and 

0.02 to 8mm during 2006 period. During 2005, the peak in rainfall was observed 

during June and September m onth whereas during 2006, the peak in rainfall was 

observed during May end (Fig. 2A.34).

2A.4. DISCUSSION

Settlement and recruitment o f  barnacles varied significantly on temporal 

scales but not at spatial scales. In general, settlement and recruitment was lower 

during the monsoon season except during monsoon breaks. Consistency in 

settlement and recruitment was mostly observed during the pre-monsoon season. 

Successful settlement and recruitment o f barnacles in a particular region is 

governed by various pre-and post-settlement factors which operate over different 

spatial and temporal scales. Settlement o f barnacles in a particular area is 

dependent on the rate o f  arrival o f larvae in that particular area. The rate of arrival 

of larvae is, in turn, dependent on the local hydrodynamics (Pineda 1994). The 

distinct difference in settlement and recruitment between different seasons may be 

the result o f  a number o f  physical factors such as tidal regime, wind forcing and 

also the supply o f food for both the larvae and the adult populations. Physical
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transport processes can generate variations in settlement and recruitment of 

barnacles over different scales. Wind-induced larval transport can also cause 

variations in  settlement and recruitment of barnacles (Pineda 1994). Differences 

in the orientation o f coastline relative to the prevailing wind can also results in 

difference in larval settlem ent o f  that area (Kendall et al, 1982, 1985). 

Differences in the rate o f  larvae arriving at each o f the stations by area-specific 

hydrodynamic processes or by behavioural preferences o f the larvae at settlement 

can also influence the recruitm ent o f  barnacles. In several studies, such variability 

in settlement and recruitment has been observed (e.g. Connell 1961a,b; Gaines et 

al, 1985; Pineda 1994). A  recent study carried out in the region on larval 

abundance, distribution and the resultant likely settlement using a coupled two- 

dimensional hydrodynamic and particle tracking model by incorporating wind and 

tide data showed that (see Chapter 3), the larval movement differed significantly 

between different seasons. The pattern o f larval dispersal in the region varied 

with wind and resultant current patterns. Model results as well as field 

observations showed higher larval abundance and retention within the estuary 

during pre-monsoon season and this coincides w ith consistency in settlement and 

recruitment o f  barnacles during the season.

Once the larvae settle in a particular area by selecting a suitable 

substratum, then the rate o f  recruitment depends not only on the factors which 

influence prior to settlement but also on post-settlement factors. A number of 

studies have demonstrated a significant relationship between settlement inputs and 

their subsequent recruitment. Observations in this study also show some degrees 

of correlation between settlement and recruitment, indicating that variations in
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recruitment m ay at least be related to factors which operate prior to settlement and 

post-settlement. Although recruitm ent is dependent on settlement inputs, not all 

of the variations in recruitm ent could be explained by variations in settlement. 

Such differences may be caused by differences in physical factors such as 

temperature, salinity and biological factors such as predation pressure and 

competition for space by other intertidal organisms and the number o f  other such 

factors (Gosselin and Qian 1997 and references therein).

In general, settlement and recruitment was lower during the monsoon 

season except for monsoon breaks. Larval abundance in the region was also 

lower during the monsoon season. Adults with matured broods have been 

observed throughout the year in the vicinity (Desai et al, 2006). During the 

monsoon breaks, phytoplankton blooms are known to be triggered in the area. 

These blooms can serve as a  food source for the newly released larvae and can 

also regulate the size o f the larval pool in the region and determine the availability 

of cyprids at the shore (Desai and Anil 2005). But the settled barnacles did not 

recruit themselves successfully due to the onset o f  rains again after the short break 

periods. This indicates that the barnacles that settled during the monsoon break 

period was stressed due to the recurrence o f low saline and turbid conditions 

indicating that synchronized release o f larvae by the adults during bloom periods 

may not be a  completely reliable mechanism in this region as discussed in detail 

by Desai and Anil (2005). Moreover, an inter-annual variation in settlement and 

recruitment o f barnacles was also observed during the study period. Consistency 

in settlement and recruitment was observed during 2006-2007 when compared to 

2005-2006. Correlation between settlement and subsequent recruitment was
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found to be weak during 2005-2006 period when compared to 2006-2007. Such 

inter-annual differences observed in settlement and recruitment could be probably 

due to the pattern o f rainfall observed between the years. There was a fluctuation 

in the amount o f  rainfall between the years. Such fluctuations in rainfall patterns 

could be due to the variations in the south-west monsoon winds. The resultant 

current patterns can lead to differential movement o f larvae or the amount of 

larvae reaching at a particular locality, thereby leading to variations in settlement 

and recruitment o f barnacles. Such variations in rainfall can also lead to 

differential water quality parameters such as temperature, salinity, turbidity and 

nutrient availability and this, in turn, can alter phytoplankton abundance in the 

region which is an important food source for larvae as well as adult populations.

Feeding studies o f  barnacle larvae carried out in the region by monitoring 

the fecal pellets egested by freshly captured larvae indicated that the percentage of 

defecating larvae (an indicator o f food consumed) was comparatively higher 

during the pre-monsoon season. Generally this season is characterized by lower 

chlorophyll a concentrations. However, the average number o f fecal pellets 

defecated by a larva remained constant irrespective of the season (see Chapter 

4A). The consistency in settlement and recruitment observed during the pre

monsoon season coincided w ith higher percentage of defecating larvae and the 

absence o f diatom frustules in the fecal pellets. This shows the capability of 

larvae to survive on food materials other than diatoms. Gut fluorescence 

observations o f the larvae collected from the region indicated that the chlorophyll 

a content o f the larval gut was higher during the post-monsoon season than 

compared to pre-monsoon season (see Chapter 4B). This indicates that during the
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pre-monsoon season, larvae survived on food materials other than autotrophs. 

These studies show the survival capability o f  larvae on a wide range of food 

sources and this can influence the settlement and subsequent recruitment of larvae 

during different seasons.

Settlement and recruitment o f barnacles also differed on different panels. 

Settlement and recruitment was lower on acrylic compared to aluminium panels. 

The barnacles which settled on acrylic panels grew well at station Dona Paula. 

This could probably be due to less crowding o f settlers on acrylic compared to 

aluminium panels. Size o f  the barnacles during August-September period was 

also found to be bigger (9-14 mm) on both acrylic and aluminium panels during 

2005-2006 period at station Dona Paula. In most o f the seasons, barnacle recmits 

took 3-4 months to attain a maximum size range o f 6-10 mm except at station 

INS-Mandovi, where they took 2 months to attain a maximum size of 14mm 

during post-monsoon season (Oct-Nov 06). Settlement to recruitment proportions 

also changed during different seasons at most o f  the stations monitored. Not all 

the settled barnacles metamorphosed in to recruits. Such differences in settlement 

to recruitment, proportions could be due to various post-settlement factors. At 

station MPT, the barnacles which settled during monsoon season did not recruit. 

It is possible that turbidity and low saline conditions during the monsoon season 

can play a significant role in the mortality o f settled barnacles.

Wave action can be another cause for the variations observed in settlement 

and recruitment o f barnacles. Sessile organisms like barnacles often become more 

vulnerable to dislodgement by waves as they age (Shanks and Wright 1987). As a
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result, sites with different degrees o f wave action will have differences in the 

settlement and recruitment o f  barnacles. On the other hand, there is also a 

possibility that on more exposed shores, water circulation is more intense and the 

amount o f  food available can be higher (Sanford et cil, 1994), resulting in higher 

rates o f  settlement and recruitment o f barnacles. Temporal patterns observed 

among the stations could also be due to differences in the settlement and post

settlement factors among the stations with different degrees o f wave flushing 

during different seasons. The study sites in this investigation are exposed to 

different degrees o f wave actions. Station Dona Paula is located at the mouth of 

Zuari estuary which experiences tremendous fluctuations in the intensity of 

incoming waves during different seasons, whereas station MPT is a port area 

which is exposed to less fluctuations in wave action due to wave barriers in the 

surroundings. Station INS-Mandovi is a Naval jetty which is located near the 

mouth o f Mandovi estuary w ith considerably less degree of wave actions whereas 

station Arambol is a open, rocky shore with direct exposure to incoming waves.

Although causative factors behind the observed patterns cannot be 

determined from studies such as this, identification o f scales o f variations does 

suggest factors which may be important and determines the correct scales for 

manipulative experiments. The present study did not evaluate the effects of all the 

factors influencing settlement and recruitment o f the barnacles, suggesting that 

their effects may not be negligible. A greater understanding o f the near shore 

physical environment, in particular hydrodynamic processes, is vital to explaining 

local variability in demography o f organisms such as barnacles. Very little is 

known regarding the variations in hydrodynamic processes in the near shore
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environment and the resultant effect on intertidal organisms in this study region, 

except for the initiation o f recent undergoing studies in case o f barnacles. Such 

processes will influence recruitment rates in addition to nutrients and food supply 

and thus may influence population dynamics. Complete understanding of the 

underlying processes operating in a particular bioregion can demonstrate the 

variations in settlement and recruitment o f barnacles in a particular locality.



Chapter 2 - 2 ?

Overview of the changes in abundance 
ofhamacCes aCcmg the west coast of

India
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2B.1. INTRODUCTION

Studying the recruitment o f  intertidal organisms such as barnacles with a two- 

phase life cycle (pelagic and benthic) and to understand the determinants of 

recruitment is a complex problem. Many processes which operate during the pelagic 

pre-settlement phase and benthic post-settlement phase at different spatial and 

temporal scales can determine the success o f these populations (Pineda et al, 2009). 

Distribution and abundance o f barnacles at regional and local scales are shaped by 

climatic and oceanographic processes. A range of abiotic factors, such as 

temperature, precipitation and local hydrodynamics can affect the abundance of 

barnacles at regional and local scales. Besides abiotic factors, biotic factors such as 

competition, predation, food availability, reproduction, larval supply, substratum cues 

and larval behaviour can influence the distribution and abundance o f barnacles. The 

problem that concerns ecologists worldwide is the changes in population over a 

period which is directly or indirectly dependent on the above factors. Survival of the 

organisms till reproduction is very important ecologically as well as evolutionarily 

because individuals can contribute genes to the next generation only when they 

survive to reproduce (Pineda et al, 2009).

Changes in the hard substratum sessile organisms can be easily monitored and 

serve as a tool in the evaluation o f ecosystem changes. Along the coast of India there 

has been considerable effort in documenting the intensity of biofouling since the early 

1960’s. In this study, a compilation of the observations made at some localities along
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the west coast o f India (Mumbai, Goa, Mangalore and Cochin) is provided. The 

intention o f this compilation is to bring out the changes that have occurred in barnacle 

populations in this region for the last 4 decades and to explore possible causative 

factors and provide a basis for future studies.

2B.2. MATERIALS AND METHODS

Barnacle recruitment data used for decadal comparisons along the Goa coast 

are taken from Anil (1986) and Desai (2002) and then compared with the data sets of 

this study. The localities and the methodologies employed in the data sets used for 

decadal comparisons are the same. The data collected during the present study and 

Anil (1986) studies is from the same localities (MPT; Berth-9) and the data collected 

by Desai (2002) studies is from the opposite side o f the same estuary. The data 

pertaining to Mangalore coast are taken from Menon et al. (1977) and Khandeparker 

et al. (1995). Monthly settlement/recruitment data is averaged to obtain the annual 

mean and expressed as No./dm2.

Copepod data for the decadal comparisons along Goa coast are taken from 

Goswami and Padmavati (1996) and Achuthankutty (1998) and compared with the 

2005-06 data collected as part o f  the Ballast Water Management Programme (Port 

baseline survey for MPT) (unpublished data). The copepod data from the thesis 

(Lodh 1990) and Gaonkar et al. (2010c) are used for the comparisons along Mumbai 

coast and the data pertaining to Cochin are taken from Stephen (1991). A recent



58

observation on the abundance o f copepods from the inshore waters near Cochin is 

also used (Asha Devi et al, 2010). Earlier studies along the Mumbai (1977-78 and 

1985-86 studies) and Goa (1986-87 and 1990-91 studies) coast used 200p and above 

mesh size nets whereas the recent studies along the Mumbai (2001-02) and Goa 

(2005-06) coast used lOOp mesh size nets.

2B.3. RESULTS

Barnacle abundance data indicates that the abundance has declined over ihe 

years along the west coast o f India (Goa and Mangalore) since 1970’s as compared to 

recent observations (Fig. 2 B .la  & b). At Goa coast, the abundance was 1200/dm: 

during 1983-1984, whereas during 1998-1999 it was 50/dm2and during 2005-2007 it 

was 80/dm2 (Fig. 2B.la). At Mangalore coast, the abundance was 320/dm: during 

1973-1974, whereas during 1992-1993, it was 160/dm2 (Fig. 2B.lb).

Copepod abundance also showed a decreasing trend over the years along the 

coast o f Goa (data since 1990’s) and Cochin (data since 1960’s) (Fig. 2B.2b & c). At 

Goa coast, the abundance o f copepods (one of the dominant component of 

zooplankton) was 4.7xl05/100m3 during 1986-1987, whereas during 2005-2006. it 

decreased to 2 .5xl05/100m3 (Fig. 2B.2b). At Cochin, the abundance of copepods was 

4.5xl05/100m3 during 1968, whereas during 1980’s and 2004-05 studies, it decreased 

to 7.4xl04/100m3 and 7.8xl04/100m3 respectively (Fig. 2B.2c). At Mumbai coast, the 

abundance o f copepods almost remained the same during 1985-86 studies and 2001-
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02 studies. However, if  a comparison is made with reference to total zooplankton 

abundance during 1977-78 (Gajbhiye and Desai 1981) which was 17.4xl05/100m3 

stood decreased to 5.5xl05/100m3 during 2001-02.

1400 n

1983-84 1998-99 2005-07

350 n

1973-74 1992-93

Years b.

Fig. 2B.1. Decadal comparisons o f barnacle abundance along (a) Goa and (b) 
Mangalore coast (Annual monthly means of data collected during different years).

2B.4. DISCUSSION

Population dynamics o f intertidal organisms such as barnacles is strongly 

influenced by interactions with their physical environment. They have to rely on the 

movement o f water to deliver their food and to disperse and transport their larvae. At
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Years

Fig. 2B.2. Decadal comparisons of copepod abundances along (a) Mumbai (b) Goa 
and (c) Cochin coast.
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the same time, they are also influenced by biotic interactions, including competition 

and predation (Pineda et al, 2009). The coupling between the physical and biological 

environments is very complex particularly in intertidal organisms inhabiting near

shore (Pineda et al, 2009), since the life cycle o f  these organisms spans two very 

different habitats, pelagic as well as intertidal. Tides and currents help larvae to 

disperse but then at the same time larvae must return to shore successfully to settle. 

After settlement, they have to fight against predators, competition for space and 

disturbances from other biotic and abiotic factors. If they can successfully overcome 

all these barriers then they will grow and reproduce. Thus, the success of near-shore 

intertidal organisms such as barnacles is interconnected with many aspects. 

Understanding the influence o f  each aspect separately is somehow achievable. But 

linking them together in an effort to understand the changes in population size and 

structure is a complicated task. Efforts are made in this study to evaluate the 

influence o f some of the factors which could be responsible for the changes in the 

abundance o f barnacle population over the last few decades in this tropical 

environment influenced by monsoons. Though most of the factors discussed are 

interrelated, for convenience they are presented separately.

2B.4.1 Precipitation

Precipitation is an important factor which can influence the community 

dynamics o f a particular bioregion to a considerable extent. The total annual rainfall 

data for the region indicated that the pattern o f rainfall fluctuated between the years
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and over the years, an increased propensity in the occurrence of “monsoon-breaks” 

have been observed over the subcontinent both in terms of frequency and duration 

during the last five decades (Ramesh Kumar et al, 2009). Such changes in rainfall 

patterns can disturb the biodiversity of the region. Some examples o f the influence of 

such changes in rainfall patterns along the west coast of India are provided below.

A comprehensive study, carried out in Mumbai port area which is located 

along the central west coast o f India, revealed that the hard substratum faunal 

composition o f the region (barnacles are one o f the dominant components among 

them) differed markedly between the years o f observation (Gaonkar et al, 2010b). 

Zooplankton population in the region also showed an inter-annual variation in 

abundance and composition (Gaonkar et al, 2010c). Changes were also noticed in the 

phytoplankton communities from the region (D’Costa and Anil 2010). Recent 

observations o f settlement and recruitment o f barnacles carried out on different 

spatial and temporal scales along the coast o f Goa also showed inter-annual variations 

(see Chapter 2A). The probable causes for such variations are attributed to the 

pattern o f rainfall between the years. The average rainfall between the years of 

observation differed with respect to the length and intensity.

Such fluctuations in the rainfall patterns could be due to the fluctuations in the 

south-west monsoon winds. As a result, the current patterns in the region can change 

which leads to differential movement of larvae or the amount of larvae reaching at a 

particular locality, thereby leading to variations in the settlement and recruitment of
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barnacles. The variations in rainfall patterns can also lead to differential water 

quality parameters such as temperature, salinity, turbidity and nutrient availability 

and this, in turn, can alter the phytoplankton abundance in the region which is an 

important food source for the larvae as well as adult populations. Settlement of 

barnacles spurted during the monsoon break periods in an earlier (Desai and Anil 

2005) as well as in this study. But the settled barnacles could not metamorphose to 

recruits due to the recurrence o f monsoons after the short break period. It has been 

reported that phytoplankton blooms occur along the west coast o f India during the 

monsoon season and these blooms are generally known to be caused by factors 

associated with the rainfall (Bhimachar and George 1950; Prakash and Sarma 1964; 

Devassy 1983). It would be favourable for the barnacles if the larvae are released in a 

food-rich environment. In temperate regions with clear seasonal changes, such a 

signal can work in favour o f  successful recruitment. But the settlement of barnacles 

that occur during the monsoon break period might get stressed with the recurrence of 

low saline and turbid conditions leading to recruitment failure hence indicating that 

synchronized release o f larvae in food-rich environment may not be a completely 

reliable mechanism in such environments. Release of larvae in response to diatom 

blooms could be a poor strategy for B. amphitrite in this tropical monsoon-influenced 

environment (Desai and Anil 2005). In this context, it is important to understand the 

impact o f such environmental purturbances on sustenance of a barnacle population.

2B.4.2 Hydrodynamics
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Hydrodynamics plays an important role in determining the larval supply and 

settlement in a particular region. Settlement o f barnacles in a particular region is 

dependent on the rate o f  arrival o f larvae in that particular area. The rate of arrival of 

larvae is, in turn, dependent on the local hydrodynamics (Pineda 1994). Physical 

transport processes can generate variations in settlement and recruitment of barnacles 

over different scales. Wind-induced larval transport can also cause large to medium- 

scale variations in the settlement and recruitment of barnacles (Pineda 1994). 

Changes in the abundance o f barnacles over the years may be the result of a number 

o f physical factors such as tidal regime, wind forcing and also the supply of food for 

both larval as well as adult populations.

Monsoon winds prevail over the region during June-September (south-west 

winds) and November-February (north-east winds) period which influences the 

hydrodynamics of the region. A recent model-based study showed that the 

movement o f larvae differs significantly between different seasons. The pattern of 

larval dispersal in the region showed that it varied with wind and resultant current 

patterns (see Chapter 3). Fluctuations in monsoon wind patterns over the years can 

also lead to changes in the local hydrodynamics o f the region which, in turn, can alter 

the larval supply and the food for the already established adult populations.

Differences in orientation o f the coastline relative to the prevailing wind can 

also result in differences in larval settlement (Kendall et al, 1982; 1985). Differences 

in the rate o f larvae arriving in the region due to area-specific hydrodynamic
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processes or behavioural preferences of the larvae at settlement can influence the 

recruitment o f barnacles. Construction of man-made stmctures along the coastline 

and the increasing usage o f port areas and expansion to cater the needs of human 

population and the construction o f break waters in the vicinity of ports to reduce the 

intensity o f incoming waves, can all influence the hydrodynamics of the region 

leading to changes in the larval supply of the nearby locality.

2B.4.3 Productivity/food availability

Productivity o f the region can have a considerable influence on population 

dynamics. Secondary producers such as zooplankton have also decreased over the 

years in this region, indicating changes in the food web dynamics. It was found that 

barnacle population in the region of higher primary productivity can produce almost 5 

times more offspring than in the region o f lower primary productivity (Leslie et al, 

2005). An experimental study which was also carried out by Leslie et al. (2005), 

showed that mean larval production per individual in the higher primary productivity 

site population was 2 times higher than that in the lower primary productivity site 

population and mean larval production per 100cm2 was 120 times greater in higher 

primary productivity site. Also, Bertness et al. (1991) found similar trends; barnacles 

living in a phytoplankton-rich bay grew to a larger size and had more than 10 times 

the reproductive output o f individuals living on the open coast. Reproductive success 

of adult barnacles is thus dependent on the food available for them in the adult

habitat.
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Larval metamorphic success is again dependent on the food available for them 

in the natural environment. Earlier, it was believed that they can mainly feed on 

phytoplankton but recent observations have shown that they can feed on wide range 

of food organisms (Turner et al, 2001; Vargas et al, 2006; Gaonkar and Anil 2010). 

But the settlement and recruitment success o f the larvae which have metamorphosed 

out o f such broad range o f food organisms and the reproductive success of the adults 

which have metamorphosed out o f such larvae needs further elucidation.

2B.4.4 Bioinvasion

Bioinvasion can alter the ecosystem stability and dynamics of a particular 

bioregion. In recent years, the intensification o f global maritime transport and 

aquaculture activities have led to the introduction of invasive species worldwide 

(Carlton and Geller 1993). It is evident from the investigation carried out at Mumbai 

port area which is located along the central west coast of India, that there are changes 

in the composition o f hard substratum communities and zooplankton populations in 

the environment (Gaonkar et al, 2010 b; c). A comparison with the historic data of 

the hard substratum community from the area, based on the literature available, 

indicated the presence o f 15 taxa which are recorded for the first time in this locality 

(Gaonkar et al, 2010b). Similarly, the results o f the zooplankton were compared with 

the records available since 1940’s and indicated that 6 copepod species appeared for 

the first time in this locality (Gaonkar et al, 2010c). A new species of copepod,
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Paracalanus arabiensis is also described from the region (Kesarkar and Anil 2010). 

Other than this, analysis o f macrobenthic communities indicated that 14 polychaete 

species were also reported for the first time in this locality (Gaonkar et al, 2010a).

The investigations showed that the environment is subjected to inoculation of 

non-native waters containing a wide range o f pollutants and biota through ships’ 

ballast water, apart from receiving local sewage and industrial waste. Data collected 

through ballast water reporting forms (under the GloBallast program) from 4581 

vessel visits for the period 2000—2002 showed that 2,619,625 tonnes of ballast water 

is received by Mumbai and Jawaharlal Nehru harbours through national and 

international shipping (Anil et al, 2003). Mumbai port, being a shipping hub, handles 

a large amount of traffic. The traffic record for 2005-2006 alone shows a multiple

fold increase o f cargo (44.19 million tonnes) over a period of five decades (10.47 

million tonnes in 1955-1956; http://www.mumbaiporttrust.com/performance 

/index7). This trend of traffic in Mumbai port would enhance the chances of 

introduction o f organisms via hull fouling and /or ballast water. Ship traffic in Goa 

has also increased and the incidences of introduction are also being reported along the 

coast. These are the only two examples, but the situation appears to be almost same 

along other regions o f the coast. Such changes can imbalance overall ecosystem 

functioning leading to alterations in the existing community structure and dynamics.

2B.4.5 Anthropogenic activities

http://www.mumbaiporttrust.com/performance
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Increasing anthropogenic activities can have a profound influence on the 

biodiversity o f any particular bioregion. The west coast o f India is one of the densely 

populated regions in India with enormous industrial and shipping activities. Studies 

carried out along the Mumbai coast are presented here briefly as an example of such 

anthropogenic influence.

Mumbai is one o f the fastest growing regions of India which is situated along 

the central west coast. Its population has increased from 4 million in 1960 to 7.7 

million in 1971. It is projected to increase from 18.3 million as per 2001 census to 

22.4 million in 2011. Such unprecedented increase o f human activities, in and around 

Mumbai, has imposed considerable stress on the surrounding marine environment. 

Along with the population, industrial activities have also grown to a larger extent, 

resulting in generation o f over 2485 MLD o f wastewater including sewage. The 

nutrient level especially the nitrate concentration has increased gradually over the 

years with a simultaneous decrease in dissolved oxygen, indicating an increase in the 

biological activity over the years (Sawant et al, 2007). Nutrient levels are known to 

be an important determinant o f marine biodiversity influencing the process of 

competition and community structure in the marine environment (Raghukumar and 

Anil 2003; Worm et al, 2006 and references therein). Increase in nutrient loading can 

lead to changes in the ratio of macronutrients and, in turn, influence the trophic 

dynamics. Dissolved oxygen is another essential component for marine life. 

Dissolved oxygen content showed a gradual decrease over the last 5 decades. 

Decrease o f dissolved oxygen level in harbour waters suggests higher rate of
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utilization, which could be due to increase of organic waste in the environment. The 

wastewater discharge over the years indicated a profound influence on dissolved 

oxygen and nitrate concentrations (Sawant et al, 2007). Zingde and Govindan (2000) 

reported that wastewater o f  Mumbai contains 35 mg L * of total nitrogen and could 

be the causative factor for increase o f nitrate concentration in the environment. This 

is one example to show how anthropogenic activities have influenced the region. 

Similar activities are expanding along the west coast of India in recent years and this 

can influence the biodiversity o f the region in various ways.

Apart from this, agricultural activities have increased along the region due to 

the high demand put forward owing to the increasing human population. And 

nowadays, there is an increase in the use o f nitrogen-based fertilizers globally and 

there is a shift occurred towards urea-based products. The worldwide use of urea has 

increased more than 100-fold in the past 4 decades and now constitutes more than 

50% o f global nitrogenous fertilizer usage (Glibert et al, 2006). As a result, urea 

concentrations in coastal and estuarine waters can substantially elevate and can 

represent a large fraction o f the total dissolved organic nitrogen pool (Glibert et al,

2006). Urea is also used as a nitrogen substrate by many coastal phytoplankton and is 

increasingly found to be important in the nitrogenous nutrition o f some harmful algal 

bloom species (Glibert et al, 2006). The trend towards global urea use is expected to 

continue and China and India together account for about half of the global 

consumption (Soh 2001) and have at least doubled their consumption of urea in the 

past decades (Roy 2001). In India, urea fertilizer has been heavily subsidized (as
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much as 50% of the cost o f  production) leading to its widespread use and over

applications (Ayala 2002). Such an increase in the use of nitrogen-based fertilizers 

will lead to increased eutrophication potentials o f  the coastal waters and also the 

proliferation o f some harmful algal bloom species which can ultimately affect the 

performance o f higher tropic level organisms in the area. Heterotrophic 

dinoflagellates and their cysts have also increased in recent years compared to past 

records from the area (Naik and D ’Silva, personal communication).

Other than the above mentioned factors, abiotic factors such as temperature 

and biotic factors such as predation, competition, substratum cues and larval 

behaviour can all play a role in the changes o f barnacle populations. In recent years, 

temperature fluctuations are being experienced in every part of the world. The 

estimate from the Intergovernmental Panel on Climate Change (1PCC) showed that 

the global average surface temperature has increased by 0.6 °C over the last 100 years 

(IPCC 2007). This global scale warming has resulted in increased oceanic 

temperatures and has strongly affected the spatial and temporal dynamics of a broad 

range o f marine organisms (Beaugrand et al, 2002; Perry et al, 2005).

Temperature fluctuations can act in various ways in the functioning of 

ecosystem dynamics. Temperature is known to be the most important ph)sical 

variable structuring marine ecosystems. In the case of intertidal sessile forms such as 

barnacles which have a planktonic larval developmental stage, water temperature can 

influence both adult as well as larval forms and in addition, air temperature can also
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influence the recruited adult population due to their exposure during low tides. 

Temperature is shown to have a strong effect on metabolism, growth, feeding 

behaviour and reproduction o f  most intertidal organisms (Bayne et al, 1973; Phillips 

2005; Petraitis 1992; Sanford 1999; 2002; Hutchins 1947; Philippart et al, 2003). It 

can also have a significant effect on the rates o f  larval developement. The larval 

phase and the duration o f larval phase can be altered by temperature fluctuations 

(Hoegh-Guldberg and Pearse 1995; Anil et al, 1995; Anil et al, 2001). Post

settlement survival has also been shown to be affected by temperature fluctuations 

(Crisp 1964; Kendall and Lewis 1986).

Seasonal changes in water temperature have also shown to cause differences 

in growth rate o f  barnacles. It was observed by Southward (1955) that surface-water 

temperature affects growth rate o f barnacles through its influence on the rate of cirral 

beat and feeding. Slow growth during summer season in the tropics can also be 

attributed to less food and the rise in air and sea-surface temperatures to above 

optimum (Ritz and Crisp 1970). The implications of these factors on adult energy 

reserves are yet to be illustrated in detail in the tropical scenario.

On the other hand, composition, abundance, and trophic efficiency of 

plankton communities are also tightly linked to water temperature (Bouman et al, 

2003; Badosa et al, 2007; Richardson 2008). Recent studies suggest that many of the 

meroplanktonic life stages are more sensitive to temperature fluctuations than their 

holozooplanktonic forms. Their physiological processes, such as ingestion,
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respiration and reproductive development are highly susceptible to temperature rise 

(Mauchline 1998). Surface temperature o f water can also act as a good proxy for 

nutrient enrichment. Nutrient limitation is often greater in warmer waters 

(Kamykowski and Zentara 2005). Warming makes the water column stable which 

enhances stratification and this, in turn, leads to more energy requirements to mix the 

deep, nutrient-rich water into the surface layers.

Under normal circumstances, nutrient supply to the surface water is relatively 

higher. Such conditions often lead to phytoplankton communities dominated by 

centric diatoms and the ratio o f new production to total community production is 

high. This condition leads to the dominance o f crustaceans such as copepods. Food 

web such as this is nutritionally rich and capable of supporting relatively large 

number o f higher trophic level organisms (Richardson 2008). On the contrary, under 

warmer, stratified conditions, surface waters are known to be depleted in nutrients 

and the trophic dynamics depends on recycled nitrogen. Such conditions often lead 

to the dominance o f phytoplankton groups such as picoplankton and flagellates. 

Food web such as this is nutritionally poor and can support less number of higher 

trophic level organisms (Richardson 2008). Different groups o f planktonic forms do 

not respond to ocean temperature synchronously, resulting in predator-prey 

mismatches. This differential response of phytoplankton and zooplankton may lead to 

a mismatch between successive trophic levels and a change in the synchrony between 

primary, secondary and tertiary production leading to overall changes in trophic 

dynamics (Edwards and Richardson 2004; Richardson 2008). Temperature can
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therefore act as a powerful proxy for describing the structure and functioning of 

marine ecosystems.

Remote-sensing observations of the open ocean have also revealed that the 

recent sea surface temperature increase has triggered large spatial changes in the 

vertical structure and consequently, a reduction in the global production of oceanic 

phytoplankton (Behrenfeld et al, 2006). The increase in temperature since the early 

1980’s is also believed to have resulted in a 6% decrease in the global primary 

production (Gregg et al, 2003). It has also been shown that, in warm stratified 

surface waters, increasing sea surface temperatures lead to a decrease in primary 

production. A rise in sea surface temperature reduces mixing of the upper part of the 

water column which, in turn, reduces the upward supply of nutrients (Behrenfeld et 

al, 2006). Temperature rise which enhances stratification causes flagellates to out- 

compete diatoms in the nutrient-poor surface waters. This may lead to holoplankton 

and their meroplanktonic forms to dependent on flagellates for their food 

requirements leading to starvation o f forms which have very narrow diet ranges.

Moreover, increasing ocean temperatures and changing weather patterns are 

predicted to change the speed and direction o f major currents, which will lead to 

changes in the dispersal and transport of larvae to different localities. In addition, 

since metabolic rates, growth, development and energetic costs of larval population 

depends directly or indirectly on water temperature, increasing ocean temperature 

will generally reduce larval durations and thus dispersal potentials. More rapid larval



74

growth will require more food or else mortality rates will increase (O’Connor et al, 

2007).

Besides these, sea level rise and coastal habitat modifications will lead to 

alterations in the availability o f benthic habitats for juveniles and adult populations 

and moderate their ecological interactions in the area thereby potentially impacting 

the reproductive success o f  intertidal populations. In-depth analysis of the influence 

of such anthropogenic mediated environmental changes on the biology of barnacles 

in tropical environments needs to be carried out.



Chapter 3
Distribution ofBamacCe Carvae
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3.1. INTRODUCTION

Larval supply and abundance in an area is affected by multiple factors 

operating at different spatial and temporal scales (Shanks et al, 2003). Monitoring 

the larval abundance and distribution on spatial and temporal scales provides an idea 

of the processes which interact with observed patterns and helps to understand their 

settlement and recruitment variability in a particular locality (Sponaugle et al, 2002; 

Tapia et al, 2010). Determining which processes are the primary drivers in the 

variation o f larval abundance and dispersal needs to be studied in detail in order to 

understand the variability in settlement and recruitment of barnacles in a particular 

locality. Since the life cycle o f barnacles includes both pelagic as well as benthic 

stages, success o f their population depends on the dispersal or transport of larval 

stages to suitable habitats. Larvae can disperse to different localities and can settle 

far away from the parental habitat from where they are released (Gaines and Bertness 

1992; Gaines et al, 2007). As the larval life cycle o f barnacles includes both feeding 

as well as non-feeding stages, success o f larval populations also depends on its 

dispersal/retention to habitats with sufficient food. The non-feeding larval stage 

(cyprids) can last for several days depending on the stored energy content. If the 

nauplii or cyprids are dispersed far away from the adult habitats or away from the 

coast where there is less availability of food or lack of suitable substratum to settle, 

then the survival chances are reduced. Again the survival capability depends on the 

time taken by the cyprids to explore a suitable substratum earlier they settle, better 

the chances o f survival. Larval metamorphosis can be delayed if they do not find a
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suitable substratum to settle. Excessive prolongation of the larval period can also 

results in lower survival and growth rates. Hence, local hydrodynamics plays an 

important role to decide the final destination o f larval populations and thus their 

metamorphic success. It also plays a significant role in the cross-shore distribution of 

larvae, their dispersal ranges and connectivity (Pineda 1994).

In this study, observations were carried out to monitor the abundance and 

distribution o f larvae along with settlement and recruitment of barnacles. The results 

were then compared with the numerical simulation studies carried out in the region. 

Numerical simulations are largely employed nowadays to study the dispersal and 

distribution o f various larval forms. It can provide some insights in to the processes 

operating in the region and the causes for the variations. There are no such studies 

along the west coast o f India which simultaneously monitored larval abundance along 

with settlement and recruitment o f barnacles on different spatial and temporal scales 

and compared the results with numerical simulations. The aim of the present study is 

to elucidate the larval abundance, dispersal and retention processes to assess the 

settlement and recruitment o f barnacles in this tropical environment influenced by 

monsoons.

3.2. MATERIALS AND METHODS
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Fig. 3.1. Study locations for the monitoring o f (A) larval abundance (1. Old Goa 2. 
Panjim bridge 3. Miramar 4. Offshore 5. MPT 6. Dona Paula 7. Zuari bridge) (B) 
Settlement & recruitment o f barnacles (1. Dona Paula; 2. MPT; 3. INS-Mandovi; 4. 
Arambol) and (C) (i) Large and (ii) small domains for numerical simulation studies.
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This study was carried out along the coast o f Goa, west coast o f India (Fig. la, 

b & c), is a tropical environment influenced by monsoons. Based on the influence of 

monsoons, the year is broadly classified in to 3 seasons i.e. monsoon (June- 

September), post-monsoon (October-January) and pre-monsoon (February-May). 

Field observations of larval abundance, settlement and recruitment of barnacles were 

carried out for a period o f 2 years (June 2005-May-2007) from different locations 

(Fig. 3.1 A&B) and the results were compared with the numerical simulation studies 

carried out in the region (Fig. 3.1C) as part o f a collaborative effort with physical 

oceanographers (Vethamony P. and team; Samiksha V., Grinson G. and Abbobaker).

3.2.1 Larval abundance

Larval samples were collected from 7 different stations in and around the 

Mandovi and Zuari estuaries o f Goa on a bimonthly basis (Fig. 3.1 A). Horizontal 

plankton tows were made using a Haron-Trantor net of mesh size 100pm fitted with a 

flow meter. The volume of water filtered was calculated using the number of 

revolutions obtained from a flow meter. The samples were preserved in 5% 

formaldehyde on board and later sorted and counted in the laboratory using stereo- 

zoom microscope to determine larval abundance.

3.2.2 Settlement and recruitment of barnacles
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Settlement and recruitment o f the barnacle Balanus amphitrite was monitored 

at 4 different stations (Dona Paula, MPT, INS Mandovi and Arambol) (Fig. 3. IB) for 

a period o f 2 years from June 2005 to May 2007. Panels of aluminium material were 

used as a substratum. Every month, a new set o f panels were immersed in triplicate 

and observations were taken from six marked quadrats of size 25cm2 each. Settled 

and recruited barnacles on the panels were counted at the end of respective months 

with the help of a hand-held magnifying lens. 0-2mm size classes were considered as 

settlers and above 2mm size classes were considered as recruits. Settlement and 

recruitment o f the barnacles is expressed in terms of numbers per decimetre square 

(No./dm2).

3.2.3 Hydrodynamic modeling

In order to simulate the flows and water levels at the study area, a depth 

averaged two-dimensional hydrodynamic model, MIKE 21 HD, developed by DHI 

Water & Environment, Denmark (http://www.dhigroup.com) has been used (DHI, 

2001). It simulates unsteady two-dimensional flows in one layer (vertically 

homogeneous) fluids and it is applicable in areas where stratification is negligible 

(lakes, estuaries, bays, coastal areas, etc.). Surface elevation and current velocities are 

calculated by solving dynamic and vertical integrated equations of continuity and 

conservation of momentum in X and Y directions. This model has been used earlier 

to study the flow characteristics at various coastal and estuarine regions (Babu et al., 

2005; Chubarenko and Tchepikova, 2001).

http://www.dhigroup.com
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Study area along with model domain is shown in Fig. 3.1C. Model domains 

were set up with coarse and fine resolution rectangular Cartesian grids of 500m x 

500m and 50m x 50m spacing respectively. Bathymetry data obtained from MIKE- 

CMAP and Naval Hydrographic Office (NHO) chart has been linearly interpolated to 

each grid in the model domain. The coarse resolution domain extends 206 km and 

144 km in X and Y direction, respectively. One of the purpose o f this model is to 

study the larval dispersion along the open coast. However, this model is inadequate 

to resolve some specific details at certain areas, especially within the estuarine area. 

Hence, the fine resolution domain, which extends 16 km and 11 km in X and Y 

direction, respectively, was also considered to simulate the hydrodynamics and larval 

dispersion in the study area.

The two boundary locations at the south and north of the coarse model 

domain are Karwar and Vengurla, respectively. Tidal elevations at these locations 

have been predicted using tidal constituents provided by the International 

Hydrographic Bureau, Spec. Pub, Monaco (Anonymous 1930) and applied at the 

south and north boundaries, respectively. Predicted tidal elevations of Karwar and 

Vengurla are linearly interpolated to each grid at the west boundary of the model and 

applied. Transfer boundary data (levels and fluxes) from the coarse model were 

extracted at the boundaries of the fine resolution model domain and applied as the 

boundary condition to simulate the water levels and flows in the fine resolution 

model. Apart from the tides, wind data measured at station Dona Paula using
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Automatic Weather Station (AWS) were applied as the input for the simulations. 

Seasonal changes in wind speed and directions are shown in Figures 3.2 and 3.3 

respectively. Wind data were measured at 43.5 m height, which were deduced to 

10m height using power law - a method for extrapolating the wind speeds between 

two heights (Peterson and Hennessey 1978).

The time step interval for the simulation has been selected in such a way to 

satisfy the stability criterion. Time steps of 20s and 15s were considered in the coarse 

model and fine model, respectively. The corresponding Courant numbers are 1.7 and 

3.6, respectively. The calibration parameters applied in the simulations are eddy 

viscosity, resistance and wind friction factor. A velocity-based Smagorinsky scheme 

with a constant value o f Cs=0.5 m2 s_l has been applied to calculate the eddy 

viscosity. A Manning number o f 32m1/3 s-1 has been considered as the calibration 

parameter for the bed resistance. The wind friction factor is taken as 0.0026.

The simulated water levels and current velocities have been validated with 

predicted water levels and measured currents at Captain of Ports (COP), Panaji. 

Currents were measured for every 10 minutes interval using Recording Current Meter 

(model: RCM7; make: Aanderaa, Norway) during 14 November - 10 December, 

2007 and these values were used for validating the coastal currents. The current -
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Fig. 3.2. Wind speed during (a) monsoon (b) post-monsoon and (c) pre-monsoon 
seasons from AWS data.

speed and direction were resolved into u-velocity and v-velocity components 

representing east-west direction (east is considered as positive and west is negative) 

and north-south direction (north is considered as positive and south is negative), 

respectively. The validated model has been used to simulate the flow patterns at the 

study area. Hydrodynamics is the basics for the larval transport modeling. It has 

been coupled with particle analysis model to simulate larval transport.
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Fig. 3.3. Wind direction during (a) monsoon (b) post-monsoon and (c) pre-monsoon 
seasons from AWS data.
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3.2.4 Larval transport modeling

The particle analysis (PA) module o f  the MIKE 21 (DHI, 2001) has been used 

to simulate larval transport in the study region. The model simulates transport and 

fate o f dissolved and suspended substances in the aquatic environment under the 

influence of fluid transport and associated dispersion processes. It uses the 

Lagrangian random-walk technique to track the movement of the particles released, 

and the same can be effectively utilized for tracking the retention or dispersion of 

hypothetical barnacle larvae released within the domain (Stephens et al, 2006).

Barnacle larvae are defined as neutrally buoyant and they follow the 

prevailing flow without being settled. But its pelagic larval duration (PLD) phase is 

approximated as 10 days for the study after which they are treated as settlers. On 

completion of its PLD phase, the larvae will settle if  a suitable substratum is available 

or else it will continue its PLD phase for few more days in search of a suitable 

substratum and finally perishes if they fails to settle on a suitable substratum. In the 

numerical simulations, it is defined that one particle is equivalent to 1000 larvae as it 

is difficult to model larval transport with huge number of particles. At each time step 

4000 number o f larvae were released making it into 11.92 million hypothetical larvae 

over 2980 time steps (with a time step interval o f 30s). The release is so continued for 

24 hours and 50 minutes covering 2 tidal cycles as the source flux. Assuming a mass 

o f 5 pg for each larva, 0.2 mg of larvae per second was released in each time step. 

Dispersion of the larvae according to the prevailing flow were analysed in each of the
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season and station. The dispersal pattern at the end of the simulations were plotted to 

visualize the larval dispersion and retention at different stations and seasons. The 

concentration viz. number of hypothetical larvae for each unique hydrodynamic 

situation is also extracted at various sampling stations and seasons to assess the 

intensity o f retention or dispersal of larvae under the influence of fluid transport and 

the associated dispersion processes to compare them with the field observations of 

larval abundance and settlement and recruitment o f barnacles.

3.2.5 D ata analysis

Larval abundance, settlement and recruitment data of barnacles which were 

collected during different months were log-transformed to ensure normality of means 

and homogeneity o f variances before subjecting to statistical analysis. The log- 

transformed data was then subjected to two-way analysis of variance (ANOVA) 

(Sokal and Rohlf 1981) to evaluate the variance between different sampling months 

at each station (temporal variation) and also between different sampling stations 

(spatial variation).

3.3. RESULTS

3.3.1 Larval abundance
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Cirripede nauplii and cyprid abundances during different sampling months 

from different stations are presented in Figs. 3.4 and 3.5. Abundance of nauplii 

varied significantly on spatial and temporal scales (ANOVA: p<0.05). Abundance of 

cyprids also varied significantly on the temporal scale monitored (ANOVA: p<0.05), 

whereas it did not vary significantly at the spatial scales (ANOVA: p>0.05). In 

general, cirripede nauplii and cyprids were consistently found during the pre

monsoon season (Figs. 3.4 and 3.5 a, b, f, g, k, 1) at most of the stations whereas their 

abundance was lower during the monsoon and early post-monsoon season (Figs. 3.4 

and 3.5 c, d, h, i).

3.3.2 Settlement and recruitment of barnacles

Settlement and recruitment of barnacles varied significantly on a temporal 

scale (p<0.05) whereas it did not vary at the spatial scale (p>0.05). In general, 

settlement and recruitment was lower during the monsoon season except during 

monsoon breaks. Consistency in settlement and recruitment was mostly observed 

during the pre-monsoon season at most o f the stations sampled (Fig. 3.6 a-d).

3.3.3 Hydrodynamics of the region

Validation of the model results has been carried out during 14 November -  10 

December 2007. Fig. 3.7a & b shows the comparison between measured and 

modeled current velocities (u and v components) and Fig. 3.7c shows the
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Measured current U at COP Panaji [m /s ] -----------
Modelled current U at COP Panaji [m/s] -----------

Measured V current at COP Panaji [m/s] —--------
Modelled V current at COP Panaji [m/s] -----------

Predicted tidal elevation [m] —-  
Modelled tidal elevation [m] —

2007 - 11-14 11-19 11-24 11-29 12-04 12-09
c.

Fig. 3.7. (a) and (b) Comparison between measured and modeled current velocities (u 
and v components respectively), (c) Comparison between the modeled and predicted 
water levels at COP, Panaji.
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comparison between the simulated and predicted water levels at COP, Panaji. The 

modeled u and v-velocities show good match with the measured current velocities. 

Correlation coefficients o f  0.71 and 0.68 have been observed between measured and 

modeled u and v-velocities, respectively. A slight over-estimation of the modeled u- 

velocity has been observed, with a bias o f 0.16 m/s. The modeled v-velocity is 

slightly under-estimated, with a bias o f -0.06 m/s. The r.m.s. error observed for u and 

v- velocities are 0.37 m/s and 0.14 m/s, respectively. The modeled and predicted 

water levels show a very good match with no phase difference.

The flow patterns in the coast is towards north while flooding and towards 

south while ebbing, with a prominent southward drift during pre-monsoon and post

monsoon seasons. However, during monsoon season, the prominent drift is towards 

north. In the Mandovi estuarine system, the flow is towards east while flooding and 

towards west while ebbing. The tidal currents play a major role in the cross-shore 

movement o f particles in the estuarine systems. However, small-scale tidal eddies 

also influence the dispersion characteristics inside the estuaries. The flow is 

relatively higher in the Mandovi estuary. The maximum current speeds at the COP 

while flooding are 0.96, 0.88 and 0.70 m/s during pre-monsoon, monsoon and post

monsoon seasons respectively, whereas they are 0.89, 1.08 and 0.65 m/s respectively 

while ebbing. The maximum current speeds inside Zuari estuary while flooding are 

0.3, 0.63 and 0.12 m/s during pre-monsoon, monsoon and post-monsoon seasons 

respectively, whereas they are 0.33, 0.39 and 0.20 m/s respectively while ebbing.
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3.3.4 Numerical simulations of larval dispersion and retention

The results o f larval simulations carried out along the coast were analysed to 

assess larval dispersion and retention from different release sites to evaluate the 

number o f larvae reaching the sampling stations. The extent of larval dispersion and 

retention was influenced by local tide and wind conditions according to the seasons.

During post-monsoon season, the predominant northeast monsoon winds and 

local sea breeze (northwest winds) control larval dispersion and transport of the 

larvae along the near-shore region. These wind systems enables larval transport 

towards south from all its possible release sites (Fig. 3.9 b). During pre-monsoon 

season, the predominant winds are from northwest due to sea breeze dominance over 

the region. This results in a frequent and intense movement of larvae in southward 

direction and hence the spread of the larvae is wide-stretched southwards in 

comparison to post-monsoon season (Fig. 3.10 a&b). Whereas during the monsoon 

season, there exist southwest winds resulting in the movement of larvae towards 

north (Fig. 3.8 a&b). Overall, there is a spatial and temporal variation in larval 

dispersal patterns from different release sites along the coast. In order to obtain the 

fine details, a smaller domain of higher resolution was simulated to study the 

dispersal and retention patterns within the estuaries (Mandovi and Zuari estuaries) 

during different seasons (Figs. 3.11 to 3.16).
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Fig. 3.9. Larval simulations along the coast at different stations during post-monsoon season (a) October and (b) December [Release
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Fig. 3.11. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during monsoon season (June 2006)
[Stations: 1.Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge].



Fig. 3.12. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during monsoon season (Aug 2006)
[Stations: 1.Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge].
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Fig. 3.13. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during post-monsoon season (Oct 2006)
[Stations: 1.Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge].
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Fig. 3.14. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during post-monsoon season (Dec 2006)
[Stations: 1 .Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge].



Fig. 3.15. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during pre-monsoon season (Feb 2007)
[Stations: I.Mandovi edge 2. fNS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge).
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Fig. 3.16. Larval simulations within the estuaries (Mandovi and Zuari) at different stations during pre-monsoon season (Apr 2007)
[Stations: 1.Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge].
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Larval dispersion and retention patterns within the estuaries also differed 

seasonally. Larval retention within the estuaries was found to be higher during the 

late post-monsoon (Fig. 3.14) and pre-monsoon months (Figs. 3.15 and 3.16) at most 

of the release sites and least numbers were retained during the monsoon season (Figs. 

3.11 and 3.12). Larval retention was found to be higher at stations MPT and INS- 

Mandovi during most o f the post and pre-monsoon months (Fig. 3.13-3.16).

3.3.5 Modeled and observed larval abundance, settlement and recruitment

The consistency observed in larval abundance, settlement and recruitment 

during the pre-monsoon season coincided with maximum retention o f larvae observed 

in numerical simulations during the same period. Larval entry to the estuary from 

different release sites along the coast was also found to be higher during the pre

monsoon season due to the intense southward movement o f larvae released from 

northern rocky stations (Fig. 3.10 a&b).

3.4. DISCUSSION

Larval abundance in the region varied significantly on the temporal scale 

monitored. It was found to be lower during the monsoon season and consistency was 

observed mostly during the pre-monsoon season. Settlement and recruitment of 

barnacles in the region was also found to be consistent during the pre-monsoon
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season. The consistency in larval abundance, settlement and recruitment of barnacles 

observed during the pre-monsoon season coincided with maximum retention of larvae 

released in the numerical simulations. The entry o f larvae released along the coast 

from different localities was also found to be higher during the pre-monsoon season. 

Larval supply and settlement o f organisms is dependent on the hydrodynamics of that 

particular locality. Monitoring the larval abundance during different periods of the 

year on the basis o f regional hydrodynamics is important for the understanding of 

seasonal variations in settlement and recruitment o f barnacles. The temporal changes 

observed in larval abundance, settlement and recruitment may be the result of a 

number o f physical factors such as tidal regime, wind forcing and also the supply of 

food for both larvae and adult populations.

Monsoon winds prevail over the Indian sub-continent during different periods 

of the year. During June to September, there is an influence o f south-west winds 

whereas during November to February, there is an influence o f north-east winds 

which influences the hydrodynamics of the region. The results o f larval simulations 

indicated that larval dispersal processes and settlement of barnacle larvae in the 

region were influenced by local hydrodynamics varying through different seasons. 

Larval movement differed significantly between different seasons. The pattern of 

larval dispersal in the region varied with wind and resultant current patterns. The 

increased abundance o f larvae is favored by flood currents and high tides, pushing the 

larvae into the inshore area and vice-versa during the low tide and ebb currents. The 

dispersal patterns indicate that the larval population in the area is well-mixed with
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seasonally changing patterns. Model results and field observations indicated that 

higher larval abundance in the estuaries mostly occurs during late post-monsoon and 

pre-monsoon seasons. During pre-monsoon, the predominant winds are from north

west due to sea breeze dominance over the region and the magnitude is of the order of 

5—8 m/s. This results in a frequent and intense movement of larvae in southward 

direction and hence the spread o f larvae is wide-stretched southwards during the pre

monsoon season compared to post-monsoon season. As a result, larval supply to the 

estuaries also increases during the pre-monsoon season. Since the rocky sites to the 

north are situated closer to the estuaries than the southern rocky sites, southward 

movement will facilitate the supply of larvae to the estuaries which are released from 

the northern rocky sites. During post-monsoon, the predominant north-east monsoon 

winds and the local sea breeze (north-west winds) controls larval dispersion and 

transport o f larvae along the near-shore region. These wind systems enable larval 

transport to some extent towards south from all the possible larval release sites, but 

the movement is mostly restricted near to the release sites. During monsoon season, 

there exist south-west winds, resulting in the movement of larvae towards north. 

These results suggest that the transport success of larvae and settlement are 

influenced by currents produced due to winds and tidal action.

Larval movement and retention also showed some spatial patterns within the 

estuarine area during different seasons. Larvae released at stations MPT and INS- 

Mandovi were mostly retained during post and pre-monsoon months. In general 

larval retention was consistently observed at station MPT during most of the months.
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Coastal topography can have an effect on the larval dispersal and supply through its 

interaction with near-shore oceanographic conditions (Gaylord and Gaines 2000; 

Roughan et al, 2005, W ebster et al, 2007). Inshore and open coast sites can differ in 

settlement rates because o f  the interaction o f topography with wind and tides (Gaines 

and Bertness 1992). The importance o f zones of larval retention, where larval 

exchange with the adjacent waters is reduced by patterns o f water flow, is 

increasingly documented in most part o f the world (Largier 2004 and references 

therein).

Dispersal of larval forms is also known to be controlled by factors such as the 

length o f time larvae spent as a pelagic phase, larval behaviour, larval feeding mode 

and larval size (Pechenik 1999). Larval response to the hydrodynamic forces they 

encounter will also be mediated by biochemical (settlement inducers, presence of 

conspecifics and biofilms) and physical (light) factors, biological interactions 

(predation and competition) and larval physiology (age, competency and energy 

reserves) (Olivier et al, 2000; Qian et al, 2000; Marshall and Keough 2003; Koehl et 

al, 2007; Tremblay et al, 2007). Number o f larvae released by the individuals in a 

population can also vary because some individuals can produce fewer larvae than the 

others due to the lack o f acquired energy contents and, at the same time, some 

individuals can also produce weaker larvae which can lead to early mortality and the 

larvae which released are not transported to a suitable habitat, then the success rate of 

such larvae is very less. In this context, population connectivity of organisms are 

important in understanding whether reproductive output is correlated with their
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settlement or recruitment success. Differences in the orientation of coastline relative 

to the prevailing wind can also results in difference in larval settlement in an area 

(Kendall et al, 1985). For example, a change in the structural complexity of a habitat 

can affect the hydrodynamics at the settlement site and which may change the 

settlement o f organisms. Barnacle abundance along the coast of Goa has showed a 

declining trend over the years in the recent past and it is rather indistinct to point out 

the factors which are responsible for such changes in the abundance of barnacles in 

this tropical region. Long-term studies are required to understand the variations in 

the hydrodynamic processes operating in a particular region and to point out the basis 

for observed change in abundance of barnacles.

Simulation results and the field observations did not match all the time. For 

example, the retention o f larvae observed at station MPT during most of the months 

did not correlate with the field observations o f larval abundance, settlement and 

recruitment. This mismatch could be due to various reasons. The numerical 

simulation o f larval dispersal has some limitations due to the simplicity of the model 

in terms of biological and ecological aspects. Larval behavior can change under 

different circumstances. Environmental variability is the main cause for such 

differences. Larvae are likely to disperse or retain more without settling behavior or 

mortality factors. Factors such as food availability and predation can also influence 

larval survival. Reproductive output of adult barnacles can also vary during different 

seasons leading to different number of larval release and the supply of larvae to adult 

habitats. Other than these biological factors, environmental factors such as
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temperature, salinity, rainfall and turbidity can all influence dispersal. Higher 

temperatures can lead to early metamorphosis o f larval stages leading to early 

settlement than lower temperatures. Heavy rainfall can lead to lower salinity and 

increased land runoff leading to turbidity in the surrounding environment which can 

ultimately lead to larval mortality. Different substratum’s and the cues offered are 

also important for the larvae to settle in a particular region. Some larvae can 

postpone settlement if  conditions are not ideal (Seed and Suchanek 1992), but this 

carries direct (predation) and indirect costs (depletion of energetic resources) for the 

larvae. All these factors influence larval dispersion, retention and settlement in one 

or the other way. Future studies should try to incorporate some of these factors in the 

numerical simulations. Consequently, the results of the simulations can be 

interpreted as maximum dispersal and survivorship. Nonetheless, our study has 

provided some basis for the observed variations in larval abundance, settlement and 

recruitment o f barnacles in this tropical region influenced by monsoons.
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4A.1. INTRODUCTION

Food availability during the naupliar developmental stage is an important 

factor governing the success o f barnacle populations in an area (Anil et al, 1995; 

Anil and Kurian 1996; Pechenik et al, 1998; Anil et al, 2001; Desai and Anil 

2000; 2004). There has been a growing body of evidence showing that decrease 

in larval energetic reserves can strongly impose upon post-metamorphic 

performance o f larvae (Jarrett 1997; Pechenik et al, 1998; Miron et al, 2000; Anil 

et al, 2001). Laboratory studies have shown that phytoplankton is one of the most 

preferred food by larvae during their developmental stages (Qiu and Qian 1997; 

Anil et al, 2001; Desai and Anil 2004; Desai et al, 2006). Some of the recent 

studies have shown that they can feed on a wide range o f food organisms (Turner 

et al, 2001; Vargas et al, 2006).

Information on the food consumed by barnacle nauplii in the wild is very 

much lacking in spite o f  its importance in larval energetics, dispersion, settlement 

and recruitment (Turner et al, 2001; Vargas et al, 2006). Technical difficulties 

when working with these small nauplii may also explain the scarcity of 

information on their feeding habits. Work on laboratory rearing of nauplii, fed on 

unialgal cultures demonstrates that nauplii feed efficiently on cells over a different 

size range (Vargas et al, 2006). However, our knowledge is derived from 

incubation experiments, most of them using laboratory-cultured phytoplankton as 

food (Qiu and Qian 1997; Anil et al, 2001; Desai and Anil 2004; Desai et al, 

2006; Nasrolahi et al, 2007). Larvae in the natural habitat have to survive wide 

variations in environmental parameters as well as availability o f food.
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In this study efforts were made to evaluate the food consumed by barnacle 

nauplii in the natural environment, through the quantification o f fecal pellets 

egested by a freshly captured individual, which can be reckoned to represent a 

measure o f  feeding status at the time o f  capture. The method provides 

information on in situ  feeding rates or conditions immediately prior to collection. 

Until now, this method has not been used w ith nauplii of barnacles collected from 

the field mostly due to technical difficulties like handling these small sized 

nauplii. Studies related to the use o f this method in the case o f crustaceans are 

mostly available w ith adult copepods collected from the field as well as 

laboratory-reared copepods fed with different mono-algal cultures (Honjo and 

Roman 1978; M orales 1987; Urban-Rich et al, 1998; Fleddum et al, 2001; 

Frangoulis et al, 2001; Schnetzer and Steinberg 2002; Bathmann and Liebezeit 

2008; Ploug et al, 2008). The aim o f the present study was to assess the food 

consumed by the barnacle nauplii in the natural environment by quantifying the 

larval defecation rates and their variations over a temporal scale and also to assess 

the contents o f the fecal pellets using scanning electron microscopy. Further, the 

consequences o f changes in the food availability, as indexed through fecal pellets 

egested, are discussed w ith respect to settlement and recmitment variations of the 

barnacle Balanus amphitrite in a tropical estuarine environment influenced by

monsoons.

4A.2. M ATERIALS AND METHODS



112

In order to ascertain the food consumed by the barnacle nauplii in the 

natural environment, a  study on temporal variations in larval defecation and its 

contents was earned out over a period o f  two years (June 2005- May 2007) in a 

tropical estuanne environm ent influenced by monsoons (Dona Paula bay, Goa, 

west coast o f  India) w hich is known for its characteristic temporal variations in 

the phytoplankton abundance and diversity. Larvae collected from the Dona 

Paula bay were incubated in  the laboratory for the evaluation o f food consumed.

4A.2.1 Collection o f larvae, fecal pellet quantifications and Scanning Electron 

Microscopic (SEM) observations

Larval samples w ere collected monthly using 100pm mesh net towed 

horizontally with the help o f  a mechanized boat. They were immediately brought 

to the laboratory after collection in live conditions and IV-VI instar nauplii (n=24) 

were isolated individually in multi-wells (24-well) containing 0.22pm filtered 

seawater. The number o f  defecated pellets by a larva after 12 hours of incubation 

at room temperature and the proportion o f the larvae defecating was quantified. 

After the observations, pellets were preserved in 90% Ethanol for Scanning 

Electron Microscope (SEM ) photography to find the signatures o f food. Ethanol- 

preserved samples were filtered on to 0.22 pm  polycarbonate membrane filters, 

rinsed with deionised w ater to remove salt and ethanol and then air-dried. Filters 

were then placed on SEM  stubs and sputtered with gold/palladium for 3 minutes 

and the photographs w ere taken at different magnifications.

4A.2.2 Laboratory experiments



113

Observations w ere also carried out w ith laboratory-hatched larvae by 

providing phytoplankton cultures of Chaetoceros calcitrans and Skeletonema 

costatum  as food. The pellets defecated by the larvae were collected and 

processed for SEM photography for the evidence o f ingested food and to compare 

them with the pellets defecated by field-collected larvae.

4A.2.3 Settlement and recruitm ent o f barnacles

Observations on settlem ent and recruitment o f barnacles in the vicinity of 

the study area were also carried out on a monthly basis from June 2005 to May 

2007 by immersing alum inium  panels. Every month a new set o f panels were 

immersed in triplicate and observations were taken from six marked quadrats 

within the panels o f size 25cm2 each. Settled and recruited barnacles on the 

panels were counted at the end o f a month w ith the help of a magnifying glass. 0- 

2mm size classes were considered as settlers and above 2mm size classes were 

considered as recruits. Settlement and recruitment o f the barnacles is expressed in 

terms o f numbers per decim etre square (No./dm ).

4A.2.4 Data analysis

Percentage o f  defecating larvae collected during different sampling 

months was subjected to two-way analysis o f variance (ANOVA) (Sokal and 

R ohlf 1981) to evaluate the variance between different sampling months. 

Settlement and recruitment o f  the barnacles monitored during different sampling
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months was also subjected to two-way ANOVA. Data was log-transformed

before subjecting to A N O V A  to ensure normality o f  means and homogeneity of 

variances.

4A.3. RESU LTS

4A.3.1 Fecal pellets defecated by the field-collected larvae

The average num ber o f  fecal pellets defecated by a larva remained more or 

less constant throughout the period o f observation (July 2005-May 2007) (Fig. 

4A.1). The % o f larvae defecating was comparatively higher during February- 

May (pre-monsoon) period and the highest was observed during March 2006 (Fig. 

4A.2). Analysis o f  variance also indicated a significant variation among different 

sampling months (ANOVA: p<0.0005).
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Fig 4A 1 Average num ber o f fecal pellets defecated by a larva during different 
sampling months. * sign indicates the absence o f sample collection during that 
particular month. (Error bars indicate standard deviation from the mean).
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Fig. 4A.2. Percentage o f larvae defecating during different sampling months. * 
sign indicates the absence o f sample collection during that particular month.

SEM photographs o f the pellets collected during October-January (post

monsoon) period indicated the presence o f pennate diatoms. The pellets produced 

during February-May (pre-monsoon) period did not show any diatom frustules. 

They were mostly in the form o f particulate matter or, in some cases, 

unidentifiable (Fig. 4A.3 b & c).

4A.3.2 L abora to ry  experim ents

The pellets produced from the laboratory-raised larvae with centric 

diatoms as food (Chaetoceros calcitrans and Skeletonema costatum) indicated the 

presence of diatom frustules in the remnants o f food provided (Fig. 4A.3 a).



Fig. 4A.3. SEM photographs: (a) fecal pellets defecated by laboratory-reared larvae, 
(b) fecal pellets defecated by field-collected larvae (pre-monsoon, Feb- May), (c) 
fecal pellet contents from field-collected larvae (post-monsoon, Oct-Jan).
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4A.3.3 Settlem ent a n d  recru itm en t o f barnacles

Settlement and recruitment o f  barnacles varied throughout the sampling 

period. Settlement w as less during the monsoon season (June-|September). Peak 

in settlement was observed during February 2006 followed by November 2006 

(Fig. 4A.4). Analysis o f  variance also indicated a significant variation in barnacle 

settlement among different months. (ANOVA: p<0.05). Recruitment of barnacles 

was also less during the monsoon season except for August month and it peaked 

during pre-monsoon season (February-May) (Fig. 4A.5). Analysis of variance also 

indicated a significant variation in barnacle recruitment among different sampling 

months (ANOVA: p<0.05).

Fig. 4A.4. Settlement o f the barnacle Balanus amphitrite during different 
sampling months. (Error bars indicate standard deviation from the mean).
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Fig. 4A.5. Recruitment o f the barnacle Balanus amphitrite during different 
sampling months. (Error bars indicate standard deviation from the mean).

4A.4. DISCU SSIO N

The mode o f  nutrition in larval forms plays an important role in their 

capability to survive and disperse. In the case of larval forms, which have a 

feeding requirement essential for their growth and development, the rate of their 

survival is dependent on food availability, life span and their capability to tolerate 

starvation. Barnacles have both feeding and non-feeding stages in their larval life 

span. The chances o f  survival of non-feeding stage larvae (cyprid stage) depend 

upon the stored energy o f the larvae or the naupliar developmental history. On 

the other hand, survival o f the feeding-stage larvae depends upon the food 

available for the larva in the environment or their capability to tolerate starvation 

(Desai and Anil 2004).
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As the success o f  barnacle population in any given environment is 

determined by the events during the larval life period, it is important to ascertain 

the type o f food the nauplii consume. Such an effort made in this study through 

larval defecation experiments showed that the average number of fecal pellets 

defecated by a larva remained constant in spite of possible variations in the type 

o f phytoplankton available in the environment. The results also indicated that the 

percentage o f defecating larvae (an indicator o f food consumed) was 

comparatively higher during the pre-monsoon season (Fig. 4A.2). However, the 

average number o f  fecal pellets defecated by a larva remained constant 

irrespective o f the season (Fig. 4A.1).

The signatures o f  food found during the pre-monsoon season in the fecal 

pellets were elusive, indicating altered food consumption (i.e. other than diatoms) 

as compared to the post-monsoon months. SEM photographs o f the pellets which 

were collected during post-monsoon season indicated the presence of pennate 

diatoms not among the common food organisms employed in the laboratory 

rearing. The pellets produced during the pre-monsoon season did not have any 

diatom remains whereas the pellets produced during the post-monsoon season 

showed some frustules o f diatoms. This indicates that during the pre-monsoon 

season the larvae survived on food material other than diatoms. It has been 

reported that the phytoplankton community in the study area changes with the 

season and dinoflagellates form a substantial part (-30%) during the pre-monsoon 

season (Patil and Anil 2008).
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Earlier studies have also indicated that the food preferred by barnacle 

larvae m the w ild includes small flagellates at relatively high rates along with 

diatoms (Turner et al, 2001). In accordance with their feeding mechanisms and 

body size, barnacle nauplii were also able to feed on autotrophic picoplankton 

(<5pm) and did not consume the largest phytoplankton cells (Vargas et al, 2006). 

Experiments by Nejstgaard et al. (2007) also indicated that they can feed on 

Phaeocystis but was pointed out by authors that this needs to be treated with 

caution and with further investigation.

Microcosm rearing o f  larvae in this tropical bay by Desai and Anil (2002) 

indicated that the naupliar duration o f larvae is prolonged by only two days as 

compared to those raised in the laboratory. It was also observed that chlorophyll 

a content o f the sea w ater in the bay during the experiment was in the range of 

0.3-4.0pg L '1 (Desai and Anil 2002). Even at the lowest concentration o f food 

provided in the laboratory rearing, the chlorophyll a content is 15 times higher 

than the maximum values observed in the field. This shows the capability of 

larvae to survive in the field in spite o f observed low chlorophyll a concentration 

in the water column, though the larvae raised in the microcosm experienced 

nutritional stress w hich was shown by lower ratios of RNA: DNA (Desai and Anil 

2002).

This study further indicates their capability to feed on food materials other 

than diatoms. As the fecal pellets did not always have remnants of diatom 

ffustules, it is possible to say that the larvae survived on food material other than 

diatoms. This indicates a shift in the food available for the larvae in the
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environment and such shifts can influence the development and metamorphosis 

capability o f barnacles. Settlement and recruitment of the barnacles in the vicinity 

indicated a seasonal variation in the rate of settlement and recruitment. 

Settlement and recruitm ent during the monsoon season was inconsistent, whereas 

during the pre-monsoon season, settlement and recruitment occurred throughout 

the season. The consistency in settlement and recruitment observed during the 

pre-monsoon season coincides with the higher percentage o f defecating larvae and 

the absence o f diatom frustules in the fecal pellets.

Success o f  larval development in the natural environment in spite o f 

altered food availability can have greater implication from the point of survival 

and translocation o f  larvae to different habitats through dispersion and other 

physical processes. Settlement behaviour o f the larvae also has the potential to 

affect larval dispersion. ‘Desperation’ o f the larvae is one source of variation in 

larval settlement behaviour. It has been proposed that as larvae grow old, they 

become less discriminatory in their selection of settlement substrate (Knight- 

Jones, 1953; Toonen and Pawlik 2001). A number of workers have suggested that 

the maximum planktonic period o f non-feeding larvae is determined by the 

energetic reserves (Lucas et al, 1979; Ami and Kunan 1996; Ami et al, 2001, 

Thiyagarajan et al, 2002b; Desai and Anil 2004 and references therein). Another 

source o f variation in  settlement behaviour may be the size o f larvae. There are 

some evidences that larval size does influence larval life span in some 

invertebrates, w ith larger larvae remaining active for longer than smaller larvae 

(Marshall et al, 2003; Marshall and Keough 2003; Isomura and Nishihira 2001). 

However, these issues have not been addressed in case o f barnacles from the point



122

o f settlement o f larvae or dispersal o f  larvae to different bioregions. If larval size 

affects larval settlem ent behaviour, then variation in larval size could also 

indirectly affect the dispersal potential. Larger larvae will have greater nutritional 

reserves than smaller larvae and they can swim for longer duration than smaller 

larvae and would be less desperate to settle. In this context, it is possible for the 

larger larvae to rem ain planktonic for a longer duration, hence a greater dispersal 

potential.

Most o f the lim ited information on feeding characteristics of barnacle 

nauplii comes from experimental or rearing studies where laboratory-cultured 

phytoplankton are offered as food. Also, primarily herbivorous feeding by 

barnacle nauplii is in  agreement with numerous observations using laboratory- 

cultured diatoms as food, but there is in fact very limited information on feeding 

by barnacle nauplii on natural plankton assemblages. The attempt made here in 

this study indicates the capability o f  nauplii to feed on food materials other than 

diatoms and also shows that the rate o f  larval defecation remained constant 

throughout the year. This being so in spite o f reported seasonal variations in 

phytoplankton community in the water column by Patil and Anil (2008). In view 

o f  this, it is important to consider the consequences o f such changes on the 

availability o f food for the nauplii when one postulates the risk of translocation of 

organisms with such planktotrophic naupliar developmental pathways.

Quantitative analysis o f fecal pellet production and its content would also 

provide insights about the preference o f larval food in the wild. This is a difficult 

task to be accomplished and requires molecular techniques to identify the
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signatures of food organism s consumed. Nevertheless, this observation shows the 

need to study in  detail the larval food preference in the natural environment, 

contrary to the popular belief that larvae mostly prefer phytoplankton food in the 

wild.



'B. (gut fluorescence anaCysis
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4B .1 . IN T R O D U C T IO N

Recent studies have shown the capability of barnacle larvae to feed on a 

wide range and size o f  food organisms (Turner et al, 2001; Vargas et al, 2006; 

Gaonkar and Anil 2010). But the food preference and requirements of larvae in 

the wild is still not thoroughly understood under different environmental settings. 

Measuring the gut fluorescence o f larvae is one approach to quantify the ingested 

food by the larvae. Chlorophyll a content o f  the larval gut can be used as a proxy 

for ingested phytoplankton. Analysis o f  pigments in the guts of grazers has 

become a popular tool for the last few decades for measuring the feeding activity 

o f  planktonic herbivores (Nemoto 1968; Mackas and Bohrer 1976; Baars and 

Oosterhuis 1984; K leppel et al, 1988; Durbin and Campbell 2007; Lopez et al, 

2007 and references therein), even though there are certain limitations in the 

method such as it can detect only the ingested phytoplankton and there is also a 

possibility o f pigm ent destruction in the gut to non-fluorescent compounds 

(Conover et al, 1986; Head 1992; McLeroy-Etheridge and McManus 1999; 

Pasternak 1994 and references therein). However, this method has not been 

employed so far in feeding studies o f barnacle larvae.

The larval samples were collected from Dona Paula bay, Goa which is 

located along the west coast o f India, is a tropical, estuarine environment 

influenced by m onsoons and with characteristic temporal variations in 

phytoplankton abundance and diversity (Patil and Anil 2008). The aim of the 

present study was to initially standardise the gut fluorescence technique to assess
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the larval feeding using laboratory-reared larvae and then to employ this 

technique to measure the gut fluorescence o f field-collected larvae and to study 

the seasonal variability in gut fluorescence o f the field-collected larvae to figure 

out the variations in  the availability o f  food for the larvae in this tropical 

environment influenced by monsoons.

4B .2 . M A T E R IA L S  A N D  M E T H O D S

Prior to analysing the larval samples for gut fluorescence, a series o f 

preliminary experiments were carried out with the laboratory-reared larvae to 

examine the influence o f various factors on the experimental procedure and to 

standardise the gut fluorescence protocol for the analysis of barnacle larval food.

4B .2 .1  L arva l rea r in g  in  the laboratory

Larval developm ent in barnacles consists of six naupliar instars and a pre

settling cyprid instar. The I instar nauplius is non-feeding and molts into II instar 

within a short interval o f time. II to VI instars are phytoplanktivorus. Nauplii 

obtained from the adult broods o f the barnacle Balanus amphitrite were mass 

reared in 2 L glass beakers (larva m l'1) on a daily diet o f Chaetoceros calcitrans, a 

unicellular diatom at a  cell concentration o f 2x10 cells ml . The cultures were 

maintained at 20° C (±1° C) temperature in the incubators at 12h:12h, light:dark 

cycle. Larval density was maintained by monitoring the mortality of the larvae 

every day, prior to changing the food.
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4B.2.2 Gut fluorescence analysis o f the laboratoiy reared larvae

The larvae belonging to IV-VI instars were utilized for the analysis of gut 

fluorescence. Before analysing the fluorescence, larvae were washed 5-6 times 

with 0.22(r filtered sea water to remove the adhering phytoplankton cells in which 

the larvae were reared. In preliminary experiments, to establish the minimum  

number o f larvae needed to obtain valid gut fluorescence measurements, samples 

with different num ber o f  individuals (10, 20, 30, 40 and 50) were analysed (30 

individuals were found to be appropriate for the analysis o f  gut fluorescence). 

Background fluorescence o f the larvae was also determined by starving the larvae 

for 24 hours and it was found to be negligible. For each treatment, measurements 

were taken from  10 different replicates. To avoid gut evacuation and 

photodegradation o f  the gut contents, washing o f the larvae, sorting and picking 

processes were carried out in a short interval of time by working under a 

dissecting microscope with minimum exposure to light.

Pigments were extracted in 2ml o f 90% acetone, kept overnight at 4° C in 

dark condition without homogenization (extraction was also tried with 

homogenized larvae and the differences in readings were found to be negligible). 

After extraction overnight, the solution was centrifuged, and the upper clear 

solution was m easured using a Turner Design Model fluorometer (Triology) in the 

laboratory illuminated with dim light. Gut fluorescence is expressed as nano 

gram chlorophyll a  per individual larvae.
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After standardising the protocol for the analysis o f gut fluorescence from 

the laboratory-reared larvae, larval samples were collected from the field to 

measure the differences in gut fluorescence from the field collected larvae and to 

study the seasonal variations in gut fluorescence o f the field collected larvae.

4B .2 .3  F ield  co llec tio n  o f  larvae

Larval samples were collected from the Dona Paula bay (west coast of 

India) with the help o f  a  Haron-Trantor net o f mesh size 100 pm. Horizontal 

plankton tows were m ade for the purpose using a mechanised boat. Immediately 

after collection they were brought back to the laboratory and kept in 5 litre 

containers with additional seawater (also collected from the same area from where 

the larvae were collected). The containers were supplied with moderate aeration 

and maintained at norm al room temperature and natural light. Barnacle larvae of 

stage IV-VI instars were immediately sorted under the dissecting microscope in to 

0.22pm filtered seawater and were washed 4-5 times with 0.22pm filtered 

seawater to clean and remove the adhering phytoplankton cells and dirt from the 

surface o f the larvae and utilized for the analysis of gut fluorescence following the 

above mentioned protocol for laboratory-reared larvae.

Based on the influence of monsoons the study area is broadly categorized 

in to 3 seasons, pre-monsoon (February-May), monsoon (June-September) and 

post-monsoon (October-January). For the analysis o f gut fluorescence of the
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field-collected larvae, the samples were collected 6 times in each season [post

monsoon (12th, 14th, 16th October 2009 and 14th, 16th, 18th December 2009) and 

pre-monsoon (15th, 17th, 19th March 2010 and 17th, 19th, 21st May 2010) season] 

from the area and w ere processed for the analysis of gut fluorescence. Samples 

were not collected during the monsoon season due to unfavourable weather 

conditions and also due to less availability o f  larvae during the season.

4B.2.4 Data analysis

Gut fluorescence values obtained for different sampling months were 

subjected to two-way analysis o f variance (ANOVA) (Sokal and Rohlf 1981) to 

evaluate the variance between different sampling seasons. Data were log- 

transformed before being subjected to ANOVA to ensure normality of means and 

homogeneity o f variance.

4B.3. RESULTS

4B.3.1 Gut fluorescence o f the laboratory-reared larvae

Laboratory-reared larvae indicated that the mean chlorophyll a content of 

the larval gut was higher than compared to fecal pellets defecated by the 

laboratory-reared larvae (Fig. 4B.1). Pheopigment concentrations are also found 

to be higher in larval guts than fecal pellets (Fig. 4B.2). Nearly 85% (±13) of the 

ingested chlorophyll a is converted into pheopigments in the larval gut and 76%
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(±61) o f  the chlorophyll a  in to pheopigments in fecal pellets defecated by the 

larvae.

larvae fecal pellets

Fig. 4B.1. Chlorophyll a content o f the laboratory-reared larval gut and their fecal 
pellets.

4B .3 .2  G u t f lu o resce n c e  o f  the field  co llected  larvae

Chlorophyll a  content o f the larvae collected from the field were found to 

be eleven (post-monsoon collected larvae) and seventy (pre-monsoon collected 

larvae) times less compared to laboratory-reared larvae (Fig. 4B.3). Chlorophyll a 

content o f the field collected larvae were found to be consistently higher during 

the post-monsoon season (October and December) than compared to pre-monsoon 

season (March and May) (Fig. 4B.4). During the post-monsoon season, 

chlorophyll a content o f  the larval gut was in the range o f 27.64 - 35.70 

nanograms/larva, whereas during the pre-monsoon season it was in the range of 

1.89 - 13.02 nanograms/larva. ANOVA also showed a significant variation
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between seasons (post-monsoon and pre-monsoon seasons) (p<0.0005) but within 

the season, it was non-significant (p>0.05).
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Fig. 4B.2. Pheopigment concentrations o f  the laboratory-reared larval gut and 
their fecal pellets.
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Fig. 4B.3. Comparison o f chlorophyll a  content of the laboratory-reared and field- 
collected larval gut during different seasons (post-monsoon and pre-monsoon 
season).
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Fig. 4B.4. Chlorophyll a  content o f  the larval gut collected from the field during 
different seasons (post-monsoon and pre-monsoon).

4B.4. DISCUSSION

Studies carried out to monitor the seasonal variations in gut fluorescence 

o f  barnacle larvae indicated that the gut fluorescence values obtained during the 

post-monsoon season was higher than compared to pre-monsoon season. This 

provides evidence that during the post-monsoon season, larvae mostly ingested 

phytoplankton food, whereas during the pre-monsoon season, larvae ingested food 

materials other than phytoplankton. Such differences in the feeding behaviour 

observed could be due to differential availability of food for the larvae. The 

variability in gut fluorescence observed could also be due to feeding on non- 

pigmented food. There is a growing body of literature suggesting that 

microzooplankton is a major component in the diet o f  various larval forms 

including barnacles (Turner et al, 2001; Turner 2004; Vargas et al, 2006; Lopez et
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al, 2007). Generally, the pre-monsoon season is known to be characterized by 

lower chlorophyll a  concentration in the water column. The area is known to be 

dominated by diatom s during the post-monsoon season, whereas during the pre

monsoon season, dinoflagellates also contribute substantially along with diatoms 

(Patil and Anil 2008).

Laboratory studies have shown that diatoms are the preferred food for the 

larvae during developm ental stages. During the pre-monsoon season, which is 

mostly warmer, is generally known to be dominated by microzooplankton such as 

protozoans, ciliates and heterotrophic dinoflagellate forms. Successful 

metamorphosis o f  larvae during this season (which is shown in settlement and 

recruitment studies o f  barnacles in the vicinity) could be attributed to food

switching behaviour o f  the larvae during this season, which must have preferably 

fed on microzooplankton. The summer months in the region (pre-monsoon) are 

also reported to have higher numbers o f  bacteria in the water column (Thakur and 

Anil 2000). Such an increase in the bacterial numbers when phytoplankton 

abundance is low  can alter the food web dynamics. Microzooplankton can 

successfully feed on bacteria. This could be one of the reasons for the higher 

abundance o f dinoflagellates found during the pre-monsoon season in the area 

(Patil and Anil 2008) (since heterotrophic dinoflagellates are one o f the important 

components o f  microzooplankton). It is thus possible to infer the importance of 

microbial loop in the area and gives an indication for the existence of alternative 

food chain when there is less phytoplankton. Such an alternative food chain will



133

have implications from  the point o f  biological production potential in an area 

which ultimately determ ines the success o f  higher trophic level organisms.

Studies carried out to quantify the food available for the nauplii by 

monitoring the fecal pellets egested by freshly captured larvae indicated that the 

percentage o f defecating larvae (an indicator o f food consumed) was 

comparatively higher during the pre-monsoon season. However, the average 

number o f fecal pellets defecated by a larva remained constant irrespective of the 

season (see Chapter 4A). These observations demonstrate that larval feeding rate 

does not change during different seasons, though temporal changes have been 

observed in phytoplankton community composition. This study further indicated 

a  possible shift in the food available for the larvae. As the fecal pellets observed 

did not always have remnants of diatom frustules, it was possible to say that the 

larvae survived on food material other than diatoms (see Chapter 4A). Such shifts 

in the food available for the larvae can influence the development and 

metamorphic capabilities o f the barnacles. Settlement and recruitment of the 

barnacles monitored in the vicinity showed a consistency during the pre-monsoon 

season and this consistency in settlement and recruitment coincided with the 

higher percentages o f  defecating larvae and the absence o f diatom frustules in the 

fecal pellets. Based on these observations, it is possible to infer successful larval 

development and metamorphosis in this barnacle species on varying forms of food 

availability in the natural environment (see Chapter 4A). Some of the earlier 

studies also showed the capability o f larvae to feed on small flagellates and 

autotrophic picoplankton at relatively high rates along with diatoms (Turner et al,



134

2001; Vargas et al, 2006). Microcosm-rearing experiments o f larvae carried out 

in the vicinity by D esai and Anil (2002) also showed successful survival o f larvae 

m the field and the naupliar duration o f  larvae reared in the field was prolonged 

by only 2 days as com pared to laboratory-reared larvae, though the chlorophyll a 

concentration o f the m edium  in which the larvae were reared in the laboratory was 

found to be m inim um  15 times higher than the field concentrations. This shows 

the larval development in spite of lower phytoplankton concentrations in the field.

The results o f  gut fluorescence analysis in this study might have also been 

affected by size and morphology o f the potential phytoplankton food available in 

the area for larvae since phytoplankton cells that are too large cannot be ingested 

by the larvae. O ther than this, the degree o f degradation and pigment loss in the 

guts o f larvae can also vary under different environmental conditions. Studies 

have shown that during grazing, chlorophyll a can degrade in to pheopigments. 

Many studies on copepods have found chlorophyll breakdown products (i.e., 

pheopigments) in guts and fecal pellets, though not all of the chlorophyll is found 

to be always recovered as pheopigments (Down 1989; Head and Hams 1992, 

1994). Similar results are also obtained with the barnacle larvae and their fecal 

pellets in our studies. Nearly 85% o f the ingested chlorophyll a is converted back 

in to pheopigments in  the larval guts and nearly 76% of the chlorophyll ci in to 

pheopigments in the fecal pellets defecated by the larvae. This shows that rest of 

the pigment proportion is either absorbed or broken down in to undetectable non- 

fluorescent end products. Less proportion of chlorophyll a is recovered as 

pheopigments in fecal pellets (76%) indicating that more of the pigments are
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either absorbed by the larvae during their gut passage time or they must have been

destroyed or converted in to  undetectable colourless end products in the fecal 

pellets.

It was previously assumed that herbivores convert all the chlorophyll into 

pheopigment during grazing (Shuman and Lorenzen 1975). But recent studies 

have suggested that 100% conversion does not always occur, so that some fraction 

o f ingested chlorophyll is sometimes either destroyed or broken down in to non- 

fluorescent end products. Down (1989) found that copepods converted on 

average 63% o f  ingested chlorophyll a  to pheopigments, while the rest was 

destroyed. A lthough various estimates o f  chlorophyll conversions have been 

reported, an average o f  ~30% pigment loss (conversion to undetectable, colourless 

products) is assum ed in many gut fluorescence studies (e.g. Dam and Peterson 

1988; M cLeroy-Etheridge and McManus 1999). When all the chlorophyll that 

disappears due to grazing can be found back as pheopigments, the concentration 

o f the latter can serve as a measure o f  the grazing activity. Penry and Frost (1991) 

showed that copepods that had been acclimatised for longer periods of time to 

high algal food concentrations destroyed more pigments than those acclimatised 

to lower food concentrations. Gut residence time has also been hypothesized to 

affect the extent o f  pigment concentrations because longer gut residence time 

allows for more breakdowns (Dagg and Walser 1987; Penry and Frost 1991). 

Some studies have demonstrated that the extent of chlorophyll a destruction varies 

with the ingestion rates (Penry and Frost 1991; Head and Harris 1996). 

Physiology o f organisms, trophic history and other variables such as
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phytoplankton physiology, light, etc. m ay all play a role in the extent of pigment 

destruction that occurs during grazing. Studies by Head (1988, 1992) suggested 

that the degree o f  pigm ent destruction during grazing is inversely related to the 

degree o f starvation or level o f feeding activity and also that it increases with 

increasing light intensity. The mechanisms o f pigment destruction in the guts o f 

the organisms are still not clear but feeding history, phytoplankton composition or 

behavior o f the organism  have been proposed as the main controlling factors 

(Head 1992; Head and Harris 1996). The evidence regarding pigment degradation 

is still conflicting, as the methods used to  examine this are subject to a variety of 

errors (Durbin et al, 1990, Peterson et al, 1990). Although most studies use 

chlorophyll a to estim ate grazing rates, other pigments can also be measured using 

high performance liquid chromatography (HPLC). This information makes it 

possible to evaluate selectivity of larvae for different phytoplankton. However, in 

order to use these pigm ents as quantitative tracers for larval grazing, the extent 

and variability o f  pigm ent destruction during feeding and digestion must be 

quantified as suggested by McLeroy-Etheridge and McManus (1999). These 

issues have not been studied in case o f  barnacle larvae and need to be dealt in

detail in future studies.



C. StaBCe isotopic analysis
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4C.1. INTRODUCTION

In spite of the importance of food availability for barnacle larvae during their 

naupliar developmental stages which ultimately governs the success of barnacle 

populations in an area, studies pertaining to this from the natural environment are 

very scarce (Turner et al, 2001; Vargas et al, 2006; Gaonkar and Anil 2010). Most of 

the available studies are mainly based on laboratory-reared larvae using mono-algal 

food (Qiu and Qian 1997; Anil et al, 2001; Desai and Anil 2004; Desai et al, 2006). 

A range of newly developed techniques are employed nowadays (such as molecular 

and stable isotopic approaches) to study the feeding behavior o f invertebrate larvae, 

other than age old traditional methods. Stable isotopes of carbon and nitrogen can 

give useful information on the food consumed by these larvae. Analysis of natural 

isotopic composition provides a useful tool to determine the original food sources, as 

well as giving a measure of the carbon actually assimilated over time (Fry and Sherr 

1984). The average 13C/12C ratio of an organism is closely related to that of its food 

(DeNiro and Epstein 1978). However, it should be noted that, although S13C of an 

organism is closely related to that of its food, there is always a slight difference due 

to isotopic fractionation, the organisms being generally l%o heavier than its diet (Rau 

et al, 1983). The use o f  nitrogen stable isotopes (81SN) to study the trophic position is 

based on the fact that they display a constant level of enrichment (~3.5%o) per trophic 

level (Minagawa and Wada 1984). Stable carbon isotopes (S13C) do not display a 

significant enrichment between trophic levels and as such are useful in assessing the 

sources of carbon in food webs (McConnaughey and McRoy 1979). But, 8 C is
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sometimes a confusing tracer o f food source, especially when different food sources 

have a similar 513C or in cases where the differences between 813C of different carbon 

sources are small (El-Sabaawi et al, 2009). The 515N of organisms is a product of the 

signature o f the diet, as well as trophic fractionation (Minagawa and Wada 1984). 

Therefore, on its own, 815N is not a good indicator of absolute trophic position, 

because differences in baseline signatures can vary seasonally and annually thus 

making it difficult to understand the trophic component of 815N (El-Sabaawi et al, 

2009). Analysis of gut contents using other techniques can provide only snapshots of 

the diets based on what has been ingested which is not actively assimilated. In 

contrast, naturally occurring stable isotopes reflect diet integrated over a longer 

period in a way that depends on rates o f feeding, assimilation, tissue turnover and 

growth (Peterson and Fry 1987; Post 2002). However, there are some weaknesses in 

the stable isotopic techniques. Stable isotopes supply relatively accurate information 

about implicit and even absolute trophic position if variability in the dietary baseline 

is established, but often fail to capture the finer details of food sources (El-Sabaawi et 

al, 2009).

In this particular study, the stable isotopic technique was adopted to analyse 

the laboratory-reared larvae first and then employ this technique to study the 

availability of food for the larvae collected from the natural environment. Larval 

samples were collected from the Dona Paula bay, Goa which is located along the 

west coast of India, is a tropical, estuarine environment influenced by south-west 

monsoons and characteristic temporal variations in phytoplankton abundance and
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diversity (Patil and Anil, 2008). The aim o f the present study was to initially 

standardize the stable isotopic technique to assess the larval feeding using laboratory- 

reared larvae and then employ this technique to evaluate the signatures of food from 

the field-collected larvae and also to study the seasonal variability in the isotopic 

signatures of field-collected larvae to find out the variations in the available food for 

the larvae in this tropical environment influenced by monsoons. This study 

represents the first attempt to use stable isotopic techniques to investigate the feeding 

o f barnacle larvae.

4C.2. MATERIALS AND METHODS

4C.2.1 Phytoplankon cultures and stable isotopic analysis

Sixteen different phytoplankton species which were maintained at the culture 

collection of the National Institute of Oceanography, Goa-India were selected for the 

analyses which were isolated from the nearby area from where the larval samples 

were collected. The cultures were grown in 1 L glass beakers in a f/2 medium 

(Guillard and Ryther 1962) and maintained at 20° C (±1° C) temperature in the 

incubators at 12h:12h, Light:Dark cycle. Seven to eight day old cultures were filtered 

on to GF/F (25 mm diameter) pre-combusted filter papers (for pre-combustion of the 

filter paper, they were kept in 200°C oven for 2 hours). The cultures were washed 4- 

5 times with MiliQ water to remove the adhering salts and were stored in -20° C 

refrigerator until analysis. Before analysis, the filters were dried overnight in 60° C
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oven and the dried samples were processed for the analysis o f stable isotopes. 

Samples were packed in tin capsules (3.2 x 6mm cup size, Thermo Electron 

Corporation) and were placed in the sample slots of the instrument GCIRMS 

(Thermo Finnigan Flash 1112 elemental analyzer, linked with a Thermo Finnigan 

Delta V plus Isotope Ratio MS) to obtain the readings. Signatures of 813C and 813N 

were expressed as per mill (% o) relative to standards (sucrose and ammonium 

sulphate respectively).

4C.2.2 Larval rearing in the laboratory

Larval development in barnacles consists of six naupliar instars and a pre

settling cyprid instar. The I instar nauplius is non-feeding and molts into II instar 

within a short interval. II to VI instars are planktivorus. Nauplii obtained from the 

adult broods of the barnacle Balanus amphitrite were mass-reared in 2 L glass 

beakers (larva m l'1) on a daily diet of Chaetoceros calcitrans, a unicellular diatom at 

a cell concentration o f 2x105 cells ml'1. The cultures were maintained at 20° C (±1° 

C) temperature in the incubators at 12h:12h light:dark cycle. Larval density and food 

concentrations were maintained by monitoring mortality of the larvae every day, prior 

to changing the food. Depending upon the number of larvae, the food concentration 

and the volume (larva m l'1) of the medium was adjusted.

4C.2.3 Stable isotopic analysis of the larvae
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For stable isotopic analysis, larvae were maintained till V-VI instars and used 

for the analysis. Approximately 100 larvae were sorted by working under dissecting 

microscope with minimal exposure of larvae to light and also by minimizing the 

picking time, in to a 50ml beaker filled with 0.22 p filtered seawater. Before 

analysing the larvae for stable isotopes, they were washed 5-6 times with 0.22p 

filtered sea water to remove the adhering phytoplankton in which the larvae were 

reared. After washing the larvae, they were filtered on to GF/F (25mm diameter) pre

combusted Whatman filter papers. The larvae were rinsed with MiliQ water 4-5 

times to remove the adhering salts. The filters with the larvae on it were carefully 

removed from the filtration unit and stored in -20° C until analysis. Before analysing 

the samples for stable isotopes, they were dried in 60° C oven. The samples were 

packed in tin capsules and loaded in the sample slots of GCIRMS to take the readings 

as mentioned above for phytoplankton cultures. 5 replicates were taken for the 

purpose. Larvae were also starved for 24 hours and processed for isotopic analysis. 

For this purpose also measurements were taken from 5 replicates.

4C.2.4 Stable isotopic analysis of the fecal pellets

For the analysis o f fecal pellets for stable isotopes, larvae were reared till V- 

VI instars and sorted from the mass-rearing beaker (2 L glass beaker). 

Approximately 100 larvae were sorted in to a 50ml beaker containing 0.22 \i filtered 

seawater and were incubated for 24 hours for the complete evacuation of guts and to 

obtain maximum pellets. After incubation, the larvae were separated out and the
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incubation water is filtered on to 0.22 p pre-combusted filter paper by carefully 

rinsing the beaker. The pellets were washed with MiliQ water for about 5 times to 

remove the adhering salts and the filters were stored in -20° C freezer until analysis. 

Before analysis, the filters were dried in 60° C oven overnight and were analysed for 

stable isotopes following the procedure mentioned above for the larvae. 

Measurements were taken from 5 replicate samples.

4C.2.5 Field collection of larvae and stable isotopic analysis

Larval samples were collected from the Dona Paula bay, Goa, west coast of 

India, with the help of a Haron-Trantor net of mesh size 100pm. Horizontal plankton 

tows were made for the purpose using a mechanized boat. Immediately after 

collection they were brought back to the laboratory and kept in 5 litre containers with 

additional seawater which was also collected from the same area from where the 

larval samples were collected. The containers were supplied with moderate aeration 

and maintained at normal room temperature and natural light. Barnacle larvae were 

immediately sorted under a dissecting microscope by exposing the larvae to 

minimum light, in to 0.22p filtered seawater and were washed 4-5 times with the 

same filtered seawater to clean and remove the adhering phytoplankton cells and dirt 

from the surface o f the larvae. These larvae were then analysed for stable isotopes 

following the above mentioned protocol for laboratory-reared larvae.
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Based on the influence o f monsoons the study area is broadly categorized in 

to 3 seasons, pre-monsoon (February-May), monsoon (June-September) and post

monsoon (October-January). Larval samples were collected twice in a season and 

were analysed for stable isotopic signatures. Samples were not collected during the 

monsoon season due to unfavorable weather conditions and also due to less 

availability of larvae during the season.

4C.2.6 Data analysis

Variations in S13C and S15N signatures o f the larvae and their fecal pellets 

defecated during different seasons were tested using two-way ANOVA (Sokal and 

Rohlf 1981). Differences in 813C and 815N ratios of the diet versus fed larvae, starved 

larvae and their fecal pellets defecated from the laboratory-reared larvae were also 

tested using two-way ANOVA.

4C.3. RESULTS

4C.3.1 813C and 815N ratios of the phytoplankton cultures

813C and 815N ratios of the different phytoplankton species maintained in the 

laboratory are shown in Table 4C.1. 813C ratios of the phytoplankton were in the 

range of-37.92%o (Odontella mobiliensis) to -24.13%o (.Amphora coffeaeformis) and
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51SN  ratios were in the range of -0.47%o (Navicula crucicula) to 11.81%o 

(Amphiprora sp.).

Table 4C.1. 813C and 815N ratios of different phytoplankton species maintained in the 
laboratory.

Phytoplankton species 813/12C 815/14N
Bacillariophyceae
Chaetoceros calcitrans -24.77 0.34
Skeletonema costatum -25.63 -11.38
Coscinodiscus sp. -27.20 5.47
Achnanthes sp. -26.40 0.32
Amphiprora sp. -29.44 11.81
Navicula crucicula -26.57 -0.47
Navicula subinflata -24.59 -0.57
Navicula transitans -28.28 -1.64
Amphora coffeaeformis -24.12 0.28
Amphora rostrata -27.56 -0.58
Odontella aurita -25.45 0.14
Odontella sinensis -32.63 -1.49
Odontella mobiliensis -37.92 1.20
Prymnesiophyceae
Isochrysis galbana -28.55 6.51
Chlorophyceae
Tetraselmis sp. -27.26 3.19
Coscinodiscophyceae
Thalassiosira sp. -29.44 -3.91

4C.3.1 813C and 815N ratios of the laboratory-reared larvae

Feeding experiments were carried out with the laboratory-reared larvae using 

Chaetoceros calcitrans as a food. C. calcitrans had a 513C value of -24.77%o and 

815N value of 0.34%o (Table 4C.1). After 1 week of feeding, the larvae were 0.95%o
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enriched in 13C relative to the diet. The 813C values of the fecal pellets were - 

24.42%o, which is also enriched in 13C relative to the diet. 81SN ratios of the larvae 

were 1.76%o, which is enriched in 15N by 1.42%o relative to the diet and 815N ratios of 

the fecal pellets were 2.82%o, which is also enriched in 15N by 2.48%o relative to the 

diet and 1.06%o relative to the fed larvae (Fig. 4C.1 a & b).

813C ratios o f the starved larvae which were fed with C. calcitrans diet were - 

23.61%o which is 1.16%o enriched in 13C than the fed diet and 815N ratios were 1.79%o 

which is enriched by 1.45%o in 15N as compared to the fed diet (Fig. 4C.1 a & b).

The mean S13C and 8I5N ratios o f the larvae fed with C. calcitrans were - 

23.82%o (range: -25.25%o to -22.45%o) and 1.76%o (range: 1.55%o to 1.87%o) 

respectively. Whereas, the mean 513C and 815N ratios of the fecal pellets defecated 

from the fed C. calcitrans diet were -24.42%o (range: -25.39%o to -22.51%o) and 

2.82%o (range: 1.83%o to 3.33%o) respectively (Table 4C.2).

The differences in S13C and 8I5N ratios of the diet versus fed larvae, starved 

larvae and the fecal pellets did not vary significantly (ANOVA,/?>0.05).

4C.3.2 513C and 815N ratios of the field-collected larvae

The mean 813C and 815N ratios of the larvae collected during pre-monsoon 

season were -22.68%o (range: -23.64%o to -21.89%o) and 2.32%o (range: 1.71%o to -
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Table 4C.2. 513C and 815N  ratios of the laboratory-reared larvae fed with mono-algal 
diet {Chaetoceros calcitrans) and their fecal pellets.

Food
0Chaetoceros calcitrans)

Fed larvae Fecal pellets

813C -24.77 (1) -23.82±1.00 (5) -24.42±1.26 (5)

815N 0.34 (1) 1.76±0.13 (5) 2.82±0.64 (5)

3.56%o) respectively, whereas the mean S13C and 815N ratios of the fecal pellets 

defecated from field-collected larvae during pre-monsoon season were -24.19%o 

(range: -22.5 l%o to -25.35%o) and 2.90%o (range: 2.15%o to 3.30%o) respectively 

(Table 4C.3).

The mean 813C and 815N ratios o f the larvae collected during post-monsoon 

season were -21.69%o (range: -22.32%o to -20.60%o) and 2.77%o (range: 2.30%o to 

3.66%o) respectively, whereas the mean 813C and 815N ratios of the fecal pellets 

defecated from field-collected larvae during post-monsoon season were -23.21%o 

(range: -24.26%o to -21.45%o) and 2.74%o (range: 2.2%o to 3.1%o) respectively (Table 

4C.3).
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C. calcitrans fed larvae starved larvae fecal pellets

b.

Fig. 4C.1. (a) 813C and (b) 815N ratios o f the laboratory-reared larvae fed with 
Chaetoceros calcitrans diet, starved larvae and their fecal pellets.
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Table 4C.3. S13C and 815N  ratios of the larvae and their fecal pellets collected from 
the field during pre-monsoon and post-monsoon seasons.

Pre-monsoon Post-monsoon

Larvae 58 * * * * 13 *C -22.68±0.86 (5) -21.69±0.67 (5)
515N 2.55±0.66 (5) 2.77±0.59 (5)

Fecal pellets 813C -24.19±1.08 (5) -23.21±1.14 (5)
815N 2.90±0.46 (5) 2.74±0.48 (5)

813C and 51SN  signatures of the field-collected larvae and their fecal pellets 

during pre-monsoon and post-monsoon seasons did not differ significantly (ANOVA, 

p>0.05).

4C.4. DISCUSSION

Traditional approaches such as gut content analysis and laboratory feeding

experiments to analyse the feeding behavior o f the organisms has its drawbacks,

though these methods can able to determine the broad idea of the ingested food items

(Michener and Schell 1994; Schmidt et al, 2003). Identification of engulfed food

items is difficult through these methods and it allows inferences only on ingested

food and not on assimilation. Moreover, the methods provide only snap-shot
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information of the recently ingested food materials (Bamstedt et al, 2000; Schmidt et 

al, 2003). Nowadays, biomarkers have been used as an alternative tool to study the 

feeding habits o f organisms. Food sources can have diverse biochemical 

compositions that become assimilated into their consumers. Biomarkers can able to 

determine the diet over a longer period o f time than gut content analysis which 

depends on factors such as rates of ingestion, accumulation, tissue turnover and 

growth (Fry and Arnold 1982; Tieszen et al, 1983; Schmidt et al, 2003). In feeding 

studies, carbon and nitrogen isotopes have usually been estimated. For carbon it is 

well established that, on average, a slight enrichment takes place in the organisms 

relative to its diet (0.5-l%o), whereas nitrogen isotopic ratios are known to be 

enriched by 3-4%o per trophic level (Minagawa and Wada 1984; Michener and Schell 

1994). Carbon isotopic compositions can be useful in tracing two food sources with 

clear differences in 813C values, whereas nitrogen isotope ratios are generally used as 

trophic position indicators (Peterson and Fry 1987; Schmidt et al, 2003). During 

metamorphosis o f the organisms, tissues may turn over fast and the isotopic 

signatures of the body tissue will therefore likely reveal the recently ingested food 

materials by the organisms (Tamelander et al, 2006).

Prior to analysing the larvae collected from the field for stable isotopic 

analysis, larval samples were analysed from laboratory-reared larvae fed with mono- 

algal diet (C. calcitrans) to study the fractionation processes and the theoretical 

assumptions of this approach, since this is the first effort to evaluate the isotopic 

ratios of the barnacle larvae for the detection of ingested food. Laboratory-reared
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larvae fed with mono-algal diet showed an enrichment of 13C by about 0.95%o and 

15N  by about 1.42%o as that o f the fed diet. 13C enrichment in the larvae matches well 

with the theoretical assumptions. Studies have shown 815N values of consumers to be 

3-4%o heavier than their presumed diets (Wada et al, 1987; Hobson and Welch 1992; 

Michener and Schell 1994). However, laboratory experiments have shown lower 

trophic enrichment values for 15N, with mean differences in 815N between diet and 

their consumers being lower in marine (1.48%o) than in freshwater (2.82%o) 

organisms (Vanderklift and Ponsard 2003). The 813C ratios are known to increase by 

l%o between consecutive trophic levels, but do not necessarily show a consistent 

enrichment with increasing trophic levels (Hobson and Welch 1992; Michener and 

Schell 1994). Our laboratory experiments also supports these views, since the larvae 

were enriched in 13C by about 0.95%o and 15N by only 1.42%o as that of the ingested 

food. Fecal pellets defecated from the laboratory-reared larvae fed with mono-algal 

diet were enriched in 13C by about 0.4%o and 15N by about 2.48%o as that of the 

ingested food. Studies on fecal pellets defecated from organisms such as Temora sp. 

and mysids also showed the same trends with enrichment in 13C by about 0.9%o and 

1.4%o respectively compared to the ingested food (Checkley and Entzeroth 1985, 

Gorokhova and Hansson 1999). Copepods o f the temperate and sub-tropical regions 

also showed fecal pellets to have higher 815N values than the ingested phytoplankton 

(Checkley and Entzeroth 1985; Altabet and Small 1990). Furthermore, the studies by 

Harvey et al. (1987) on copepod species, Calanus helgolandicus showed that, up to 

90% of the total fatty acids in the diet are assimilated during gut passage, thus leaving 

little lipids left in the fecal pellets. This is not the case in our studies, since fecal
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pellets have shown low 513C values as compared to the larvae. This indicates that 

probably the lipids are not completely assimilated by the larvae. Digestibility of the 

ingested food materials appears to be a crucial factor in this context which can affect 

assimilation and isotopic composition of fecal pellets (Aberle et al, 2005; Tamelander 

et al, 2006). Egestion o f undigested food materials can thus mask the isotopic 

fractionation among diet, consumers and their fecal pellets as suggested by 

Tamelander et al. (2006). However, the role of bacteria cannot be ruled out in 

isotopic fractionations. Bacteria are known to be enriched in 13C relative to their 

substrate (Macko and Estep 1984; Coffin et al, 1989), which can cause a depletion of 

13C in the residual material (Tamelander et al, 2006). Starved larvae which were fed 

earlier with a mono-algal diet until late instars were also enriched in C by 1.16%o 

and 15N  by 1.45%o as that o f the food. 813C and 815N ratios of the larvae fed with 

mono-algal diet and the larvae which starved later remained the same. However, the 

consequence of prolonged periods of starvation on isotopic composition of the larvae 

needs further investigation. Cyprids which metamorphosed out of mono-algal diet 

were also found to be slightly enriched in 13C by about 0.44%o as that of the ingested 

diet.

S13C ratios o f the larvae collected from the field during pre-monsoon season 

were found to be -22.68±0.86%o and 51SN ratios were 2.55±0.66%o. 815N ratios are 

almost near to the theoretical assumptions. 813C ratios of the fecal pellets defecated 

from the field collected larvae were -24.19±1.08%o and 815N ratios were 2.90±0.46%o 

which is almost similar to the ratios obtained from laboratory-reared larvae.
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Whereas, 813C ratios o f the larvae collected during post-monsoon season were - 

21.69±0.66%o, which is heavier by about l%o compared to the ratios of larvae 

obtained from pre-monsoon season and 5!5N  ratios were 2.77±0.60%o. 813C ratios of 

the fecal pellets defecated from the field-collected larvae during post-monsoon season 

were -23.21±1.14%o which is also heavier by about l%o compared to the fecal pellets 

o f the larvae defecated from pre-monsoon season and 815N ratios were 2.74±0.48%o 

which is almost similar to that o f the larvae. Over all, the signatures of 813C and 815N 

o f the field-collected larvae and their fecal pellets provide evidence that the larvae in 

the field are dependent on phytoplankton for their food requirements. Since the 813C 

ratios of the larvae and their fecal pellets collected during post-monsoon season were 

heavier by only l%o then compared to pre-monsoon collected larvae, it is difficult to 

clearly discriminate the fed diet by the larvae during different seasons. As most of 

the ratios of lower food chain organisms are overlapping, it is not easy to clearly 

distinguish the food materials consumed by these larvae. Consequently it is difficult 

to distinguish on which particular phytoplankton species, larvae were actually feeding 

in the natural environment and due to this, it is difficult to distinguish any clear cut 

seasonal patterns.

Studies in this region on feeding behavior of the larvae using gut fluorescence 

analysis and fecal pellet examinations showed a clear-cut seasonal trend (Chapter 4A 

and B). The fecal pellets defecated from the larvae collected during post-monsoon 

season indicated the presence of diatom frustules, whereas no frustules were found in 

the fecal pellets o f the larvae collected during pre-monsoon season. But the rate o f
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defecation and number o f  larvae defecating was found to be higher during the pre

monsoon season. Observations on gut fluorescence of larvae collected during 

different seasons showed that the gut chlorophyll a content was higher in the larvae 

collected during post-monsoon season than compared to the larvae collected during 

pre-monsoon season. This gives evidence that the larvae were mostly feeding on 

phytoplankton during the post-monsoon season than compared to pre-monsoon 

season and also provides a hint that during pre-monsoon season larval food is 

comprised of resources other than phytoplankton. Microzooplankton is found to be 

abundant during pre-monsoon season along with bacteria in this region. They can 

serve as an alternative food source for larvae during pre-monsoon season when there 

is less of phytoplankton food in the environment.

But, the seasonal trends were not evident from stable isotopic signatures of 

the larvae collected during different seasons. There could be many explanations for 

this. The changes in the proportions o f food components of the larvae such as 

diatoms or flagellates in the diet may not have been large enough to induce a change 

in 5I3C ratios of the larvae. In such cases, isotopic ratios will not show much 

difference. Since diatoms can utilize isotopically-heavy bicarbonate ion as a carbon 

source, diatoms are often known to be heavier in 513C than are flagellates (Fry and 

Wainright 1991). Such clear signatures were not evident from the larvae collected 

during different seasons. Again, the diatoms can also show decreasing discrimination 

against 13C with increasing growth rate, leading to high S13C values of the cells when 

growth rate is high (Fry 1996; Tamelander et al, 2006). If larvae in the environment
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feed on phytoplankton food which is in different growth phases, then the ratios of 

larvae which fed on different growth stages o f phytoplankton will overlap with each 

other leading to no clear-cut distinctions in the food items and their ratios which are 

collected from the field. Moreover, changes in different environmental variables 

such as temperature, nutrients, pH and salinity can all affect the ratios of 

phytoplankton (Hinga et al, 1994; Brutemark et al, 2009 and references therein) and 

these variables can change seasonally and regionally leading to further complications 

in the interpretation o f isotopic data. So one should be cautious of interpreting the 

data, especially while studying the lower food web dynamics and its interactions with 

other physico-chemical variables and also while studying the feeding patterns of 

primary consumers such as larval stages o f various planktotrophic organisms which 

are directly dependent on primary producers for their food requirements.

As the isotopic methods are increasingly gaining recognition, there are still 

some factors which need further considerations (Schmidt et al, 2003). Fractionation 

o f nitrogen isotope is not similar all the time but can differ according to species, 

nutritional stress, food source and nitrogen content of the food (DeNiro and Epstein 

1981; Gorokhova and Hansson 1999; Adams and Sterner 2000). Even for a single 

primary carbon source such as phytoplankton, the isotopic ratios can change with 

species composition, metabolic pathways of photosynthesis, seasons and geographic- 

regions. This spatial or temporal variability in the baseline of the food web creates 

some difficulty to compare the ratios o f organisms and their diets (Michener and 

Schell 1994; Schmidt et al, 2003). Again, the different isotopic ratios of different
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biochemical compounds (lipids, proteins, and carbohydrates) make it necessary to 

consider which compounds or biochemical fractions are to be incorporated in the 

analysis (Tamelander et al, 2006). Highly variable lipid contents and C:N ratios in 

different organisms, as well as the low 813C values of lipids compared to other 

compounds (van Dongen et al, 2002; Sato et al, 2002) highlights the importance of 

considering which biochemical compounds should be analyzed for stable isotopic 

analysis as suggested by Tamelander et al. (2006).

Further laboratory experiments needs to be carried out especially with the 

larval forms to study the fractionation o f different phytoplankton species fed by these 

larvae and the fecal pellets defecated by these larval forms. Experiments are also 

required to study the fractionation of different phytoplankton species consumed by 

the larvae which are in their different growth phases. Studies on lipid-free fractions 

o f the larvae are also required since isotopic ratios are known to be greatly influenced 

by the body lipid contents.



Chapter 5
Summary



SUMMARY

Studying the settlement and subsequent recruitment of intertidal organisms 

are the crucial steps to understand the population structure of organisms in a 

particular bioregion. However, studying the recruitment of intertidal organisms such 

as barnacles with two-phase life cycle and to understand the determinants of 

recruitment is a complex problem. Many processes which operate during pelagic pre

settlement phase and benthic post-settlement phase at different spatial and temporal 

scales can determine the success of barnacle populations. Intertidal organisms such 

as barnacles can also act as indicators o f changes in the environmental conditions. 

Since barnacles have a biphasic life cycle, changes in air as well as near-shore 

environment can influence their overall metamorphic success in a given bioregion. 

Successful settlement and subsequent recruitment indicates the sustainability of a 

population to that particular locality. Observations carried out to study the settlement 

and recruitment o f barnacles in this tropical environment influenced by monsoons 

showed that, both settlement and recruitment varied significantly on a temporal scale 

monitored but not at the spatial scale. In general settlement and recruitment was 

lower during the monsoon season except during monsoon breaks. Consistency in 

settlement and recruitment was mostly observed during the pre-monsoon season. 

Temporal variations observed in the settlement and recruitment of barnacles could be 

due to the influence o f monsoons over the region which leads to seasonal fluctuations 

in the physical factors such as local hydrodynamics which influences the larval
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suppJy and dispersal o f  larvae to adult habitats during different seasons and also 

could be due to the variations in the availability o f food for the larvae.

Barnacle abundance has declined along the West Coast of India over the years 

in the recent past (for example along the Goa coast, the abundance was 1200 ind./dm2 

during 1983-84, whereas during 2005-07, it decreased to 80 ind./m2). Abundance of 

secondary producers such as zooplankton has also decreased along the coast over the 

years. Factors such as precipitation, local hydrodynamics, productivity, temperature, 

bioinvasion and anthropogenic influence can all play a significant role in such 

changes. Population dynamics of intertidal organisms such as barnacles is strongly 

influenced by interactions with their physical environment. They have to rely on the 

movement o f water to deliver their food and to disperse and transport their larvae. At 

the same time, they are also influenced by biotic interactions, including competition 

and predation (Pineda et al, 2009). The coupling between the physical and biological 

environments is very complex particularly in intertidal organisms inhabiting near

shore (Pineda et al, 2009), since the life cycle of these organisms spans two very 

different habitats, pelagic as well as intertidal. Tides and currents help larvae to 

disperse but then at the same time larvae must return to shore successfully to settle. 

After settlement, they have to fight against predators, competition for space and 

disturbances from other biotic and abiotic factors. If they can successfully overcome 

all these barriers then they will grow and reproduce. Thus, the success of near-shore 

intertidal organisms such as barnacles is interconnected with many aspects.
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Precipitation is one important factor which can influence the community 

dynamics o f a particular bioregion to a considerable extent. The total annual rainfall 

data for the region indicated that the pattern o f rainfall fluctuated between the years, 

and over the years an increased propensity in the occurrence of “monsoon-breaks” 

have been observed over the subcontinent both in terms of frequency and duration 

during the last five decades (Ramesh Kumar et al, 2009). Local hydrodynamics also 

plays an important role in determining the larval supply and settlement of a particular 

bioregion. Settlement o f  barnacles in a particular region is dependent on the rate of 

arrival o f larvae in that particular area. The rate of arrival o f larvae is in turn 

dependent on the local hydrodynamics (Pineda 1994). Physical transport processes 

can generate variations in settlement and recruitment of barnacles over different 

scales. Wind induced larval transport can also cause large to medium scale variations 

in settlement and recruitment of barnacles (Pineda 1994). Changes in the abundance 

o f barnacles over the years may be the result of a number of physical factors such as 

tidal regime, wind forcing and also the supply of food for both the larval as well as 

adult populations. Monsoon winds prevail over the region during June-September 

(south-west winds) and November-February (north-east winds) period which 

influences the hydrodynamics o f the region. Numerical simulations showed that the 

pattern o f larval dispersion and retention in the region varied with wind and resultant 

current patterns. Larval abundance in the region also showed temporal variations. 

Least abundance was mostly observed during the monsoon season and the peak in 

abundance was mostly observed during the late post-monsoon and early pre-monsoon 

seasons. The peak in larval abundance during the pre-monsoon season coincided
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with the consistency in settlement and recruitment o f barnacles. Numerical 

simulations showed that during the post and pre-monsoon period the larval movement 

was mostly towards south and the larvae released from the northern release sites 

contributed to larval abundance within the estuaries, whereas during the monsoon 

season the larval movement was mostly found towards north. Larval supply from the 

adjacent rocky sites to the estuary was also maximum during the pre-monsoon season 

and the retention o f larvae released from different sites within the estuary was found 

to be maximum during the late post-monsoon and early pre-monsoon season. 

Maximum larval supply and retention during the pre-monsoon season coincides with 

the maximum larval abundance, settlement and recruitment of barnacles observed in 

the field studies.

Other than hydrodynamic influence, factors such as anthropogenic pressure 

and bioinvasion can also play a significant role on the biodiversity of the region. 

Bioinvasion can alter the ecosystem stability and dynamics of a particular bioregion. 

In recent years due to the intensification o f global maritime transport and aquaculture 

activities have led to the introduction of invasive species worldwide (Carlton and 

Geller 1993; Anil et al, 2002). Studies carried out along the Indian coast have 

reported the incidences o f introductions in the recent years. Such changes can 

imbalance the overall ecosystem functioning leading to alterations in the existing 

community structure and dynamics. Increasing anthropogenic activities such as 

industrial development along the coast and shipping activities can also have a 

profound influence on the biodiversity of a particular bioregion in various ways.
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Temperature is another important abiotic factor which can influence the life cycle of 

intertidal organisms at different stages. In the recent years temperature fluctuations 

are being experienced at every part of the world. Temperature fluctuations can act in 

various ways in the functioning of ecosystem dynamics. The estimate from the 

Intergovernmental Panel on Climate Change (IPCC) showed that the global average 

surface temperature has increased by 0.6°C over the last 100 years (IPCC 2007). This 

global scale warming has resulted in increased oceanic temperatures and has strongly 

affected the spatial and temporal dynamics of a broad range o f marine organisms 

(Beaugrand et al, 2002; Perry et al, 2005).

Temperature is known to be the most important physical variable structuring 

the marine ecosystems. In the case of intertidal sessile forms such as barnacles with 

planktonic larval developmental stage, water temperature can influence both adult as 

well as larval forms and in addition air temperature can also influence the recruited 

adult population due to their exposure during low tides. Temperature has shown to 

have a strong effect on metabolism, growth, feeding behaviour and reproduction of 

most intertidal organisms (Bayne et al, 1973; Phillips 2005; Petraitis 1992; Sanford 

1999; 2002; Hutchins 1947; Philippart et al, 2003). It can also have a significant 

effect on rates o f larval developement. The larval phase and the duration of larval 

phase can be altered by temperature fluctuations (Hoegh-Guldberg and Pearse 1995; 

Anil et al, 1995; Anil et al, 2001) and the post-settlement survival has also been 

shown to be affected by temperature fluctuations (Crisp 1964; Kendall and Lewis

1986).
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Productivity/food availability is another most important factor which can have 

a considerable influence on the population dynamics of a particular bioregion. 

Abundance o f secondary producers such as zooplankton showed a decreasing trend 

over the years in this region indicating changes in the food web dynamics. Larval 

metamorphic success is again dependent on the food available for them in the natural 

environment. Different approaches were employed in this study to assess the feeding 

o f larvae collected from the natural environment. Fecal pellet quantifications of the 

larvae collected from the wild showed that the percentage of defecating larvae was 

maximum during the pre-monsoon season whereas the average number of fecal 

pellets defecated by a larva remained same during different season. The maximum 

percentage of defecating larvae observed during the pre-monsoon season coincided 

with consistency in settlement and recruitment of barnacles. Contents of fecal pellets 

observed through scanning electron microscopy showed the presence of diatom 

frustules during the post-monsoon season whereas no frustules were observed in the 

fecal pellets defecated during pre-monsoon season. This shows that during pre

monsoon season larvae mostly survived on food materials other than diatoms.

Measuring the gut fluorescence o f larvae is another approach to quantify the 

ingested food by the larvae. It can provide a snapshot of the ingested food and has 

been employed in the feeding studies o f various organisms. Initially standardization 

o f the gut fluorescence method was carried out with the laboratory reared larvae fed 

with mono-algal diet Chaetocerous calcitrans, a unicellular diatom at a cell
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concentration of 2x10 cells ml \  The gut fluorescence of the IV-VI instar nauplii 

was found to be 370(±12) nanograms chlorophyll a larva"1 and the defecated fecal 

pellets had 224(±63) nanograms chlorophyll a larva"1. Pheopigment concentration in 

the larval gut was found to be 311(±13) nanograms larva'1 and in the fecal pellets it 

was found to be 172(±61) nanograms larva'1. The larval samples collected from the 

field (with characteristic temporal variations in phytoplankton abundance and 

diversity) indicated a seasonal fluctuation in the gut fluorescence of larvae. Gut 

fluorescence of the larvae obtained during post-monsoon season was consistently 

higher when compared to pre-monsoon season, suggesting the predominance of 

autotrophic forms in the larval gut during post-monsoon. Whereas the low gut 

fluorescence obtained during pre-monsoon season indicates the ingestion of food 

sources other than autotrophs. Such differences observed in the feeding behaviour of 

the larvae could be due to the differential availability of food for the larvae during 

different seasons and further indicates the capability of larvae to feed on wide range 

o f food source.

Analysis o f  stable isotopes of larvae and their fecal pellets is another approach 

to study the feeding o f larval forms. Stable isotopes of S13C and 615N are useful in 

the evaluation o f food web dynamics. Stable isotopes of carbon and nitrogen can 

give useful information on the food consumed by these larvae. Analysis of natural 

isotopic composition provides a useful tool to determine the original food sources, as 

well as giving a measure of the carbon actually assimilated over time (Fry and Sherr 

1984). The use o f nitrogen stable isotopes (615N) to study the trophic position is
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based on the fact that they display a constant level of enrichment (~3.5%o) per trophic 

level (Minagawa and Wada 1984) and the average 13C/12C ratio of an organism is 

closely related to that o f its food (DeNiro and Epstein 1978). Analysis of the gut 

contents using other techniques can provide only snapshots of the diets based on what 

has been ingested which is not actively assimilated. In contrast, naturally occurring 

stable isotopes reflects diet integrated over a longer period in a way that depends on 

rates o f feeding, assimilation, tissue turnover and growth (Peterson and Fry 1987; 

Post 2002). Experiments carried out to evaluate the fractionation of 513C and 815N 

between the food and the Balanus amphitrite nauplii that were fed with Chaetoceros 

calcitrans, the larvae that were subsequently starved and their fecal pellets pointed 

out an enrichment in C 13 by 0.95%o and N 15 by 1.42%o in the case of laboratory reared 

larvae fed with Chaetoceros calcitrans diet. The enrichment level in the fecal pellets 

was comparatively higher than that obtained from the larvae either fed or starved 

indicating a role for heterotrophic organisms. The cirripede larvae are planktivorous 

and inspite of the seasonal differences in the phytoplankton community of the study 

area, no discemable differences were found in the 813C ratios of larvae obtained from 

the wild (only l%o) indicating that the finer details of the food organisms are not 

detectable and is possibly due to the broad range of isotopic values observed at the 

base o f the food web. Overall the feeding studies of larvae carried out using different 

approaches showed the capability of larvae to feed on wide range of food sources.

To conclude, this study addressed settlement and recruitment of the barnacle 

Balanus amphitrite on different spatial and temporal scales in a tropical monsoon
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influenced environment and provided an assessment of causative factors for the 

changes in abundance o f barnacles along the west coast of India. Larval abundance, 

dispersal and retention processes in the region are also elucidated to assess the 

settlement and recruitment o f barnacles. Feeding studies of barnacle larvae were also 

carried out using different approaches and showed the capability of larvae to feed on 

wide range of food sources.
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Barnacles are one of the dominant macrofouling organisms found in the intertidal region throughout the world Among the 
different species of barnacles Balanus amphitrite (=Amphibalanus amphitrite) is a favoured candidate organism used in 
experimental studies. Larval development in this barnacle includes planktotrophic naupliar stages followed by pre-settling 
cyprid instar. Studies have shown that availability offood during naupliar development is of critical importance to successful 
metamorphosis of the cypris larva. Traditionally barnacle larvae are raised in the laboratory providing mono-algal cultures of 
diatoms as food organisms. Such a luxury is not a reality in the wild. Observations to quantify the food available for the 
nauplii deliberated by monitoring the faecal pellets egested by freshly captured larvae from a tropical estuarine environment 
(Dona Paula bay, Goa, west coast of India) influenced by monsoon and characteristic temporal variations in the phytoplank
ton abundance and diversity indicated that the percentage of defaecating larvae (an indicator of food consumed) was com
paratively higher during the pre-monsoon season. Generally this season is characterized by lower chlorophyll-a concentration. 
However, the average number offaecal pellets defaecated by a larva remained constant irrespective of the season. Earlier work 
in the study area depicts temporal changes in phytoplankton community structure; diatoms dominate during the post
monsoon season whereas dinoflagellates dominate during the pre-monsoon season. These observations indicate a possible 
shift in the food available for the larvae. As the faecal pellets did not always have remnants of diatom frustules, it is possible 
to say that the larvae survived on food material other than diatoms. Settlement of barnacles on panels of aluminium in the 
vicinity was monitored throughout the year and peaked during the pre-monsoon season. It is thus possible to infer successful 
larval development and metamorphosis in this barnacle species on varying forms of food.

Keywords: barnacle larvae, Balanus amphitrite (=Amphibalanus amphitrite), faecal pellets, phytoplankton, diatoms, dispersion, 
settlement and recruitment
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I N T R O D U C T I O N

Barnacles are an important intertidal organism and one of the 
dominant components of the macrofouling community. 
Larval development of this organism includes planktonic nau
pliar stages followed by a pre-settling cyprid instar. Successful 
recruitment of barnacles is governed by the naupliar develop
mental history. Their sessile nature and planktotrophic larval 
development give them the dual capability of dispersion either 
as a fouling organism or through their journey inside the dark 
ballast tanks. There has been a growing body of evidence 
showing that decreases in larval energetic reserves can 
strongly impose upon post-metamorphic performance of the 
larvae (Jarrett, 1 9 9 7 : Pechenik et al, 1 9 9 8 ; Miron et al, 
200 0 ; Anil et al, 2 0 0 1 ). Another facet to  larval dispersion is 
their capability to survive such dispersion as they are depen
dent on the availability of food. Experiments carried out 
earlier have shown the starvation capability of larvae of the 
barnacle Balanus amphitrite (=Amphibalanus amphitrite) is 
influenced by temperature and the type of food available 
(Anil et al, 1 9 9 5 ; Desai & Anil, 2 0 0 0 , 2 0 0 4 ).

Corresponding author:
A.C. Anil
Email: acanil@nio.org

Barnacle Balanus amphitrite (=Amphibalanus amphitrite) 
is a favoured candidate organism in antifouling assays and its 
larvae are raised with a rich supply of mono-algal food 
coupled with optimum incubating conditions whereas larvae 
in the natural habitat have to survive wide variations in 
environmental parameters as well as the availability of food. 
Information on the food consumed by the barnacle nauplii 
in the wild is very much lacking in spite of its importance in 
larval energetics, dispersion, settlement and recruitment 
(Turner et al, 2 0 0 1; Vargas et al, 2 00 6). Technical difficulties 
when working with these small nauplii may also explain the 
scarcity of information on their feeding habits. Work on lab
oratory rearing of nauplii, fed on unialgal cultures demon
strates that nauplii feed efficiently on cells over a different 
size-range (Vargas et al, 2 0 0 6 ). However, our knowledge 
is derived from incubation experiments, most of them using 
laboratory cultured phytoplankton as food (Qiu & Qian, 
1997; Anil et al, 2 0 0 1 ; Desai & Anil, 2004; Desai et al, 
2 0 0 6 ; Nasrolahi et al, 2 0 0 7).

The present study deals with the food consumed by 
the barnacle nauplii in a natural environment, assessed by the 
quantification of faecal pellets egested by a freshly captured 
individual, which were reckoned to represent a measure of 
feeding status at the time of capture. The method provides 
information on in situ feeding rates or conditions immediately 
prior to collection. Until now, this method has not been used 
wdth nauplii of barnacles collected from the field mostly due to
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technical difficulties like handling these small size nauplii. 
Studies related to the use of this method in the case of crus
taceans are mostly available with adult copepods which are 
collected from the field as well as from laboratory reared cope- 
pods fed with different mono-algal cultures (Honjo & Roman, 
1 9 7 8 ; Morales, 1 9 8 7 ; Urban-Rich et al, 1 9 9 8 ; Fleddum et al, 
2 0 0 1 ; Frangoulis et al., 2 0 0 1 ; Schnetzer & Steinberg, 2 0 0 2 ; 
Bathmann & Liebezeit, 2008 ; Ploug et al, 2 00 8). The aim of 
the present study was to assess the food consumed by the bar
nacle nauplii in the natural environment by quantifying the 
larval defaecation rates and their variations over a temporal 
scale and also to assess the contents of the faecal pellets 
using scanning electron microscopy. Further, the conse
quences of changes in the food availability as indexed 
through faecal pellets egested are discussed with respect to 
settlement and recruitment variations of the barnacle 
Bttlanus amphitrite (—Amphibalanus amphitrite) in a tropical 
estuarine environment influenced by monsoons.

MATERIALS AND METHODS

In order to ascertain the food consumed by the barnacle 
nauplii in the natural environment, a study on temporal vari
ations of larval defaecation and its contents was carried out 
over a period of two years (June 2005 -  May 2 0 0 7 ) in a tropical 
estuarine environment influenced by monsoons (Dona Paula 
bay. Goa, west coast of India) which is known for its charac
teristic temporal variations in the phytoplankton abundance 
and diversity. Nauplii collected from the Dona Paula bay 
were incubated in the laboratory for the evaluation of food 
consumed.

I-arval samples were collected monthly using a 10 0  |xm 
mesh net towed horizontally with the help of a boat. They 
were immediately brought to the laboratory after collection 
in live conditions and IV-VI instar nauplii (N =  2 4 ) were iso
lated individually in to multi-wells (2 4  well) containing 
0.22  p.m filtered seawater. The number of defaecated pellets 
by a larva after 12  hours of incubation at room temperature 
and the proportion of the larvae defaecating was quantified. 
Alter the observations, pellets were preserved in ethanol for 
scanning electron microscope (SEM) photography to find 
the signatures of food. Ethanol preserved samples were filtered 
on to 0 .22  |j.m polycarbonate membrane filters, rinsed with 
deionized water to remove salt and ethanol and then air 
dried. Filters were then placed on SEM stubs and sputtered 
with gold/palladium for 3 minutes and the photographs 
were taken at different magnifications.

Observations were also carried out with the laboratory 
hatched larvae by providing phytoplankton cultures of 
( haetoceros calcitrans and Skeletonema costatum as food 
and the pellets defaecated by the larvae were collected and 
processed for SEM photography for the evidence of ingested 
food and to compare them with the pellets defaecated by 
field collected larvae.

Settlement and recruitment observations of the barnacles 
in the vicinity of the study area were also carried out on a 
monthly basis from June 2005 to May 2 0 0 7  by immersing 
aluminium panels. Every month new sets of panels were 
immersed in triplicate and observations were taken from six 
marked quadrats within the panels of size 25  cm2 each. 
Settled and recruited barnacles on the panels were counted 
at the end of a month with the help of a magnifying glass.

Zero to 2  mm size-classes were considered as settlers and 
above 2 mm size-classes were considered as recruits. 
Settlement and recruitment o f the barnacles is expressed in 
terms of numbers per decimetre square (No./dm2).

Data analysis
Percentage of defaecating larvae collected during different 
sampling months was subjected to two-way analysis of variance 
(ANOVA) (Sokal & Rohlf, 1 9 8 1 ) to evaluate the variance 
between different sampling months. Settlement and recruit
ment of the barnacles monitored during different sampling 
months was also subjected to two-way ANOVA. Data were 
log transformed before being subjected to ANOVA to ensure 
normality of means and homogeneity of variance.

RESULTS

Faecal pellets
Average number of faecal pellets defaecated by a larva 
remained more or less constant throughout the period of 
observation (July 2 0 0 5 -M ay 2 0 0 7) (Figure 1 ). The % of 
larvae defaecating was comparatively higher during 
February-M ay (pre-monsoon) period of the year and the 
highest was observed during March 2006 (Figure 2). 
Analysis of variance also indicated a significant variation 
among different sampling months (ANOVA: P <  0 .0 0 0 5).

Scanning electron microscope photographs of thf pellets 
collected during October-January (post-monsoon) indicated 
the presence of pennate diatoms. The pellets produced 
during February-May (pre-monsoon) did not show any 
diatom frustules. They were mostly in the form of particulate 
matter or in some cases unidentifiable (Figure 3B, C).

Laboratory experiments
The pellets produced from the laboratory raised larvae with 
centric diatoms as food (Chaetoceros calcitrans and 
Skeletonema costatum) indicated the presence of diatom 
frustules in the remnants of food provided (Figure 3A).

Settlement and recruitment o f barnacles
Settlement and recruitment o f the barnacles varied through
out the sampling period. Settlement was less during the 
monsoon season (June-September). Peak in settlement was 
observed during February 2 0 0 6  followed by November 2 006 
(Figure 4 ). Analysis of variance also indicated a significant 
variation in barnacle settlement among different months. 
(ANOVA: P < 0.0 5 ). Recruitment of barnacles was also less 
during the monsoon season except for August and it peaked 
during pre-monsoon season (February-May) (Figure 5 ). 
Analysis of variance also indicated a significant variation in 
barnacle recruitment among different sampling months 
(ANOVA: P < 0.0 5 ).

DISCUSSION

The mode of nutrition in larva] forms plays an important role 
in their capability to survive and disperse. In the case of larval
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Fig. i . Average num ber o f faecal pellets defeecated by a larva during different sampling months. *. indicates the absence o f sample collection during that particular 
month. Error bar indicates the standard deviation from  the mean.

forms, which have a feeding requirement essentia] for their 
growth and development, the rate of their survival is depen
dent on food availability, life span and their capability to tol
erate starvation. Barnacles have both feeding and non-feeding 
stages in their larval life span. The chances of survival of non
feeding stage larvae (cyprid stage) depend upon the stored 
energy of the larvae or the naupliar developmental history.
On the other hand survival of the feeding stage larvae 
depends upon the food available for the larvae in the environ
ment or their capability to tolerate starvation (Desai & Anil,
2 0 0 4).

As the success of a population of barnacles in any given 
environment is determined by the events during larval life 
period it is important to ascertain the type of food the 
nauplii consume. Such an effort made in this study through 
larval defaecation experiments showed that the average 
number of faecal pellets defaecated by a larva remained con
stant in spite of possible variations in the type of phytoplank
ton available in the environment. Results also indicated that 
the percentage of defaecating larvae (an indicator of food con
sumed) was comparatively higher during the pre-monsoon 
season (Figure 2 ). However, the average number of faecal 
pellets defaecated by a larva remained constant irrespective 
of the season (Figure 1 ).

Observation (months)

Fig. 2. Percentage of larvae defaecating during different sampling months. *, indicates the absence of sample collection during that particular month.

The signatures of food found during the pre-monsoon 
season in the faecal pellets were elusive, indicating altered 
food consumption (i.e. other than diatoms) as compared to 
the post-monsoon months. SEM photographs of the pellets 
which were collected during the post-monsoon season indi
cated the presence of pennate diatoms not among the 
common food organisms employed in the laboratory 
rearing. The pellets produced during the pre-monsoon 
season did not have any diatom remains whereas the pellets 
produced during the post-monsoon season showed some frus- 
tules of diatoms. This indicates that during the pre-monsoon 
season the larvae survived on food material other than 
diatoms. It has been reported that the phytoplankton commu
nity in the study area changes with the season and dinoflagel- 
lates form a substantial part ( ^ 3 0%) during the pre-monsoon 
season (Patil & Anil, 2 0 0 8).

Earlier studies have also indicated that the food preferred 
by barnacle larvae in the \$ild includes small flagellates at rela
tively high rates along with diatoms (Turner et at, 2 0 0 1 ). 
In accordance with their feeding mechanisms and body size, bar
nacle nauplii were also able to feed on autotrophic picoplankton 
( < 5  (Am) and did not consume the largest phytoplankton 
cells (Vargas et aU 2 0 0 6 ). Experiments by Nejstgaard et at. 
(2 0 0 7 ) also indicated that they can feed on Phaeocystis but it
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Fig. 3. Scanning electron microscope photographs; (A) faecal pellets produced by the laboratory reared larvae; (B) faecal pellets produced by the field collected 
larvae (pre- monsoon, February-May); (C) faecal pellet contents from the field collected larvae (post-monsoon, October-January).

was pointed out by these authors that this needs to be treated 
with caution and further investigation is required.

Microcosm rearing of the larvae in this tropical bay by 
Desai & Anil (2 0 0 2) indicated that the naupliar duration of 
larvae is prolonged by only two days as compared to those 
raised in the laboratory. It was also observed that 
chlorophyll-a content of the seawater in the bay during the 
experiment was in the range of 0 .3 - 4 .0  p.g l- 1  (Desai & 
Anil. 2 0 0 2). Even at the lowest concentration of food provided 
in the laboratory rearing, the chlorophyll-a content is 1 5  times 
higher than the maximum values observed in the field. This 
shows the capability of larvae to survive in the field in spite 
of observed low chlorophyll-a concentration in the water 
column, though the larvae raised in the microcosm experi
enced nutritional stress which was shown by lower 
RNA:DNA ratios (Desai & Anil, 2 0 0 2 ).

This study further indicates their capability to feed on food 
materials other than diatoms. As the faecal pellets did not 
always have remnants o f diatom frustules, it is possible to 
say that the larvae survived on food material other than 
diatoms. This indicates a shift in the food available for the 
larvae in the environment and such shifts can influence devel
opment and metamorphosis capability of the barnacles. 
Settlement and recruitment o f the barnacles in the vicinity 
indicated a seasonal variation in the rate of settlement <nd 
recruitment. Settlement and recruitment during the 
monsoon season were inconsistent, whereas during the pre
monsoon season, settlement and recruitment occurred 
throughout the season. The consistency in settlement and 
recruitment observed during the pre-monsoon season 
coincides with the higher percentage of defaecating larvae 
and the absence of diatom frustules in the faecal pellets.
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Fig. 4. Settlement o f the barnacle Balanus amphitrite  (—Amphibalanus amphitrite) during different sampling months. Error bar indicates the standard deviation 
from the mean.

Success o f larval development in the natural environment 
in spite o f altered food availability can have greater impli
cation from the point of survival and translocation of larvae 
to different habitats through dispersion and other physical 
processes. Settlement behaviour of the larvae also has the 
potential to affect larval dispersion. ‘Desperation’ of the 
larvae is one source of variation in larval settlement behaviour. 
It has been proposed that as larvae grow old, they become less 
discriminatory in their selection of settlement substrate 
(Knight-Jones, 1953; Toonen & Pawlik, 2001). A  number of 
workers have suggested that the maximum planktonic 
period of non-feeding larvae is determined by the energetic 
reserves (Lucas et al, 1979; Anil & Kurian, 1996; Anil et al, 
2001; Thiyagarajan et al, 2002; Desai & Anil, 2004 and refer
ences therein). Another source of variation in settlement be
haviour may be the size of larvae. There are some evidences 
that larval size does influence larval life span in some invert
ebrates, with larger larvae remaining active for longer than 
smaller larvae (Marshall & Keough, 2003; Marshall et al., 
2003; Isomura & Nishihira, 2001). However, these issues 
have not been addressed in the case of barnacles from the 
point of settlement of larvae or dispersal o f larvae to different 
bioregions. If larval size affects larval settlement behaviour, 
then variation in larval size could also indirectly affect the

dispersal potential. Larger larvae will have greater nutritional 
reserves than smaller larvae and they can swim for longer dur 
ation than smaller larvae and would be less desperate to settle. 
In this context, it is possible for the larger larvae to remain 
planktonic for a longer period of time hence there is a 
greater dispersal potential.

Most of the limited information on feeding characteristics 
of the barnacle nauplii comes from experimental or rearing 
studies where laboratory cultured phytoplankton are offered 
as food. Also, primarily herbivorous feeding by barnacle 
nauplii is in agreement with numerous observations using 
laboratory cultured diatoms as food, but there is in fact very 
limited information on feeding by barnacle nauplii on 
natural plankton assemblages. The attempt made in this 
study indicates the capability of nauplii to feed on food 
materials other than diatoms and also shows that the rate 
of larval defaecation remained constant throughout the 
year in spite of reported seasonal variations in phytoplankton 
community in the water column by Patil & Anil (2008). 
In view of this it is important to consider the consequences 
of such changes to the availability of food for the 
nauplii when one postulates the risk of translocation of 
organisms with such planktotrophic naupliar developmental 
pathways.

Observation (months)

Fig. 5. Recruitment o f the bamacie Balanus amphitrite (—Amphibalanus amphitrite) during different sampling months. Error bar indicates the standard deviation 

from the mean.
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Quantitative analysis of faecal pellet production and its 
content would also provide insights about the preference of 
larval food in the wild. This is a difficult task to be accom
plished and requires molecular techniques to identify the 
signatures of food organisms consumed. Nevertheless, this 
observation shows the need to study in detail the larval food 
preference in the natural environment.
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Abstract Ships have been identified as one of 
the important vectors in the translocation of or
ganisms from one bioregion to another leading 
to bioinvasion. In this context, harbours serve as 
a gateway for the introduction of alien species. 
Surveys were carried out in the vicinity of ports 
of Mumbai for macrobenthic fauna, zooplankton 
and hard substratum community on three differ
ent occasions during 2001-2002. The study shows 
that 14 polychaete species are recently introduced 
to this area. Mytilopsis sallei, a bivalve, which is an 
invasive species in the Indian context continued to 
be present but was restricted to enclosed docks, 
indicating preference for embayed water bodies. 
The polychaete Protula tubularia was abundant 
in the hard substratum community and is being 
reported as a possible ship-mediated introduction.
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Zooplankton • Fouling • Macrobenthic fauna

C. A. Gaonkar • S. S. Sawant (13) • A. C. Anil • 
K. Venkat • S. N. Harkantra 
National Institute o f Oceanography 
(Council of Scientific & Industrial Research), 
Dona Paula, Goa, 403 004, India 
e-mail: sawant@nio.org

Introduction

Shipping is the backbone of the global economy 
and facilitates transportation of 90% of commodi
ties. A single bulk cargo ship of 200,000 tonnes 
can carry up to 60,000 tonnes of ballast water. 
It is estimated that 2-3 billion tonnes of ballast 
water are carried around the world each year. 
Translocation of organisms through ships’ ballast 
water is considered an important bioinvasion vec
tor and threat to naturally evolved biodiversity. 
Consequences of such invasions are being realised 
increasingly in recent years (Ahlstedt 1994; Pearce 
1995; Ruiz et al. 1997, 2000; Carlton 1999; Marine 
biological invasions 2001; Anil et al. 2002; Tavares 
and DeMelo 2004; Diederich et al. 2005; Subba 
Rao 2005). Taking note of bioinvasion in different 
parts of the world and identifying the influence of 
ships’ ballast water on such invasions, the Interna
tional Maritime Organization has adopted a con
vention, “The International Convention for the 
Control and Management of Ships Ballast Water 
and Sediments”.

In any bioinvasion-related study, it is important 
to have a clear picture of the biodiversity. In view 
of this, we assessed the macrobenthic, zooplank
ton and hard substratum community of Mumbai 
and Jawaharlal Nehru ports on three different 
occasions during 2001-2002. We compared this 
with earlier studies and reported on the changes in

Springer

mailto:sawant@nio.org


584 Environ M onit Assess (2010) 163:583-589

Fig. 1 Station map
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macrobenthos, zooplankton, and hard substratum 
community in the ports of Mumbai.

Materials and methods

Samples for macrobenthos were collected from 
35 sites (Fig. 1) in triplicate with the help of scuba 
divers and/or Van Veen grab. The samples were 
sieved through 0.5-mm mesh nylon sieve and pre
served in 5% formaldehyde solution containing 
Rose Bengal stain.

Zooplankton samples were collected from 
14 stations using 100-p.m mesh Heron-Tranter 
plankton net with a flow metre, preserved in 5% 
buffered formaldehyde solution and analysed in 
the laboratory.

Hard substratum organisms were collected 
from submerged structures at 17 stations, such as 
harbour walls, jetty piles and navigational buoys 
by scraping an area of 0.1 m2. Samples were col
lected in triplicate from 0 (inter-tidal), 3 and 6 m 
(sub-tidal) depths with the help of scuba divers 
and/or underwater scraper. The organisms were

Fig. 2 Introduced 
polychaete species in 
Mumbai port area 
(sketch—anterior part)

Cossura costa

Petaloproctus terricola

Onuphis holobranchiata

Springer
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immediately anaesthetised after collection using 
10% MgCh solution and preserved in 5% form
aldehyde prepared in seawater. Subsequently, 
these organisms were identified in the laboratory 
through microscopy.

In order to identify instances o f introduction, 
the data from the present investigation is com
pared with the data collated from published litera
ture relevant to Mumbai harbour area and Indian 
waters (Bal and Pradhan 1952; Karande 1967, 
1968; Pillai 1968; G ajbhiyeet al. 1984 ,1991;Swami 
and Karande 1987, 1988; Karande and Swami 
1988; Karande and Udhayakumar 1992; Tiwari 
and Nair 1993; Lodh 1990; Swami and Chhapgar 
2002; Swami 2003). Species were designated as 
non-indigenous species based on the non-native 
species criteria described by Chapman (1988) and 
Chapman and Carlton (1991).

Results and discussions

Macrobenthos

Analysis of the macrobenthic population and col
lation of data indicates 14 polychaete species 
(Fig. 2) that can be categorised as introduced to 
Mumbai and Jawaharlal Nehru ports in recent 
years. Among these, C o s s u r a  c o s t a  was found at 
20% of the sites sampled.

Zooplankton

Compilation o f information with reference to zoo
plankton diversity suggests changes in species 
composition (Bal and Pradhan 1952; Pillai 1968; 
Gajbhiye et al. 1984,1991; Lodh 1990; Tiwari and 
Nair 1993). Table 1 provides information on the 
introduction o f copepod species in the vicinity of 
Mumbai and Jawaharlal Nehru ports and their

Table 1 Introduced copepod species in Mumbai harbour 
area

Cope pods Percentages
Nanocalanus m inor 6.99
Cosmocalanus sp. 4.99
Euterpina acutifrons 4.78
Tortanus sp. 2.09
Paracalanus sp.? 12.47

percentage contribution to the zooplankton com
munity. The P a r a c a l a n u s  species (Fig. 3) encoun
tered in this study does not match entirely with 
the description of the genus P a r a c a l a n u s ,  as it 
has conflicting/overlapping taxonomic status with 
the genus P a r v o c a l a n u s .  A  detailed study of this 
species is underway to elucidate its taxonomic 
status.

Hard substratum community

Hard substratum community forms encountered 
in this study were compared with published re
ports with reference to distribution of fouling org
anisms (Karande 1967,1968; Karande and Menon 
1975; Swami and Karande 1987, 1988; Karande 
and Swami 1988; Karande and Udhayakumar 
1992; Swami and Chhapgar 2002). Such a collation 
of data indicates the continued existence of a 
bivalve, M y t i l o p s i s  s a l l e i ,  reported as an invasive 
species in the Indian context.

M .  s a l l e i  (Fig. 4) is a native of tropical and sub
tropical Atlantic waters and is reported to have 
invaded Visakhapatnam harbour, India during 
1960s (Ganapati et al. 1971). Subsequently, this

Fig. 3 Paracalanus sp. ?
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Fig. 4 Mytilopsis sallei

species was observed in the Naval dock at Mumbai 
harbour during 1975 (Karande and Menon 1975). 
In this study, M. sallei was recorded from Indira 
dock, which is an enclosed water body with lim
ited access to open waters. The observations in 
Visakhapatnam and Mumbai reflect the prefer
ence of this species for embayed water bodies. It 
has also been reported that indigenous mangrove 
flora and fauna form an impressive component of 
life in tidal monsoon drains in Singapore, but M. 
sallei is now by far the dominant fouling species 
of the upper reaches of such man-made habitats 
(Tan and Morton 2006). It has also been reported 
that M. sallei is a colonial surface dweller of shel
tered waters (Hewitt et al. 2002). This preference 
of M. sallei to settle in embayed/sheltered water 
bodies indicates that their successful colonisation 
is limited to such habitat characteristics.

The polychaete, Protula tubularia (Fig. 5), was 
abundant in Mumbai harbour (observed in 17 sta
tions) and recorded during all the three sampling 
occasions. At some stations, the dominance of this 
species in the fouling assemblage ranged between 
80% and 90%. Its natural range of distribution 
suggests that it is a native of England, Atlantic 
Ocean, Indian Ocean, Japan, Mediterranean Sea, 
Morocco and Senegal (Fauvel 1953). It has also 
been recorded from Ceylon (Wiley 1902). The 
chances of this species being transported to 
Mumbai harbour via ships, appear to be quite 
high, the nearest being Sri Lanka (earlier known 
as Ceylon). The data analyses of ship visits to 
Mumbai harbour, collected for the period 2000- 
2002 through ballast water reporting forms, in
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Fig. 5 Protula tubularia

dicated that Sri Lanka contributed immensely in 
terms of percent proportion of all ballast dis
charges (10.1%), with 1.7% of the proportion of 
total discharge volume received at Mumbai port. 
It ranked third among the 82 source ports in the 
relative overall risk (Anil et al. 2003). These fig
ures, indicative of a strong trade link between Sri 
Lanka and Mumbai, implicate ships as a vector 
in the introduction of P. tubularia. This species is 
a prolific breeder and voracious filter feeder. It 
occurs in dense mats on hard surfaces and may 
outcompete other resident species (Wiley 1902). 
In the present investigation, these tube dwellers 
were also found in dense mats on jetty piers at 
station 7 (Ferry wharf).

Mumbai port, being a shipping hub, handles a 
large amount of traffic. The traffic record for 
2005-2006 shows a multiple fold increase of 
cargo (44.19 million tonnes) over a period of five 
decades (10.47 million tonnes in 1955-1956; http:// 
www.mumbaiporttrust.com/performance/index7). 
Such an increase in traffic increases the risk of 
introductions and calls for appropriate manage
ment strategies. The degrading environmental 
conditions, in Mumbai harbour as described by 
Sawant et al. (2007), can compound problems 
further by altering the community and facilitating 
the growth of tolerant invasive species.
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Intensive sampling was earned out in the marine environment of Mumbai and Jawaharlal Nehru ports to investigate the 
composition of benthic sessile population on three different occasions during 2 0 0 1 to 2002 . this study recorded 29 species of 
hard substratum fauna and 14 associated fauna. The acorn barnacle Balanus amphitrite and tube dwelling polychaete 
Protula tubularia were the dominant hard substratum species recorded from the area. Protula tubularia with no previous 
records from Indian waters appears to be an introduction in the region. The bivalve Mytilopsis sallei, which has been 
reported earlier as an invasive species Indian waters, was mostly found restricted to enclosed habitat within the ports. A 
comparison with historic data, based on the literature available, indicates the presence of 15 taxa which appeared for the first 
time this locality the present study envisages that the hard substratum faunal composition in Mumbai harbour environment is 
changing due to ever increasing human perturbation.

[Keywords: hard substratum fauna, ballast water, Balanus amphitrite, Protula tubularia, Mytilopsis sallei, bioinvasion, 
Mumbai harbor]

Introduction
The extent and nature of hard substratum faunal 

composition are influened by a wide range of biotic 
and abiotic factors including geographical location. 
Abiotic factors can be further grouped in-to 
environmental factors, which determine the 
characteristic of the environment and inherent 
surface property o f the substratum1'8. On the 
contrary, biotic factors include breeding, competition 
for space and predation9"10. However, in recent times, 
a biotic factor which has been recognized as 
bioinvasion, has been found to influence the local 
ecosystem in general and faunal composition in 
particular11. The primary method o f marine bio
invader introduction is through ballast water and 
ships hull. Though not much attention is paid to this 
problem in Indian waters, except for some efforts 
made by Anil et al.12 and Subba Rao13, the 
incidences o f introduction show upward trend in 
other parts of the world14 and has been implicated in 
economics and human health. It is estimated that 
over 4000 species o f invertebrates, algae and fishes 
are transported in ballast tanks every day15. Since the 
ballasting and deballasting are primarily done in the 
port areas during loading and unloading of cargo, the 
port environment serves as gateways for alien 
species introduction.

Western side of Mumbai, has been investigated for 
chemical, biological and physical parameters as early as 
forties16"21. Biological parameters include phytoplankton 
abundance, benthic fauna and zooplankton. Whereas the 
data on the hard substratum fauna from Mumbai harbour 
is available since 1967 in parts as components of hard 
substratum community22'29, and the same has been 
compared with the present investigation. The present 
study reveals the changes in the hard substratum faunal 
composition in Mumbai harbour.

Materials and Methods 
Study area

Mumbai harbour (18° 54’N; 72° 40’E) is located at 
the mouth of the bay that separates the city from the 
west coast of the hinterland. This semi enclosed basin 
opens into the Arabian Sea at its southern end. 
Jawaharlal Nehru Port (JNPT), (18° 57’ N; 72° 57’ E) 
is located within the Mumbai harbour on the eastern 
side of the bay. Mumbai harbour, in general, is 
approximately 23 km in length and 10 km in width. 
The water depth ranges from 1.75 to 10 m30. Both, 
Mumbai and Jawaharlal Nehru harbour channels are 
maintained to depths of 10.7 to 11 m. below chart 
datum. The tides in this area are semi diurnal. The 
circulation in the harbour is influenced by the tide. 
The movement of water in this area exhibits an
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elliptical pattern31. This pattern of circulation results 
in low flushing of the bay water, leading to 
accumulation o f pollutants and/or ballast water 
inoculums32'33. The northeast side of the basin is 
connected by Thana-Creek. It receives wastewater 
from the heavily industrialized Thane-Belapur belt, 
along its eastern shore. On the eastern shore o f the 
bay Dharamtar, Nava-Shiva and Panvel Creeks, 
which are recipients of industrial waste, are 
discharging within the port limits. The basin is also 
influenced by 2485 million liters per day of industrial 
and municipal waste to its western side through 
several point sources33. The basin environment is also 
subjected to inoculation of non-native waters 
containing wide range of pollutants and biota through 
shipping activities. Examination of ships’ ballast 
record (the period Ballast Water Reporting Forms) for 
3,581 vessels for 2000 -  2002, suggests that 2.6 
million tones of ballast water was received by 
Mumbai and Jawaharlal Nehru ports through national 
and international shipping34 Samples were collected 
from 17 stations during three different periods (2001 
and 2002) to evaluate and elucidate the possible 
changes in the hard substratum fauna in these 
harbours (Fig. 1).

Sampling
Hard substratum faunal samples were collected 

from the submerged structures like harbour wall, jetty 
pile and marker buoy by scrapping an area of 0.1m2. 
Samples were collected in triplicate from 0 (inter
tidal), 3 and 6 m (sub-tidal) depth with the help of 
scuba divers/scrapper on three different occasions 
(November 01, April 02 and October 02). The 
organisms were immediately anesthetized after 
collection using 10% MgCl2 solution and preserved in 
5% formaldehyde prepared in seawater. Biomass 
(wet weight) of each sample was measured using a 
balance and later the organisms were identified to 
genus/species level using a stereo zoom microscope. 
The genus/species, encountered at each station, were 
noted and expressed in terms of percentage occurrence. 
A total of 459 samples of hard substratum faunal 
assemblages were analysed from all the three samplings.

Data analyses
ANOVA was performed on the hard substratum 

faunal biomass and composition data to evaluate the 
variations between stations, sampling months and 
depths35. Cluster analysis (Bray Curtis coefficients36 
and Group average method37) was carried out based

on the presence and absence of the taxa to distinguish 
the faunal similarities at different depths and also 
among different stations during 3 different samplings. 
This analysis was performed using the PRIMER 
software version 5.

Results and Discussion
In all 29 taxa of hard substratum fauna and 14 taxa 

of associated fauna were recorded during the period 
of study (Table 1). Among these, 15 taxa belonging to 
sponges, corals, hydroids, polychaetes, bivalves and 
ascidians are reported for the first time from this 
environment (Table 2). Faunal occurrence varied

Fig. 1— Location of study area.
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Table 1Z ? pecies occun-ence during different sampling months at all the stations. Different notations indicates occurrence of species 
during different sampling months. (• =November 01, A = April 02, ■ =October 02)
Species/Stations 1

Sponges
Suberites camosus * •
Prostylyssa foetida *
Haliclona sp. *
Bryozoans
Nellia tenella •
Scrupocellaria scruposa 
Membranipora tenuis 
Bugula stolonifera 
Bugula neritina 
Acanthodesia sp.
Corals
Astrangia cavatus * •  ■
Astrangia sp. *
Gorgonians *
Hydroids
Obelia dichotoma *
Laomedia bistriata * •
Aqlaophenia pluma * 
Bougainvillia ramosa * 
Zoothamnium sp. * •
Sea anemones 
Polychaetes 
Hydroides norvegica 
Protula tubularia * •
Barnacles
Balanus amphitrite •  A ■
Balanus tintinabulum 
Chthamalus sp.
Bivalves 
Modiolus sp. *
Mytilopsis sallei 
Saccostrea cucculata 
Crassostrea gryphoides 
Ascidians
Botrylloides leachi * 
Ectenascidia 
bombayensis *
Associated fauna 
Crabs
Leptodius exaratus 
Medaeops granulosus 
Pilumnus longicomis 
Leptodius euglyptus 
Charybdis callianassa 
Epixanthus frontalis 
Shrimps
Alpheus sp. a
Gastropods 
Gyrenium natator 
Littrorina littora 
Mitra scutulata

2 3 4 5 6 7 8

A ■ •  A * A i  * A a  * A i  
■ * A i  •  * A i  *A a

• ■ ■ ■
A •  ■ •  ■ •  •  *A« *A

•  ■ •  A a •  a  i A i  • A

A
A

A A ■ ■

A A

9 10 11 12 13 14 15 16 17 %
occurrence

•  ■ •  • 43
A 24

• • 4

• • i • 14
• •  A •  a A 12

• 2
• 2

A 4
■ 2

•  •  ■ • 12

2
• •  •  ■ 8

• 2

•  A • 8

•  •  A •  A 10

•  A • 6

2

• • • • 8

•  ■ 12

57

•  Aa* Aa* Aa* Aa* Aa* Aa •  a • 84
Aa ■ A A ■ 12

• •  ■ ■ 10

• •  • • • 14
2

A 2

A 2

2

2

• •  • •  A • 14
• •  •  • •  A 14

• 4
• 2

■ 2
▲ 2

■ 12

• 12
• • 4

• 2
Contd—
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Table 1— Species occurrence during different sampling months at all the stations. Different notations indicates occurrence of species 
during different sampling months. (• =November 01, A=April 02, ■  =October 02) — Contd

Species/Stations 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 %
occurrence

Thais lacera • ▲  • •  • A •  A 16
Thais rugosa ▲ 2
Thais sp. ■  ■ ■ ■ 8
Trocus sp. • 6

* - first report from the area

Table 2— Decadal occurrence of fouling/hard substratum communities from Mumbai port area since 1967

Fouling groups 60’s 70’s 80’s 90’s After Fouling groups 60’s 70’s 80’s 90’s After
2000 2000

Sponges Nellia tenella H e  H e

Suberites camosus * Nellia sp. ♦

Prosty lyssa foetida * Crisia elongate H e

Haliclona sp. * Crisia holdswortrii H e

Leucosolenia sp. * Hippoporina indica H e H e

Sycone sp. * Hippoporina feegeensis H e H e

Bryozoans Hippoporina americana H e

Bugula stolonifera * * Celleporaria pilaefera H e

Bugula bengalensis * * Thalamoporella H e

Bugula neritina * * * * stapifera
Bugula sp. * Rimulostoma signatum 1 *

Electro bengalensis * * * Alderina arabiansis H e

Electro crustulenta * Microporella sp. H e

Electro tenella * Clothrudim sp. H e

Electro bellula * Savignyella sibogae H e

Electro sp. * Corals
Membranipora * Astrangia cavatus H e

petfragilis Astrangia sp. H e

Membranipora savartii * Gorgonians H e

Membranipora annae * * Hydroids
Membranipora tenuis * * * Pennaria sp. H e

Membranipora * Plumularia sp. * H e

hugliensis Sertularia sp. * H e

Membranipora sp. * * Tubularia sp. H e

Acanthodesis savartii * Hydractinia sp. *

Acanthodesia sp. * * * * Alcyonaria sp. ♦

Zoobotryon * Actinaria sp. *

verticellatum Telesto sp. H e

Zoobotryon sp. * Obelia dichotoma H e

Amathia convoluta * * Obelia sp. H e H e

Amathia sp. * Laomedia bistriata H e

Bowerbankia sp. * Aglaophenia pluma H e

Scrupocellaria scruposa * * * * Bougainvillia ramosa H e

Scrupocellaria sp. * Zoothamnium sp. H e

Caulibugula sp. * Companularia sp. H e H e

Nolella paupensis * * Clytia sp. H e H e

Nolella sp. * Sea anemone *

Victorella pavida * Polycheates
Victorella sp. * * Hydroides norvegica H e H e

Mammillopora sp. * Hydroides elegans H e

Schizoporella unicornis * Hydroides operculatus H e

Schizoporella sp. * Hydroides sp. H e

Conopeum eriphorum * Sabellid sp. H e

Conopeum sp. * Nereis sp. *

Alserina smitti * Desycone cingulata
Contd—  Contd—
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Table 2— Decadal occurrence of fouling/hard substratum 
Fouling groups 60’s 70’s 80’ s 90’ s After

2000

communities from Mumbai port area since 1967— Contd
Fouling groups 60’s 70’s 80’s 90’s After

2000
Dasychone sp. *
Pomatoceros sp. *
Polynoe sp. *
Spirorbis sp. *
Protula tubularia 
Apomatus sp.
Pomatoleus sp.
Ficopomatus uschakovi
Chaetopterus
variopedatus
Pseudobranchiomma
orientalis
Branchiomma
cingulatum
Jasmineria sp.
Demonax leucaspis
Barnacles
Balanus amphitrite
Balanus amphitrite
variegatus
Balanus amphitrite
denticulata
Balanus amphitrite
venustus
B. a. communis
B. amarylliseuamaryllis
B. tintinnabulum
tintinnabulum
B. tintinabulum zebra
B. a. euamaryllis
B. a. insignis
B. a. venustus
B. a. denticulate
B. a. hawaiiensis
B. a. cochinensis
Balanus amaryllis

*
*

*
*

*

*

*

*

*
*

* * * 
*

*

*

*

B. amaryllus euamaryllis *
B. amaryllus nivea *
Balanus calidus *
Balanus reticulates 
Chthamalus malayensis *
Cthamalus sp.
C. withersi *
Tetraclita purpurascens *
Megabalanus 
tintinnabulum
Bivalves
Mytilus sp. *
Scapharca sp. *
Modiolus sp.
Mytilopsis sallei 
Oysters *
Saccostrea cuculata 
Crassostrea gryphoides 
Crassostrea sp.
Ascidians 
Ascidiella sp.
Symplegma reptans 
S. brakenbielmi 
S. viride
Diplosoma macdonaldi 
Botrylloides 
magnicoecum 
B. chevalense 
B. leachi 
Styela bicolor 
Ascidia indica 
Ascidia sydneiensis 
Ascidia molgula 
Ectenascidia 
bombayensis 
Ectenascidia sp.

*

*

*

*

*
* *

* *
* *

*

*

*

*

*

*

*

*

60’s (Karande, 1967; Karande, 1968): 70’s (Swami &  Karande, 1987): 80’s (Swami & Karande, 1988; Karande & Swami, 1988): 
90’s (Karande & Udhayakumar, 1992): After 2000 (Swami & Chhapgar, 2002; Swami, 2003).____________________________

significantly among the stations (p<0.05) and 
different sampling months (p<0.001), being maximum 
at station 15 (Jawahar dweep) during Nov. 01 
sampling. Similarly, biomass varied significantly 
between different sampling months and depths 
(p<0.05), but not among the stations. A maximum 
biomass of 1440 g.m'2 (wet wt.) was recorded at 
station 7 (Ferry wharf) during Apr. 02 sampling at 3m 
depth. Among the hard substratum fauna recorded, the 
barnacle B a l a n u s  a m p h i t r i t e  showed maximum 
percentage of occurrence (84%), indicating higher 
magnitude of distribution at all the stations and 
sampling months (Table 1). Such dominance of the 
barnacle B . a m p h i t r i t e  was also observed by earlier 
workers in Mumbai harbour23,25,26. The next species,

in decreasing order of occurrence, included a polychaete, 
P r o t u l a  t u b u l a r i a  (57%), followed by 
2 species of sponges, S u b e r i t e s  c a m o s u s  (43%) and 

P r o s t y l y s s a  f o e t i d a  (24%). The segregation of different 
hard substratum fauna is also clear from the cluster 
analysis. A few stations separated from the main groups 
due to the occurrence of a particular species Also a 
combination of clusters differed for each sampling 
month, showing the changes in faunal composition 
during different sampling period (Fig. 2). Depth related 
changes were also evident in faunal composition 
(Fig. 3). The intertidal zone (0 m) was dominated by 
barnacles, whereas, submerged zones at 3 and 6 m were 
mostly dominated by soft bodied organisms like 
sponges, polychaetes, hydroids and bryozoans (Fig. 4).
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Fig. 2—Cluster dendrograms of the hard substratum fauna sampled at different stations during 3 different occasions, (a) Nov-01; 
(b) Apr-02; (c) Oct-02.

Comparison of the hard substratum fauna between 
different sampling months showed that there was a 
marked difference in the components of the two post
monsoon samplings (Nov. 01 and Oct. 02). During 
Nov. 01 sampling, at the intertidal zone (0m), there 
was an-occurrence-of-12 different species belonging

to bivalves, polychaetes, sponges, sea anemone, 
bryozoans, hydroids and barnacles, whereas Oct. 02 
was represented by only 4 species belonging to 
hydroids, bryozoans and barnacles. Similarly, there 
was a difference in occurrence between the two 
post-monsoons at subtidal zone (3m) (Fig. 3). The
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Fig. 3__Cluster dendrograms of the hard substratum fauna sampled at different depths (0m, 3m and 6m), during 3 different occasions
(Nov-01, Apr-02 and Oct-02).
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Ectoprocta Bryozoa
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AprW
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Fig. 4—Bubble plot of the hard substratum fauna to show the depth wise occurrences (Om, 3m and 6m), during 3 different samplings 
(Nov-01, Apr-02 and Oct 02). The maximum symbol height corresponds to 100% occurrence.

2001 2002

Fig. 5—South-west monsoon pattern in Mumbai and Jawaharlal 
Nehru harbour.

probable causes for such variations could be the 
pattern of rainfall during these two years of 
sampling. The area under study is a tropical 
environment influenced by the south-west monsoon. 
The two post-monsoon seasons differed with respect 
to the length and intensity of the preceding 
monsoons. In 2001, the monsoon was prolonged and 
unimodal. It peaked between June-August and ended 
in October. In 2002, however, the monsoon was 
erratic and ended earlier in September (Fig. 5). 
Though the differences were not reflected in the 
physico-chemical variables, certain changes were 
noticed in the dinoflagellate and copepod 
communities from the area39.
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Comparison o f the present data with the earlier 
reporting’s based on the hard substratum community 
assemblages, from as early as sixties, also indicates 
some degree of changes in faunal composition22'29 
(Table 2). The differences included both non 
occurrences of previously reported species and vice 
versa. Non occurrence o f certain organisms in the 
present investigation can be due to variations in the 
sampling scheme and/or methodology. Earlier 
reporting’s were mostly based on monthly/seasonal 
observations from a limited area (1 to 3 stations) 
using experimental coupons. Such a sampling 
approach would provide information on seasonal 
succession in communities. Reporting of new species 
through this sampling is mostly due to the 
intensiveness in observations. The details of the 
species reported are given in table 2. Among all these 
species, the polychaete Protula tubularia is reported 
for the first time from the Indian coast.

P. tubularia is a soft, tube dwelling, fouling 
polychaete. Its distribution is limited to Red Sea, 
England, Atlantic, Mediterranean, Japan and Sri 
Lanka40"41. The occurrence o f this polychaete in 
Mumbai harbour could be assumed as an introduction 
to the area, which might have been facilitated by 
ships. Examination o f data on ships’ ballast water 
discharge, collected through ballast water reporting 
forms, for 3,581 vessel visits and 4,934 associated 
Ballast Water tank discharges, for the period from 
2000 - 2002 for Mumbai and Jawaharlal Nehru ports, 
indicates that Sri Lanka contributes immensely in 
terms of percent ballast discharge frequency (10.1%, 
being the 3rd highest of the 82 source ports) and the 
volume of ballast water received at Mumbai port 
(1.7% of the total ballast34). These figures are 
suggestive of a strong trade link between Sri Lanka 
and Mumbai and hence can be implicated in the 
introduction of the polychaete P. tubularia, which has 
been reported from Sri Lanka41. This species is a 
prolific breeder and voracious filter feeder. It occurs 
in dense mats on hard surfaces, and may out compete 
other resident species40. In the present investigation 
also these tube dwellers were found in thick mat on 
jetty piers at station 7 (Ferry wharf). With regard to 
the bivalve Mytilopsis sallei, it was found to grow on 
the walls at Station 2 (Indira dock), which is an 
enclosed area. In Visakhapatnam, this species was 
reported from the inner harbour environment which is 
again an enclosed and polluted system42. This species 
is a native of tropical and sub-tropical Atlantic waters

and is reported to have invaded Visakhapatnam 
during 1960’s43. Subsequently, it was found in the 
Naval dock at Mumbai harbour during 197544 and it 
was opined that naval ships might have played an 
important role in facilitating the transportation of this 
species.

A thorough knowledge on the composition of the 
hard substratum fauna at a given locality, the intensity 
of their occurrence, vertical distribution and response 
to different anthropogenic pressures is an essential 
prerequisite to understand their ecology. Constant 
monitoring of the arrival of new entrants to the fauna 
is also very important, particularly in the wake of the 
successful colonization by M. sallei in Mumbai and 
Visakhapatnam waters and its reported spreading 
southwards. Since the remedial measures hinges on a 
comprehensive collection of these baseline data to 
pinpoint the ways of actual control, these aspects 
should receive due attention. It is evident from the 
present investigation that there are changes in the hard 
substratum faunal composition in Mumbai harbour 
environment, probably due to the ever increasing 
human activities such as shipping. Mumbai port, 
being a shipping hub, handles a large amount of 
traffic. The traffic record for 2005-2006 alone shows 
a multiple fold increase of cargo 
(44.19 million tones) over a period of five decades 
(10.47 million tones in 1955-1956; www.mumbai 
porttrust.com/performance/index7). This sort of trend 
of traffic in Mumbai harbour would enhance the 
chances of introduction of organisms in the future via 
hull fouling and/or ballast water, if no proper 
management strategies, are put in place for their control.
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Abstract Zooplankton abundance, biomass, and 
com position from the ports o f Mumbai, India, 
were studied by selecting 14 stations in and around  
the area during three different periods betw een  
2001 and 2002 (N ov 01, A pr 02, and Oct 02). T he  
results are compared w ith the records available 
since the 1940s. Copepod species such as Cantho- 
calanus sp., Paracalanus arabiensis, Cosmocalanus 
sp., Euterpina acutifrons, Nannocalanus minor, 
and Tortanus sp. which w ere not reported in the  
earlier studies were observed during the present 
investigation. Purely herbivorous forms like Nan
nocalanus minor, Paracalanus sp., and Temora 
discaudata were in reduced abundance during Apr  
02 sampling which was coupled with reduction in 
the diatom population. W hereas increased abun
dance of som e carnivorous and omnivorous forms 
during Apr 02 sam pling can be related to the 
changes in the food w eb dynamics.
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Introduction

Port environments are one of the vital habitats 
in the coastal ecosystem. They serve as gateways 
for the introduction of marine organisms and 
their larval forms. Though the port environments 
are prone to continuous anthropogenic influence, 
studies on the biological parameters like zoo
plankton, their distribution, abundance, and com
position from the port areas are scanty (Grahame 
1976; M oore and Sander 1979; Villate 1991; 
Dunbar and W ebber 2003; Dorgham et al. 2004; 
Barbuto et al. 2005). An estimate o f the zooplank
ton standing stock can provide useful information 
on the biological production potential of the area 
and any changes in the water quality parameters 
will directly affect the abundance and composition 
of zooplankton population.

During the Port Biological Baseline Surveys 
of the Global Ballast Water Management Pro
gram (GloBallast), a GEF/UNDP/IM O initia
tive, we had an opportunity to collect samples 
from Mumbai and Jawaharlal Nehru ports for 
wide range o f parameters including zooplank
ton. Earlier studies in this area on zooplankton 
have often focused on describing their abundance 
from a limited area within the port (Bal and 
Pradhan 1945, 1952; Pillai 1968; Gajbhiye and 
Desai 1981; Gajbhiye et al. 1983, 1984a, b, 1991; 
Lodh 1990; Tiwari and Nair 1993), whereas, 
during the present study, we sampled the area

£ ) Springer
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extensively by selecting 14 stations in and around 
the port area.

To elucidate the possible changes in the com
munity structure of zooplankton from the ports 
of Mumbai, the samples collected during three 
different sampling periods between 2001 and 2002 
are compared with the earlier data from the area 
since llMOs.

Materials and methods

Study area

Mumbai Fort is a natural harbor (18° 54' N; 
72 40 E) located at the mouth of the bay that 
separates the city from the west coast of the hin
terland This semi-enclosed basin opens into the 
Arabian Sea at its southern end. Over the years, 
Mumbai port has played a dominant role in de
veloping the country’s trade and commerce. Its

rise to prominence was largely due to its strategic 
location, situated almost midway along the west 
coast of India, providing ample shelter for ship
ping throughout the year. Jawaharlal Nehru Port 
is located within the bay of Mumbai (18° 57' N; 
72° 57' E) and it shares the 22.5-km-long main 
Harbor Channel with Mumbai Port.

Mumbai is the second largest coastal city in 
the world and is India’s premier port. The census 
report of 2001 suggests that the population of 
Mumbai has increased from four million in 1960 
to 7.7 million in 1971 and projected to increase 
from 18.3 million to 22.4 million by 2011. This 
has lead to unprecedented increase of human ac
tivities and a growth of industries (Acharya and 
Nangia 2004), resulting in the generation of over 
2,485 million liters of wastewater per day (Sawant 
et al. 2007) and exerting enormous pressure on the 
adjacent marine environment including harbor 
waters. The nutrient level especially the nitrate 
concentration has increased gradually over the

Table 1 lust of sampling Station no. Station name Justification for station selection

lm then Mrlcciion 1 A pollo Bunder Potential habitat in view of deballasting from ships
2 H arbor wall 

Berth-20
Potential habitat in view of deballasting from ships

3 Indira Dock A rea of low circulation (i.e., potential habitat for 
settlem ent of planktonic organisms)

4 Victoria Dock A rea of low circulation (i.e., potential habitat for 
settlem ent of planktonic organisms)

5 Princes Dock A rea of low circulation (i.e., potential habitat for 
settlem ent of planktonic organisms)

6 F erry  W harf Potential habitat in view of deballasting from ships
7 Break Yard Potential habitat for introduction o f ballast water 

sediments
8 New Pirpau Potential habitat in view of deballasting from ships
9 O ld Pirpau Potential habitat in view of deballasting from ships
10 M arker Buoy Shipping navigation channel/structure in view of 

deballasting from ships
11 Jawaharlal 

N ehru Port
Potential habitat in view of deballasting from ships

12 Jaw ahar Dweep Potential habitat in view of deballasting from ships
13 Spoil Ground Potential habitat for introduction of ballast water 

sediments
14 Control Potential pristine environment away from shipping, 

navigational channel/deballasting area

& Spnngw
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years with a simultaneous decrease in dissolved 
oxygen, indicating an increase in the biological 
activity (Sawant et al. 2007).

Apart from receiving local sewage and indus
trial waste, the port environment is also subjected 
to inoculation of nonnative waters containing 
wide range of pollutants and biota through ship 
ballast water.

Sampling

Sampling was carried out during three different 
periods (Nov 01, Apr 02, and Oct 02) at 14 sta
tions in and around Mumbai port area which 
is continuously under shipping activities (see 
Table 1 for the justification of station selection). 
Nov 01 sampling was conducted during 2nd to

____________________ ______________  181

Table 2 T he details of sam pling schedule along with tidal inform ation and w ater column depth
Stations 1 2 3 4 5 6 7
N ov 01

D ate o f sample 4/11/01 3/11/01 6/11/01 5/11/01 4/11/01 5/11/01 2/11/01
collection

Low-tide time (h) 19:31 (0.45 m) 18:59 (0.38 m) 8:58 (1.80 m) 8:12 (1.62 m) 7:32 (1.47 m) 8:12 (1.62 m) 18:28 (0.40 m)
H igh-tide time (h) 13:22 (3.85 m ) 12:49 (3.96 m) 14:41 (3.50 m) 13:58 (3.69 m) 13:22 (3.85 m) 13:58 (3.69 m) 12:19 (4.02 m)
Tim e o f sample 14:25 14:30 14:20 11:20 9:15 11:05 12:55

collection (h)
T o ta l depth (m) 6.5 9 8 9 6 3 3.9

A p r 02
D ate  o f sample 27/4/02 27/4/02 28/4/02 29/4/02 28/4/02 27/4/02 28/4/02

collection
Low -tide tim e (hr) 5:54 (0.01 m) 18:20 (0.98 m) 6:34 (-0 .1 2  m) 7:13 (-0.07 m) 6:34 (-0 .12  m) 18:20 (0.98 m) 19:06 (1.10 m)
H igh-tide time (h) 12:20 (4.88 m ) 12:20 (4.88 m) 13:08 (4.95 m) 13:54 (4.87 m) 13:08 (4.95 m) 12:20 (4.88 m) 13:08 (4.95 m)
T im e o f sample 11:00 17:16 12:10 11:32 9:34 14:08 15:20

collection (h)
T o ta l depth (m) 7 9 11.5 9.3 6.8 6.5 4.3

O ct 02
D a te  o f sample 25/10/02 26/10/02 30/10/02 29/10/02 29/10/02 26/10/02 26/10/02

collection
Low -tide time (h) 7:47 (1.64 m) 8:24 (1.82 m) 13:29 (2.10 m) 11:42 (2.28 m) 11:42 (2.28 m) 8:24 (1.82 m) 8:24 (1.82 m)

H igh-tide time (h) 13:44 (3.65 m ) 14:17 (3.47 m) 6:50 (3.54 m) 5:23 (3.54 m) 5:23 (3.54 m) 14:17 (3.47 m) 14:17 (3.47 m)

Tim e o f sample 11:45 8:52 11:04 9:30 8:05 10:47 11:40

collection (h)
T o ta l depth (m) 4.5 8.5 10 6 6 5.5 5

8 9 10 11 12 13 14

N o v  01
D a te  o f sample 

collection 
Low-tide time (h) 
High-tide tim e (h) 
Tim e o f sample 

collection (h) 
To tal depth (m) 

A p r  02
D ate o f sample 

collection 
Low-tide time (hr) 
High-tide tim e (h) 
Tim e o f sample 

collection (h) 
T o ta l depth (m) 

O ct 02
D ate  o f sample 

collection 
Low-tide time (h) 
High-tide time (h) 
Tim e o f sample 

collection (h) 
To tal depth (m)

3/11/01 3/11/01 6/11/01 7/11/01 8/11/01 8/11/01 8/11/01

6:55 (1.38 m) 
12:49 (3.96 m ) 
9:35

6:55 (1.38 m) 
12:49 (3.96 m) 
12:30

8:58 (1.80 m) 
14:41 (3.50 m) 
10:10

10:00 (1.98 m) 
15:34 (3.29 m) 
11:55

11:25 (2.04 m) 
16:45 (3.10 m) 
13:05

11:25 (2.04 m) 
16:45 (3.10 m) 
15:00

11:25 (2.04 m) 
16:45 (3.10 m) 
13:28

8 10.4 11 11 12 12 12
29/4/02 29/4/02 27/4/02 30/4/02 29/4/02 1/5/02 1/5/02

19:51 (1.28 m) 
13:54 (4.87 m) 
14:07

19:51 (1.28 m) 
13:54 (4.87 m) 
15:22

5:54 (0.01 m) 
12:20 (4.88 m) 
11:50

7:49 (0.15 m) 
14:41 (4.67 m) 
11:59

7:13 (-0.07 m) 
13:54 (4.87 m) 
9:24

8:26 (0.51 m) 
15:30 (4.38 m) 
13:06

8:26 (0.51 m) 
15:30 (4.38 m) 
11:25

9 10 12 12 7 25 12
28/10/02 28/10/02 26/10/02 27/10/02 28/10/02 31/10/02 31/10/02

10:09 (2.21 m) 
15:40 (3.06 m ) 
10:33

10:09 (2.21 m) 
4:13 (3.69 m) 
9:08

8:24 (1.82 m) 
14:17 (3.47 m) 
14:10

9:09 (2.02 m) 
14:54 (3.27 m) 
13:15

10:09 (2.21 m) 
15:40 (3.06 m) 
14:27

14:35 (1.73 m) 
8:01 (3.70 m) 
9:12

14:35 (1.73 m) 
8:01 (3.70 m) 
10:13

6 7.5 12 19.5 14 17 15.5
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Sth .November 200], Apr 02 sampling was con 
ducted during 27th April to 1st May 2002, and 
Oct 02 sampling was conducted during 25th to

31st October 2002. Details of the samplings such 
as sampling schedule (date and time of sample 
collection), tidal information (from Indian Tide

Fig. 1 I < n-ilion of ihe 
stu d s  u rea
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Tables 2001/2002), and w ater colum n depth are 
provided in Table 2. L ocation  o f the study area 
and the sam pling stations is show n in Fig. 1.

H orizontal hauls w ere taken  using 100-p.m 
mesh H eron-Tranter (H T ) zooplankton net with a 
calibrated flow m eter attached to  it. The collected  
samples were preserved in  5%  buffered formalde
hyde solution. The b iom ass o f the samples was 
estim ated as w et w eight (Frolander 1957), and the 
samples w ere equally split using Folson plankton  
splitter into four parts, and on e aliquot was enu
m erated for qualitative and quantitative analysis 
of zooplankton groups using various identification 
manuals (Kasturirangan 1963; Todd et al. 1966; 
Conway et al. 2003).

D ata analysis

Abundance data of zooplankton were log- 
transformed to  ensure normality of means and 
homogeneity o f variances before subjecting to sta
tistical analysis. The log-transformed data were 
then subjected to two-way analysis of variance 
(AN O V A; Sokal and Rohlf 1981) to evaluate 
the variance between different sampling sta
tions (14 stations) within each sampling and be
tween different sampling periods (Nov 01, Apr 
02, and Oct 02). Abundance of copepods dur
ing the three different sampling periods is pre
sented as SU R FE R  plots using SURFER 6 
program.

Fig. 2 Station-wise 
variations in the 
abundance of 
zooplankton  during 
the th ree  different 
sam pling periods 
a N ov 01, b  A pr 02, 
and c O ct 02
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Clustering and ordination analysis

The square-root-transformed (to ensure normal
ity of means and homogeneity of variances) 
zooplankton community data were converted to 
lower triangular similarity matrix using Bray and 
Curtis (1957) coefficients. These similarity ma
trices were then subjected to clustering and or
dination techniques. Clustering was performed 
using the group average method (Pielou 1984) and 
ordination was done by nonmetric multidimen
sional scaling (NMDS; Kruskal and Wish 1978). 
These analyses were carried out using the soft
ware PRIMER version 5.

400000
w
I  300000-

a

|  200000- 
0)
2 100000- 
©>< 0 +

©o>(0

(0Eo
CO

10000 -j 

8000- 

6000- 

4000-

2000 J

Nov' 01 Apr' 02 Oct' 02

Fig. 3 a  Average abundance of zooplankton during the 
three different sampling periods (Nov 01, Apr 02, and 
Oct 02). b Average abundance of zooplankton excluding 
copepods during the three different sampling periods (Nov 
01, A pr 02, and Oct 02). c A verage biomass of zooplank
ton during the three different sampling periods (Nov 01, 
A pr 02, and Oct 02)

a
4?)

/'<T \

Stress: 0.05

/  8 13\

;3 7 1 \)
2 1 f  

10 ,—- / 4 /

y  5i 
(14,'"

Fig. 4 NMDS ordination plots for zooplankton abundance 
during the three different sampling periods a  Nov 01, b A pr 
02, and c Oct 02

Results

Zooplankton community

All together, 26 different zooplankton groups be
longing to 11 phyla were recorded from 14 stations
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sampled during the three different sampling peri
ods (Nov 01, Apr 02, and Oct 02). Copepods dom
inated the community (90-97%) at all the stations 
sampled during all the three sampling periods.

a

3

12
Stress: 0.15

2 10 6 11

14 5 4 9

7  8

13

Fig. 5 N M D S ordination plo ts fo r zooplankton abundance 
excluding copepods during the  th ree  different sampling 
periods a  N ov 01, b  A pr 02, and c O ct 02

Zooplankton abundance

Station-wise variations in the abundance of zoo
plankton during the three different sampling pe
riods (Nov 01, Apr 02, and Oct 02) are shown 
in Fig. 2a-c. The zooplankton abundance peaked 
at station 5 (556,515 x 100 m~3) during Nov 01 
sampling and the lowest numbers were recorded 
at station 3 (20,721 x 100 m~3) during Apr 02 
sampling. The average abundance of zooplank
ton during the three different sampling periods is 
shown in Fig. 3a. The abundance was at its highest 
during Nov 01 sampling (197,731 x 100 m-3), 
whereas during the other two samplings (Apr 
02 and Oct 02) they were similar (88,231 and 
90,803 x 100 m-3, respectively). ANOVA did 
indicate significant variations between different 
sampling periods (Nov 01, Apr 02, and Oct 02) 
in terms of average abundance of zooplankton 
(ANOVA: p < 0.005), whereas variations within 
different sampling stations (14 stations) during all 
the three different sampling periods were non
significant.

NMDS ordination plots revealed three groups 
of station clusters for Nov 01 and Oct 02 samplings 
as depicted in Fig. 4a, c, whereas during Apr 02 
sampling there were only two groups of station 
clusters with station number 3 being completely 
different from the rest of the stations (Fig. 4b). 
The similarity characteristics of zooplankton ex
cluding copepods were different with individual 
stations segregating as depicted in Fig. 5a-c.

Average abundance of zooplankton excluding 
copepods was similar during Nov 01 and Apr 02 
samplings (3,867 and 3,638 x 100 m '3, respec
tively) but higher during Oct 02 sampling (4,988 x 
100 m“3; Fig. 3b). ANOVA also indicated non
significant variations among different sampling 
periods and also between different stations within 
each sampling periods for zooplankton abundance 
excluding copepods.

Biomass

Station-wise variations in zooplankton biomass 
during the three different sampling periods (Nov 
01, Apr 02, and Oct 02) are shown in Fig. 6.
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Total biomass was peaked at station 5 (19 g m~3) 
during Nov 01 sampling and the minimum was 
recorded at station 3 (1 g m-3) during Apr 02 
sampling. Average biomass during the three dif
ferent sampling periods is shown in Fig. 3c. The 
average biomass was at its highest during Nov 
01 sampling (9 g m~3) whereas during the other 
two samplings they were comparable. ANOVA 
also indicated significant variations between the 
sampling periods (ANOVA: p  < 0.05) whereas 
variations within different sampling stations 
were nonsignificant during all the three sampling 
periods.

Copepod community

Copepods from the samples were identified into 
12 different families belonging to four main or
ders. These families were further classified into 
15 genus and 21 species. The order Calanoida 
dominated. The genus/species recorded and their 
percentage composition are shown in Table 3. 
Year-round Paracalanus arabiensis (P. arabiensis 
is recently described as a new species to the 
copepod community, Kesarkar and Anil 2009) 
dominated the copepod assemblage; however, 
during Apr 02, Centropages furcatus was the

Ftf.6  Sialion-wi.sc 
variations in zooplankton 
biomass during the three 
diflefent sampling 
|>criods a Nov 01, 
b Apr 1)2. and c Oct 02
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most abundant form followed by P. arabiensis. C. 
furcatus was also the second dominant form dur- 
ing Oct 02 after P. arabiensis, The variation in 
copepod abundance is presented in Fig. 7. The 
maximum observed abundance was found during 
Nov 01 at station 5 (Fig. 7a) followed by Oct 02 at 
station 4 (Fig. 7c) and Apr 02 at station 2 (Fig. 7b).

Discussion

Results of our study demonstrated an intersam
pling variation in zooplankton abundance, bio
mass, and communities (Fig. 3a-c). There was 
a marked difference in biomass and abundance 
of zooplankton during the 2 years of sampling 
which was carried out during similar periods of 
the year (Nov 01 and Oct 02, Fig. 3a-c). There

Table 3 P ercen tage com position of copepod species

C opepods Nov 01 A p r 02 O ct 02 Average
C alanoida

C an th o ca la n u s p a u p er 1.80 1.68 3.33 2.27
C an thoca lanus  sp. 0.92 1.79 1.14 1.28
N a n o ca la n u s m in o r 4.25 0.95 6.48 3.89
N a n o ca la n u s  sp. 5.07 4.22 0.00 3.10
P aracalanus arabiensis 14.11 11.74 11.55 12.47
P aracalanus p a rvu s 8.50 4.29 3.65 5.48
P aracalanus  sp. 11.22 6.95 9.45 9.21
A cro ca la n u s  sp. 7.89 7.01 7.73 7.54
C o sm o ca la n u s  sp. 3.08 6.42 5.46 4.99
A cartia  cen trura 1.33 0.00 0.00 0.44
A cartia  sp in icauda 4.44 6.61 5.42 5.49
A cartia  sp. 5.32 3.37 6.13 4.94
T ortanus barbatus 2.91 7.38 4.53 4.94
T ortanus  sp. 2.78 1.79 1.69 2.09
C entropages furca tus 5.60 15.03 11.25 10.63
C entropages  sp. 6.84 0.71 3.06 3.54

Tem ora  discaudata 1.95 0.00 2.54 1.50

T em ora  sp. 5.30 5.32 3.30 4.64

Cyclopoida
O ithona  sp. 0.27 2.34 1.92 1.51

H arpacticoida
M icrosetella  sp. 0.00 2.47 2.99 1.82

E uterp ina  acutifrons 3.55 5.46 5.33 4.78

Poecilostom atoida
O ncaea  sp. 0.00 0.42 1.33 0.58

C orycaeus  sp. 2.86 4.06 1.72 2.88

was also a fluctuation in abundance and biomass 
of zooplankton at different stations sampled dur
ing Nov 01 and Oct 02 sampling period (Figs. 2 
and 6). The probable causes for such variations 
could be the pattern of rainfall during these 
2 years of sampling. The area under study is a 
tropical mesotrophic environment (Sawant et al.
2007) influenced by southwest monsoon. The 
2 years differed with respect to the length and 
intensity of the preceding monsoon. In 2001, 
the monsoon was prolonged and unimodal. It 
peaked during June-August and ended in Octo
ber. In 2002, however, the monsoon was erratic 
and ended earlier in September (Fig. 8). Such 
changes in monsoonal pattern can lead to differ
ent degrees of fluctuations in the water quality 
parameters. This in turn can lead to fluctuations 
in the available food for zooplankton. Though, 
the differences were not reflected in the physic
ochemical variables studied from the area as dis
cussed in Sawant et al. (2007), certain changes 
were noticed in the phytoplankton communities 
(D’Costa et al. 2008) and copepod communities 
(present study) from the area. During Nov 01, 
there was an abundance of autotrophic (Proro- 
centrum) and heterotrophic (Protoperedinium) di- 
noflagellate species, whereas during Oct 02 there 
was an abundance of mixotrophic (Dinophysis) 
species (D’Costa et al. 2008). Copepod popula
tion also changed during the 2 years of sampling. 
We found Microsetella sp. and Oncea sp. absent 
during Nov 01 sampling and Acartia centrura and 
Nanocalanus sp. absent during Oct 02 sampling.

Apart from this, the results of our study also 
illustrated a change in the abundance and com
munity structure of zooplankton over the years 
(Fig. 9; Tables 4 and 5) and these changes could 
be linked to variations in the environmental con
ditions as discussed in detail by Sawant et al. 
(2007). The nutrient level especially the nitrate 
concentration has increased gradually over the 
years with a simultaneous decrease in dissolved 
oxygen, indicating an increase in the biological 
activity in the area over the years (Sawant et al. 
2007).

Nutrient levels are known to be an important 
determinant of marine biodiversity influencing the 
process of competition and community structure
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Fig. 7 SU R FE R  plots 
to show the abundance 
of copepods during the 
three different sampling 
periods a N ov 01, 
b A pr 02, and c Oct 02
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in the marine environment (Raghukumar and 
Anil 2003; Worm et al. 2006 and the references 
therein). Increase in the nutrient loading can lead 
to changes in the ratio of macronutrients and in 
turn influence the trophic dynamics. Changes in

the fishing activities over the years, alterations 
due to bioinvasion, and developments along the 
shoreline could also play an important role in 
such changes. However, we do not have support
ive data to demonstrate the changes due to such
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probable contributing factors, and these are wor
thy of further studies.

Before comparing the changes in zooplankton 
population using the data provided in Tables 4 
and 5, it should be mentioned that the sampling 
gears and efforts did differ in each of the earlier 
sampling occasions. The reports of 1940s and 
1960s used ordinary surface tow net made of 
organdi cloth (Bal and Pradhan 1952; Pillai 1968). 
Data from the 1970s indicate the use of HT net 
having a mouth area of 0.25 m2 with a TSK flow 
meter and a mesh size of 200 pm (Gajbhiye and 
Desai 1981). In 1980s, though, the HT net was 
used but with a mesh size of 300 pm (Gajbhiye 
et al. 1984a, b). In the present investigation, we 
used an HT net with a mesh size of 100 pm. 
Hence, taking the largest mesh size as the factor 
for loss of reportage or addition of new forms 
due to the use of 100-pm net, we can consider the

Fig. 9 D ecadal changes in zooplankton abundance

data presented in Tables 4 and 5 in the following 
manner. Cladocerans, ostracods, mysids, and 
isopods were reported in earlier studies from the 
area sampled, but they were not encountered in 
the present investigations. Cyphonautes larvae 
and ascidian tadpoles which were encountered 
in the present study were not reported in earlier 
studies. Similarly, copepod population in the 
current study includes Canthocalanus pauper, 
P. arabiensis, Cosmocalanus sp., Euterpina 
acutifrons, Nanocalanus minor, and Tortanus 
sp., which were not reported in the earlier 
studies. P. arabiensis also dominated the copepod 
community in our studies.

Zooplankton numbers remained rather con
stant throughout our sampling period (Nov 01, 
Apr 02, and Oct 02) when copepods were ex
cluded (Fig. 3b), whereas phytoplankton abun
dance varied during the same sampling period 
(D’Costa and Anil, under review). The summer 
months in the region (premonsoon season) are 
also reported to have higher numbers of bacteria 
in the water column (Thakur and Anil 2000). 
Similar was the case in the present investigation 
(D’Costa et al. 2008). Such an increase in bacter
ial numbers when the phytoplankton abundances 
were low can alter the food web dynamics and 
result in changes in the mesozooplankton popula
tion. Though we do not have the data of microzoo
plankton as a whole since they act as a connecting 
link between bacteria and mesozooplankton, it is 
possible to compare the data of dinoflagellates 
(D’Costa et al. 2008), one of the important compo
nents of the microplankton, which showed an in
crease in abundance during Apr 02 sampling when 
compared to Nov 01 and Oct 02 samplings. In 
spite of seasonal variations in the phytoplankton 
abundance, the zooplankton numbers remained 
rather constant during different sampling peri
ods. This shows that the zooplankton population 
survived on food source other than phytoplank
ton. Bacterial numbers were also higher when 
the abundance of phytoplankton decreased. It is 
thus possible to infer the importance of microbial 
loop in the area and gives an indication for the 
existence of alternative food chain. Such an alter
native food chain will have greater implications 
from the point of biological production potential 
in an area. Madhupratap et al. (2001) and Smith
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Table 4 Occurrence of different groups of zooplankton since 1944 from the area

Groups 1944-1947 1966-1967 1977-1978 1980-1981 1984-1985 1985-1986 2001-2002
Coelenterata

Hydromedusa * * * * H e H e H «

Trachymedusae *
Scyphomedusa *
Siphonophores * * * H e H e H e

Platyhelminthes * H e

Annelida
Polychaete larvae * * * H e H e H e

Arthropoda
Copepods * * * * H e H e H e

Cirripede nauplii * H e H e H e

Cirripede cypris H e

Pycnogonid * H e H e H e

Cladocerans * H e  H e  H « H e H e

Ostracods * H e  H e H e H e

Stomatopod larvae * H e  H e H e H e H e

Mysids H e H e H e

Amphipods * H e  H e H e H e H e

Isopods * H e H e H e

Cumaceans H e

Lucifer * H e  H e  H e H e H e H e

Phyllosoma larvae * H e H e H e

Porcellanid larvae * H e  H e H e H e H e

Brachyuran larvae * H e  H « H e H e He

Penaeid larvae * H e H e H e *
Caridian larvae * H e H e H e

Mollusca
Gastropod larvae * H < H e H e H e

Bivalve larvae H e H e H e H e

Pteropods * H e  *
Ctenophores * H e  H e H e H e H e

Phoronids H e H e

Bryozoa
Cyphonautes larvae H e

Brachiopoda
Brachiopod larvae H e  H e H e

Echinoderm
Ophiopluteus larvae H e H e

Chaetognatha * H e  H e  H e H e H e H e

Urochordata
Ascidian tadpole H e

Oikopleura H e  H e H e H e H e

Doliolum * H e H e

Salps * H e H e

Cephalopods H e

Chordata
Fish egg * H «  H «  * H e H e H e

Fish larvae * H «  * H e H e * H e

1944-1947 (Bal and Pradhan 1952), 1966-1967 (Piliai 1968), 1977-1978 (Gajbhiye and D esai 1981), 1980-1981 (Gajbhiye
et al. 1983,1984a, b; Nair et al. 1983), 1984-1985 (Tiwari and N air 1993), 1985-1986 (Lodh 1990)
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Table 5 O ccurrence of copepod species from  the area since 1944

Copepod species 1944-1947 1966-1967 1980 1981 1984-1985 1985-1986 2001-2002
Allodiaptomus sp. *
Acartia spinicauda * * * * * * *
A. centrum * * * *

A. erythreae *
A. pacifica *

A. tropica *

A. sewelli *

A. southwelli *

Acartia sp. * *

Acartiella gravelyi * *

A. keralensis
Acrocalanus monachus * *

A. gibber * *

A. longicornis *

A. similes
A. gracilis * *
Acrocalanus sp. *
Bestiola similes *
Centropages orsini *
C. dorsispinatus *
C. tvpicus * * *
C. tenuiremis * *
C. furcatus * *
Centropages sp. * * * *
Canthocalanus pauper *
Canthocalanus sp.
Clausocalanus sp. *
Cosmocalanus sp.
Corycaeus danae * * *

Corycaeus sp. * * *
Eucalanus crassus *
E. monachus *
E. crassirostris * * *
E. suberassus * * *

E. pileatus
Eucalanus sp. *
Eucheata concinna *
E. marina * *
E. wolfendeni
E. indica
E. rimana * *

*
Euchaeta sp.
Euterpina acutifrons
Euterpina sp. *

Heliodiaptomus sp. * *
Labidocera pectinata
L. acuta
L. pavo * *
Labidocera sp.
Longipedia sp.
Mesocyclops sp. * *
Macrosetella gracilis *

Microsetella sp.
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Table5 (continued)

Copepod species 1944-1947 1966-1967 1980 1981 1984-1985 1985-1986 2001-2002

Mirada sp. *

Nanocalanus minor *

Nanocalanus sp. *
Neodiaptomus sp. *

Oithona plumifera *

Oithona sp. * * *
Oncaea sp. * *

Paracalanus crassirostris * *

P. aculeatus * * *

P. parvus * * * * *

P. aurivillii *

Paracalanus arabiensis *

Paracalanus sp. * *

Pseudodiaptomus sp. * *

P. annandalei * *

P. binghami malayalus *
P. bowmani *

P. serricaudatus *
P. sewelli * *

P. tollingerae *

Pontella securifer *

Temora sty lifer a *
T. discaudata * *
T. turbinate *
Temora sp. * * *
Tortanus forcipatus * *

T. barbatus * * *
T. gracilis *
Tortanus sp. *

1944-1947 (Bal and Pradhan 1952), 1966-1967 (Pillai 1968), 1980 (Gajbhiye et al. 1991), 1981 (Gajbhiye et al. 1984a, b), 
1984-1985 (Tiwari and Nair 1993), 1985-1986 (Lodh 1990)

and Madhupratap (2005) had discussed the exis
tence of such a microbial loop in the food chain 
of oligotrophic open ocean waters of the Arabian 
Sea. However, such observations are not very 
common from the nearshore areas such as the one 
described in this paper.

Copepods, which were mainly responsible for 
the variations in the total counts of zooplank
ton during the three different sampling periods, 
seem to be related directly to the phytoplankton 
that was available in the area during that partic
ular period. The purely herbivorous forms like 
N. minor, Paracalanus sp., and Temora discaudata 
have occurred in less numbers during Apr 02 sam
pling. This can be attributed to the low availability 
of phytoplankton during that particular period. 
Whereas some carnivorous forms like Tortanus

barbatus and omnivorous forms like C. furcatus, 
Oithona sp., and Corycaeus sp. were abundant 
during Apr 02 sampling, the abundance of some 
of these carnivorous and omnivorous forms during 
Apr 02 sampling can be attributed to lowered 
phytoplankton abundance and increased bacter
ial numbers (D’Costa et al. 2008). Though the 
potential of the mesozooplankton to feed on bac
teria could be minimal, it is possible that micro
zooplankton can use this resource and serve as 
an indirect link. Consequently, percentage con
tribution of omnivorous species of copepods did 
not vary with the sampling period and can be 
attributed to their food-switching behavior. Such 
a possibility has been evidenced earlier in the case 
of Calanus pacificus (Landry 1981) and Acartia 
tonsa (Kiorboe et al. 1996).
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In conclusion, this study provides an overview 
of the present zooplankton community structure 
in the ports of Mumbai and describes the changes 
in abundance and community structure of zoo
plankton in relation to changing environmental 
conditions observed over the years. A  reflection 
of the zooplankton population from the area pro
vides indicative changes in the community struc
ture and delineating such causative factors are 
limited by the methods employed and the obser
vational focus of the studies.
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Larval abundance in an area depends on various factors which operate over different spatial and temporal 
scales. Identifying the factors responsible for variations in larval supply and abundance is important to under
stand the settlem ent and recruitm ent variability of their population in a particular area. In view  of this, ob
servations w ere  carried out to m onitor the larval abundance, settlement and recruitment of barnacles on a 
regu lar basis for a period o f tw o years. The results were then compared with the numerical modelling studies 
carried out along the w est coast o f India. Field observations o f larval abundance showed temporal variations. 
The least abundance of larvae w as m ostly observed during the monsoon season and the peak in abundance 
w a s  m ostly observed during the pre-m onsoon season. Numerical simulations also showed a seasonal change 
in larval dispersion and retention patterns. During pre-monsoon season the larval movement was mostly 
found tow ards south and the larvae released from the northern release sites contributed to larval abundance 
w ith in  the estuaries, whereas during the monsoon season the larval movement was mostly found towards 
north  and the larvae released from southern release sites contributed to larval abundance within the estuary. 
D uring post-m onsoon season, the larval m ovement was found towards the north in the beginning of the sea
son  and is shifted towards the south at the end of the season, but the movement was mostly restricted near to 
the release sites. Larval supply from the adjacent rocky sites to the estuaries was higher during the pre
m onsoon season and the retention o f larvae released from different sites within the estuaries was found to 
be highest during the late post-m onsoon and early pre-monsoon season. Maximum larval supply and reten
tion  during the pre-monsoon season coincided with maximum larval abundance, settlement and recruitment 
o f barnacles observed in the field studies. These observations showed that the pattern o f larval dispersion and 
retention in the region is predom inantly driven by local hydrodynamics operating in the vicinity. Linking lar
val dispersion and retention w ith  settlem ent and recruitment o f barnacles indicated that the processes are 
m ain ly  influenced by wind and resultant current patterns. These findings facilitate unravelling the processes 
operating in the region and to understand the distribution pattern of the intertidal organisms in general in 
this tropical environm ent influenced by monsoons.

® 2011 Elsevier B.V. All rights reserved.

1. Introduction

Monitoring the larval abundance and their distribution on spatial 
and temporal scales provides an idea of the processes which interact 
with observed patterns and helps to understand their settlement and 
recruitment variability in a particular locality (Sponaugle et al„ 2002; 
Tapia et al„ 2010). Larval supply and abundance in an area are affect
ed by multiple factors operating at different spatial and temporal 
scales (Shanks et al., 2003). The processes that are the primary drivers 
in the variation of larval abundance and dispersal needs to be studied

* Corresponding author. T el: +  91 832 2450404; fax: +  91 832 2450615. 
£-mai7 address: acanil@nio.org (A.C. Anil).

in detail in order to understand the variability in settlement and re
cruitment of barnacles in a particular locality. Barnacle Balanus 
amphitrite is a dominant species found along the coast of India. The 
development of this species is through six planktotrophic naupliar 
stages followed by a pre-settling non-feeding cyprid stage. Cyprid 
explores for a suitable substratum to settle and metamorphose to 
juveniles. Since the life cycle of barnacles includes both pelagic as 
well as benthic stages, success of their population generally depends 
on the dispersal or transport of larval stages to suitable habitats. 
Larvae can disperse to different localities and settle far away from 
the parental habitat from where they are released (Gaines and 
Bertness, 1992; Gaines et al., 2007). As the larval life cycle of barna
cles also includes both feeding as well as non-feeding stages, success 
of larval populations depends on its dispersal/retention to habitats

14-7963/S - see front m atter © 2011 Elsevier B.V. All rights reserved. 
:10.10I6 j.jmarsys.2011.12.002
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with sufficient food. The non-feeding larval stage (cyprid) can last for 
several days depending on the stored energy content (Anil and 
Kurian. 1996; Anil et al., 2001: Desai and Anil. 2004). If the nauplii 
or cyprids are dispersed far away from the adult habitats or away 
from the coast where there is less availability of food or lack of suit
able substratum to settle, then their survival chances are reduced. 
Again the survival capability depends on the time taken by the 
cyprid to explore a suitable substratum; earlier they settle, better 
the chances of survival. Larval metamorphosis can be delayed if 
they do not find a suitable substratum to settle (Gaines and 
Bertness, 1992). Excessive prolongation of the larval period can also 
result in lower survival and growth rates (Anil et al., 2001; Pechenik 
et al.. 1998). Consequently, local hydrodynamics plays a decisive 
role in the final destination of larval populations and, in turn, their 
metamorphic success. Moreover, hydrodynamics has a significant 
role in the cross-shore distribution of larvae, their dispersal ranges 
and connectivity (Pineda, 1994; Pineda et al., 2009).

In this study, observations were carried out to monitor the 
abundance and distribution of barnacle larvae along with their 
settlement and recruitment. These observations have been com
pared with the results of numerical simulations. It is envisaged 
that numerical simulations provide some physical/dynamical 
insights into the processes operating in the region; and nowadays 
numerical models are employed to study the distribution of various 
larval forms. Several studies have been carried out using numerical 
models. For e.g. George et al. (2011) studied fish larval transport in 
the macro-tidal regime of Gulf of Kachchh along the west coast of 
India. Vethamony et al. (2007) generated oil spill trajectories off 
the Coa coast to illustrate the importance of having pre-validated 
trajectories for selecting eco-sensitive regions for preparedness 
and planning suitable response strategies whenever spill episode 
occurs. Miyake et al. (2009) simulated larval dispersal processes 
for abalone using a coupled particle-tracking and hydrodynamic 
model. Stephens et al. (2006) modelled the dispersal and transport 
of larval New Zealand abalone (Haliotis iris) using coupled two- 
dimensional hydrodynamic and Lagrangian particle-trajectory 
models. However no such studies are conducted along the west 
coast of India to simultaneously monitor larval abundance along 
with settlement and recruitment of barnacles on spatial and tempo
ral scales and evaluate the results with numerical simulation 
studies. The aim of the present study is to elucidate the larval abun
dance. dispersal and retention processes to assess the settlement 
and recruitment of barnacles in this unique tropical environment 
which is influenced by monsoons so that the underlying processes 
governing the distribution of intertidal organisms inhabiting the 
region can be understood in general.

2. Materials and methods

This study was carried out along the coast of Goa (west coast of 
India) including the estuarine region (Fig. 1A, B and C), which is a 
tropical monsoon influenced environment Goa is influenced primar
ily by three seasons: south-west monsoon (Jtine-September), post
monsoon (October-January) and pre-monsoon (February-May) 
with a break in monsoon during the month of August. Winds during 
the south-west monsoon are stronger compared to other seasons. 
Tides along the west coast of India are semi-diurnal mixed and a 
large variation in the tidal range is noticed between the southern 
and northern end. The Mandovi and Zuari estuaries are the two 
major estuaries in Goa, characterized by mixed tides with semi
diurnal dominance and heavy fresh water influx during the south

2

west monsoon. Field observations of larval abundance, settlement 
and recruitment of barnacles were carried out for a period of 
2 years (2005-2007) from different locations (Fig. 1A and B) and 
the results were compared with the simulation results (please see 
Fig. 1C for the model domain).

2.1. Larval abundance

Larval samples were collected from 7 different stations (Fig. 1A) 
in and around the Mandovi and Zuari estuaries of Goa on a 
bimonthly basis for a period of two years (2005-2007). Horizontal 
plankton tows were made using a Haron-Trantor net of mesh size 
100 pm fitted with a flow metre. The volume of water filtered 
was calculated using the number of revolutions obtained from a 
flow metre. The samples were preserved in 5% formaldehyde 
onboard and later sorted out and counted in the laboratory using 
stereo-zoom microscope to determine the larval abundance. Larval 
abundance is expressed in terms of numbers per 100 metre cube 
(No./100m3).

2.2. Settlement and recruitment of barnacles

Settlement and recruitment of the barnacle B. amphitrite were 
monitored at 4 different stations (Dona Paula, MPT, INS-Mandovi 
and Arambol) (Fig. IB), for a period of 2 years (June 2005-May 
2007) at stations Dona Paula and MPT and for a period of 1 year 
(June 2006-May 2007) at stations INS-Mandovi and Arambol. Panels 
of aluminium material were used as a substratum. Aluminium as the 
substratum for evaluating settlement and recruitment of barnacles in 
the study area has been used earlier (Anil, 1986; Desai, 2002) and 
provides a good picture of the events. Every month, new set of panels 
were immersed in triplicate and observations were taken from six 
marked quadrats of size 25 cm2 each. Settled and recruited barnacles 
on the panels were counted at the end of respective months with the 
help of a hand-held magnifying lens. Below 2 mm size class was con
sidered as settlers and above 2 mm size class for recruits. Settlement 
and recruitment of the barnacles are expressed in terms of numbers 
per decimetre square (No./dm2).

2.3. Hydrodynamic modelling

Mandovi and Zuari are partially-mixed estuaries with tidally aver
aged circulation, consisting of a downstream-directed surface flow of 
fresh water and an upstream-directed flow of more saline water at 
the bottom. This circulation, however, is much weaker than the circu
lation observed during a tidal cycle, particularly when the tidal range 
is large. For practical applications such as determination of the fate of 
pollutants and other passive and active tracers, it is often important 
to simulate this more energetic circulation within a tidal cycle. The 
simplest types of these models are one-dimensional models, often 
used for a narrow estuary with very shallow depths. Whereas for 
wider and stratified estuary, two dimensional models have to be 
used (Unnikrishnan and Manoj, 2007). A feature of Mandovi and 
Zuari estuaries is such that the widths of these estuaries are large 
up to a distance of about 10 km near the mouth, after which the chan
nel narrows down considerably. Manoj and Unnikrishnan (2009) 
studied the tidal circulation and salinity distribution using a hybrid 
model that uses a two-dimensional model for the wide portion near 
the mouth of these estuaries and a one-dimensional network model 
for the rest of the estuarine system.

ti* . I. Study luultom  (or the monitoring of (A) larval abundance (1. Old Goa 2. Panjim bridge 3. Miramar 4. Offshore 5. MPT 6. Dona Paula 7. Zuari bridge) (B) Settlement and 
rrvruitmrnl of barnacles (T. Dona Paula; 2. MPT: 3. INS-Mandovi; 4. Arambol) and (C) (i) Large and (ii) small domains for numerical simulations. Particle release sites in large 
domain 1 Arambol 2. Anjuna 3. Sinquerim 4. Bogmalo 5. Cabo-de-Rama 6. Palolem) and small domain (1. Mandovi edge 2. INS-Mandovi 3. Dona Paula 4. MPT 5. Zuari edge). 
W  represents the location of weather station and 'C' represents the location of current measurement station.
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Hydrodynamics of a particular area primarily determines the lar
val movement and retention. The hydrodynamic conditions off Goa 
coast and in the Mandovi-Zuari estuarine system were simulated 
using a depth averaged two-dimensional hydrodynamic model, 
MIKE 21 HD. developed by DHI Water & Environment, Denmark 
(http:,,www.dhigroup.com) (DHI. 2001). It simulates unsteady 
two-dimensional flows in one layer (vertically homogeneous) fluids. 
Surface elevation and current velocities (u and v components) are 
calculated by solving dynamic and vertically integrated equations of 
tontinuity and conservation of momentum in X and Y directions. 
This model has been used earlier to study the flow characteristics at 
various coastal and estuarine regions (Babu et al., 2005; Chubarenko 
and Tchepikova. 2001; George et al., 2011).

Study area and model domains are shown in Fig. 1C. Larger and 
smaller domains were set up with coarse and fine resolution rectan
gular Cartesian grids of 500 m* 500 m and 50 mx 50 m spacing, re
spectively. The bathymetry file was created by digitising the depth 
values obtained from the Naval Hydrographic chart (Naval Hydro- 
graphic office. Dehra Dun. India) and MIKE-CMAP by linearly interpo- 
lanng to each grid in the model domain. The larger domain extends to 
206 km and 144 km in X and Y directions, covering the area bounded 
by longitudes 73' 08' to 74° 09' E and latitudes 14° 44' to 16° 00' N. 
This domain is considered specifically to simulate the hydrodynamics 
and larval dispersion at the open coast off Goa. However, the finer de
tails of the hydrodynamics in the estuaries could not be resolved ac
curately in this larger domain. Hence, we also used a smaller 
domain for the simulation of hydrodynamics and larval dispersion 
in the Mandovi -Zuari estuarine system. The smaller domain extends 
to 16 km and 1 1 km in X and Y directions covering an area bounded 
by 73" 43' to 73° 52' E and 15° 24' to 15° 31' N. The time step interval 
fo r the simulation has been selected in such a way to satisfy the sta
bility criterion. Time steps of 20 s and 15 s were considered in the 
coarse and fine model, respectively. The corresponding Courant num
be rs  are 1.7 and 3.6 respectively. The calibration parametres applied 
in the simulations are eddy viscosity, resistance and wind friction fac
tor. A velocity-based Smagorinsky scheme with a constant value of 
Ct- 03 m ' s '  1 has been applied to calculate the eddy viscosity. A 
Manning number of 32 m1 3 s '  1 has been considered as the calibra
tion parametre for the bed resistance. The wind friction factor is 
taken as 0.0026.

Bathymetry, tides and winds are the basic input parametres re
quired for the hydrodynamic simulations. Accuracy of the model results 
primarily depends on the accuracy of these input parametres, and espe- 
i rally resolution of the bathymetry. The south and north boundaries of 
the domain are placed at two major tidal stations, Karwar and Vengurla, 
respectively. The tidal elevations at these boundaries were predicted 
using the Global Tide Model (Andersen, 1994; Andersen, 1995). The 
tide elevations along the west boundary were prescribed based on the 
interpolation between the tidal elevations predicted at south and 
noith boundaries. Winds measured at Dona Paula coast (Fig. 1) using 
Autonomous Weather Station (AWS) were applied as the input winds. 
Winds are assumed to be uniform over the whole domain. As winds 
s ik  h as NCEP are in coarse grid (2.5° x 2.5°), AWS winds were applied 
osri the enure model domain. Rose diagrams showing the changes in 
seawnal wind speed and direction are given in Fig. 2. The transfer 
boundary data (levels and fluxes) for the smaller domain were 
extracted from the larger domain output and applied as the boundary 
condition to simulate the currents in the estuaries.

The simulated water levels and current velocities have been validat
ed with predicted water levels and measured currents at Captain of 
Ports ,00P). Panaji. Currents were measured for every 10 minute inter
val using Recording Current Meter (model: RCM7; make: Aanderaa, 
Norway) during 14 November-10 December, 2007. The depth of cur
rent metre mooring was approximately 8.0 m. The current speeds and 
directions were resolved into u and v-velocity components represent
ing east-west direction (east is considered as positive and west is

Wind speed (m s)

Above 14.4
1 2 8 - 14.4
1 1 2 - 12.8

9 6 - 112
8 - 96

6 4 - 8
4 8 - 6.4
3 2 - 4 8
1.6- 3 2

Betow 18

B

Fig. 2. W ind rose o f  Goa d u rin g  (A) pre-monsoon (B) monsoon and (C) post-monsoon 
seasons derived from  AWS data (colour version o f this figure is available online).

negative) and north-south direction (north is considered as positive 
and south is negative), respectively. The validated model has been 
used to simulate the flow patterns at the study area. Further, the simu
lated hydrodynamic data for larger and smaller domains was given as 
inputs to particle analysis model to simulate the larval transport along 
the open coast off Goa and in the estuarine system.

2.4. Larval transport modelling

Barnacle larvae are defined as neutrally buoyant passive particles 
and they follow the prevailing flow without being settled. The particle 
analysis module did not include larval swimming behaviour and 
mortality rates. Pelagic larval duration (PLD) phase of the barnacle 
B. amphitrite is approximated as 10 days for the study (10 days is con
sidered as an approximate period to complete the larval life cycle of 
barnacles in this region under normal conditions) after which they 
can be considered to have gained the potential to settle (Anil and 
Kurian, 1996; Anil et al., 2001). It is possible to assume that on com
pletion of its PLD, the larvae will settle if they encounter a suitable 
substratum or else they perish if they fail to settle on a suitable sub
stratum. Larval transport simulation was achieved with Particle
tracking module of MIKE model, which uses a Lagrangian 'random 
walk’ technique. This module is effectively utilized for tracking reten
tion or dispersion of hypothetical larval release in the domain

LI’lrav cite this article as: Caonkar, CA, et al., Numerical simulations of barnacle larval dispersion coupled with field observations on larval 
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(Stephens et al 2006). The hydrodynamic simulation produces the 
advectjon term for tracking the particles that coincide with seasonal
ity of larval production. This model includes the minimal require
ments for assessing connectivity between accurate flow field 
locat'ons and time of larval release and potential site of settlement 
(North et al.. 2009; Siegel et al., 2003). Particle (larval) mass and hor
izontal dispersion coefficients were tested for sensitivity using simu
lations in which individual parametre values were varied The 
dispersion coefficient varied from 0  to 1 in horizontal direction 
depending on current speeds. Sensitivity simulations were based on 
larval release from eleven source locations in which six were along 
the coast (Fig. IC-i) and five were inside the two estuaries (Fig. lC-ii).

In the numerical simulations, it is defined that one particle is 
equivalent to 10 0 0  larvae as it is difficult to model larval transport 
with huge number of particles. At each time step 4000 larvae were re
leased making it into 11.92 million hypothetical larvae over 2980 
time steps (with a time step interval of 30 s). The release is continued 
for 24 h and 50 min covering 2 tidal cycles as the source flux. Assum
ing a mass of 5 pg for each larva, 0.2 mg of larvae per second was re
leased in each time step. Dispersion of the larvae according to the 
prevailing flow was analysed in each of the season and station. The 
dispersal pattern at the end of the simulations was plotted to visual
ize the larval dispersion and retention at different stations and sea
sons. The concentration, viz., number of hypothetical larvae for each 
unique hydrodynamic situation is also extracted at various sampling 
stations and seasons to assess the intensity of retention or dispersal 
of larvae under the influence of fluid transport and the associated dis
persion processes to compare them with the field observations of lar
val abundance, settlement and recruitment of barnacles.

the monsoon season, except during monsoon breaks. Consistency in 
settlement and recruitment was mostly observed during the pre
monsoon season at most of the stations (Fig. 5A-D).

3.3. Hydrodynamics of the region

The modelled and predicted water levels show a very good match 
with no phase difference. The modelled current velocities (u and 
v components) were compared with the measurements during the 
period 14 November-10 December 2007 (Fig. 6 ). The match is rea
sonably good. Correlation coefficients between the measured and 
modelled u and v velocities were 0.71 and 0.68, respectively. The 
r.m.s. error observed for u and v-velocities are 0.37 m/s and 0.14 m/s 
respectively.

The currents along the open coast off Goa flow northerly during 
the flooding and southerly during the ebbing. Seasonally, a prominent 
southward drift was observed during pre-monsoon season due to the 
prevailing North West winds. During monsoon season, the prominent 
drift is towards north due to the prevailing southwest monsoon 
winds. During post-monsoon season the prominent drift is towards 
north, however, at several occasions a southward drift is observed 
due to the local wind effects. Inside the Mandovi-Zuari estuarine sys
tem, the current flows towards east while flooding and towards west 
while ebbing. The tidal currents play a major role in the cross-shore 
movement of particles in the estuarine system. However, small- 
scale tidal eddies also influence the dispersion characteristics inside 
the estuaries.

3.4. Numerical simulations of larval dispersion and retention

2.5. Data analysis

Larval abundance, settlement and recruitment data of barnacles 
which were collected during different months were log-transformed 
to ensure normality of means and homogeneity of variances before 
subjecting to statistical analysis. The log-transformed data was then 
subjected to two-way analysis of variance (ANOVA) (Sokal and 
Rohlf, 1981) to evaluate the variance between different sampling 
months at each station (temporal variation) and also between differ
ent sampling stations (spatial variation).

3. Results

3.1. Larval abundance

Cirripede nauplii and cyprid abundances during different sam
pling months from different stations are presented in Figs. 3 and 4. 
Abundance of nauplii varied significantly on spatial and temporal 
scales (ANOVA: p<0.05). Abundance of cyprids also varied signifi
cantly on the temporal scale (ANOVA: p<0.05), whereas it did not 
vary significantly at the spatial scales (ANOVA: p>0.05). Though 
the larval release from different stations varied significantly, cyprid 
abundance did not vary significantly. Cyprids are the available larvae 
for settlement in a particular area. The same trend is reflected in the 
settlement and recruitment observations of barnacles. Settlement 
and recruitment of barnacles did not vary significantly on the spatial 
scales. In general, cirripede nauplii and cyprids were consistently 
found during the pre-monsoon season (Figs. 3 and 4 A, B, F, G, K, L) 
at most of the stations, whereas their abundance was lower during 
the monsoon and early post-monsoon season (Figs. 3 and 4 C, D, H, I).

3.2. Settlement and recruitment of barnacles

The results of larval simulations carried out along the coast were 
analysed to assess the larval dispersion and retention from different 
release sites during different seasons. During pre-monsoon season 
the larval movement was found towards south, covering a wide- 
stretch along the coast (Fig. 7A and B). During monsoon season, the 
larvae moved predominantly towards north (Fig. 8A and B) whereas 
during the post-monsoon season the larval movement was towards 
the north in the beginning of the season (Fig. 9A) and is shifted 
southwards at the end of the season (Fig. 9B) but the movement 
was mostly restricted near to the release sites.

Larval dispersion and retention patterns within the estuaries also 
differed on a seasonal basis (Pigs. 10-15). The larval retention was 
found to be higher during the late post-monsoon (Fig. 15) and pre
monsoon months (Figs. 10 and 11) at most of the release sites and 
least numbers were retained during the monsoon season (Figs. 12 
and 13). Larval retention was found to be higher at stations MPT 
and INS-Mandovi during most of the pre and post-monsoon months 
(Figs. 10 ,11,14  and 15).

3.5. Modelled and observed larval abundance, settlement and recruitment

The consistency observed in larval abundance, settlement and 
recruitment during the pre-monsoon season coincided with the max
imum retention of larvae observed in the numerical simulations. The 
supply of larvae into the estuary from different release sites along the 
coast was also found to be higher during the pre-monsoon season due 
to the intense southward movement of larvae released from northern 
rocky sites (Fig. 7A and B).

4. Discussion

Monitoring the larval abundance during different seasons on the 
basis of regional hydrodynamics is important for understanding sea
sonal variations in settlement and recruitment of barnacles. Since 
barnacles dominate the intertidal communities along the coast, they 
serve as model organisms to understand the overall dynamics of

lement and recruitment of barnacles varied significantly on a 
al scale (p<0.05), whereas it did not vary at the spatial scale 
5 ). In general, settlement and recruitment were lower during
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• v c  a n d  im e t t i d a l )  a g a in  g iv e *  a n  a d v a n ta g e  t o  u n d e r s ta n d

t lw  p r r x  r e v e t  o p e r a t in g  in  b o t h  t h e  h a b i t a t v  S uccess  o f  s u c h  a  p o p u -  

u i w  m  a p a r t ic u la r  a ie a  i t  s t r o n g ly  In f lu e n c e d  b y  th e  in te r a c t io n s  

• n t h  t h r u  p h y s ic a l e n v i r o n m e n t .  T h e y  h a v e  t o  d e p e n d  o n  th e  m o v e 

m e n t  o f  w a t e r  (D  d r h v r t  t h e i r  f o o d  a n d  t o  d is p e rs e  a n d  t r a n s p o r t  

t h e n  la r v a e  ( P tn c tU  a  a L  2 0 0 9 ) .  I f  t h e  la rv a e  a re  c a r r ie d  f a r  a w a y  

h o *  t h e  < B M  h o r n  w h e r e  i t  is  im p o s s ib le  to  r e tu r n  t o  t h e i r  a d u lt  

h a r x ta t  th e n  th e  t u r i r v t  r a te  o f  s u c h  la rv a e  is  v e r y  le ss . A g a in  i f  th e

larvae are dispersed to habitats where there is less availability of 
food then the survival chances of such larvae are also very less. Mon
soon plays an important role in the overall distribution of organisms 
in this tropical region. The results of larval simulations indicated 
that the larval dispersal processes and settlement of barnacles in 
this region were influenced by local hydrodynamics and varying 
wind systems during different seasons. The prevailing South West 
winds during monsoon, North East winds and sea breeze during 
post-monsoon and sea breeze during pre-monsoon season are highly

c.A. et al„ Numerical simulations of barnacle larval dispersion coupled with field observations on larval
in a tropical monsoon influenced coastal..., J. Mar. Syst. (2012), doi:10.1016/j.jmarsys.2011.12.002
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influential in the larval dispersion along the coast and in the estuary. 
The increased abundance of larvae is favoured by flood currents and 
high tides, pushing the larvae into the inshore area and vice-versa 
during the low tide and ebb currents. The dispersal patterns indicated 
that the larval population in the area is well-mixed with seasonally 
changing patterns. Model results and field observations indicated 
that higher larval abundance in the estuaries occurs during late 
post-monsoon and pre-monsoon seasons. These results suggest that

the transport success of larvae and settlement is influenced by cur
rents induced by winds and tides. The wind along the west coast of 
India during pre-monsoon season is characterized by sea breeze 
from NW, which has an extension up to 180 km off Coa (Aparna et 
al., 2005). It has a magnitude of the order of 5-8 m/s. This results in 
a frequent and intense movement of larvae in southward direction 
and hence the spread of larvae is wide-stretched southwards along 
the coast during the pre-monsoon season. As a result, larval supply
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to the estuaries also increases during this season. Since the rocky sites 
to the north are situated closer to the estuaries than the southern 
rocky sites, southward movement will facilitate the supply of larvae 
to the estuartes which are released from the northern rocky sites.

During monsoon season, the predominant winds near the coast are 
from south-west, which results in the movement of larvae towards 
north. However, the general circulation during monsoon is towards 
south along the west coast of India (Shetye et al„ 1990). The large
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scale open ocean monsoonal currents are not considered in the pre
sent study because the study region is shallow and very close to the 
coast, where the local hydrodynamics are least affected by these cur
rents. During post-monsoon, the general trend of larval movement is

towards north. However, the local sea breeze (NW winds) enables 
larval transport to some extent towards south, but the movement is 
mostly restricted near the release sites. The NW winds formed in 
the Arabian Peninsula during winter shamal events (called shamal
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coast of India, which in turn influence the advection-dispersion pro
cesses. Since the present study aims primarily at understanding the 
larval transport during various seasons, we have not considered the 
role of shamal winds in larval transport, even though they are 
significant. This is mainly due to two reasons; (i) The model domain 
selected for the present study is small and the entire circulation in 
the Arabian Sea due to shamal winds could not be well incorporated 
and (ii) shamal events are not continuous and their duration is limit
ed in terms of PLD phase of the larvae. Overall it shows that the cur
rent patterns determine the differential distribution of larvae among 
different seasons. Food supply to the existing settled population is 
also relied upon these current patterns. This indicates that the differ
ent distribution patterns of barnacles observed among different 
seasons are the consequences of variability in the environmental fac
tors (either physical or biological) and illustrates that the environment 
or the habitat where they inhabit drives their overall distribution 
patterns.

Larval movement and retention also showed some specific spatial 
patterns within the estuarine area during different seasons. Larvae 
released at stations MPT and INS-Mandovi were mostly retained during 
post and pre-monsoon months. These two locations are positioned 
inside small bays, hence conducive for retention compared to other 
locations and also the post and pre-monsoon periods are fairly calm 
seasons, hence favourable for high retention of larvae. Coastal topogra
phy can have an effect on the larval dispersal and supply through its 
interaction with near-shore oceanographic conditions (Gaylord and 
Gaines, 2000; Roughan et al., 2005; Webster et al, 2007). Inshore and 
open coast sites can differ in settlement rates because of the interaction 
of topography with winds and tides (Gaines and Bertness, 1992). The 
importance of larval retention zones with reference to currents, where 
larval exchange with the adjacent waters is' documented in most part 
of the world (Largier, 2004 and references therein).

Dispersal of larval forms is also known to be controlled by factors 
such as the length of time larvae spent as a pelagic phase, larval be
haviour, feeding mode and size (Pechenik, 1999). Larval response to 
hydrodynamic forces will be mediated by biochemical (settlement in
ducers, presence of conspecifics and biofilms), physical (light), bio
logical interactions (predation and competition) and larval 
physiology (age, competency and energy reserves) (Koehl et ;jal„ 
2007; Marshall and Keough, 2003; Olivier et al, 2000; Qian et al, 
2000; Tremblay et al, 2007). Number of larvae released by the indi
viduals in a population can vary because some individuals can pro
duce fewer larvae than the others due to lack of acquired energy. At 
the same time, some individuals can also produce weaker larvae 
which can lead to early mortality and the larvae which are released, 
if not transported to a suitable habitat then the success rate of such 
larvae will be very less. In this context, population connectivity of or
ganisms is important in understanding whether reproductive output 
is correlated with their settlement or recruitment success. The orien
tation of coastline relative to the prevailing wind can also change lar
val settlement in an area (Kendall et al, 1985). For example, a change 
in the structural complexity of a habitat can affect the hydrodynamics 
at settlement site and this may change the settlement of organisms. 
Studies along the coast of Goa also showed a decreasing abundance 
of barnacles over the years in the recent past (Gaonkar, 2012) and it 
is rather indistinct to point out the factors which are responsible for 
such changes in the abundance of barnacles in this tropical region. 
Long-term studies are required to understand the variations in the 
hydrodynamic processes operating in a particular region and to 
point out the basis for observed change in abundance of barnacles.

Moreover, the simulation results and field observations did not 
match all the time in our studies. For example, the retention of larvae 
observed at station MPT during most of the months did not correlate 
with the field observations of larval abundance, settlement and
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recruitment of barnacles. Such mismatch could be due to various rea
sons. The numerical simulations of larval dispersal have some limita
tions due to the simplicity of the model in terms of biological and 
ecological aspects. Larval behaviour can change under different cir
cumstances. Environmental variability is the main cause for such dif
ferences. Larvae are likely to disperse or retain more without settling 
behaviour or mortality factors. Factors such as food availability and 
predation can also influence larval survival. Reproductive output of 
adult barnacles can also vary during different seasons leading to dif
ferent number of larval release and supply of larvae to adult habitats. 
Other than these biological factors, environmental factors such as 
temperature, salinity, rainfall and turbidity can all influence dispersal. 
Higher temperatures can lead to early metamorphosis of larval stages 
leading to early settlement than lower temperatures. Heavy rainfall 
can lead to lower salinity and increased land runoff leading to turbid
ity in the surrounding environment which can ultimately lead to 
larval mortality. Different substrata and the cues offered are also im
portant for the larvae to settle in a particular region. Some larvae can 
postpone settlement if conditions are not ideal (Seed and Suchanek, 
1992), but this carries direct (predation) and indirect costs (depletion 
of energetic resources) for the larvae. All these factors influence larval 
dispersion, retention and settlement in one or the other way. Future 
studies should try to incorporate some of these factors in the numer
ical simulations. Consequently, the results of the simulations can be 
interpreted as maximum dispersal and survivorship. Nonetheless, 
this study has provided some basis for the observed variations in 
larval abundance, settlement and recruitment of barnacles in the 
monsoon influenced tropical region.
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