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Abstract 

 

This study investigates the skeletal allometry, mineralogy, growth and calcification of two 

New Zealand serpulids, Galeolaria hystrix and Spirobranchus cariniferus. Tube allometry 

(length, diameter, wall thickness, carbonate weight) was studied for G. hystrix from Otago 

Harbour, Doubtful Sound and Big Glory Bay, Stewart Island and S. cariniferus from Otago 

Harbour and Doubtful Sound. The tubes length-to-weight and diameter-to-weight 

relationships are shown to have highest correlation coefficients (at least 0.92), allowing 

calculation of the carbonate weight of serpulid tubes simply by analysing photographs 

without the need of collecting and killing the animals. Both G. hystrix and S. cariniferus 

tubes in New Zealand are made of high-Mg calcite (9.5 & 10.8 wt% MgCO3 respectively) 

with little (max. of 2 wt% for G. hystrix and 12 wt% for S. cariniferus) or no aragonite. 

Differences in tube mineralogy among environments suggest an environmental control 

superimposing the more important genetic control of serpulid mineral precipitation. 

Opercula of both serpulids show different mineralogy from the tubes, being completely 

high-Mg calcite (~15 wt% MgCO3) for G. hystrix and almost completely aragonite for S. 

cariniferus. Perhaps the serpulids secrete these more durable opercula to contend with the 

high-energy environment in the intertidal (S. cariniferus) and to withstand attacks from 

predators (G. hystrix). Tube mineralogy was not found to fluctuate seasonally along the 

tubes’ length and therefore cannot be used to calculate tube growth or age of serpulids. 

Mean annual tube growth at Harington Point, Otago Harbour in 2011 is 4.1 cm (range: 2.0-

6.7 cm, n = 28) for G. hystrix and 1.7 cm (range: 0.4-3.4 cm, n = 24) for S. cariniferus. Tube 

growth is slower in winter compared to summer and slows with serpulid age. G. hystrix 

tubes reach lengths of ~6 cm one year post-settlement, while tubes of S. cariniferus are only 

about ~3 cm long after one year. In Otago Harbour both serpulids are believed to live as 
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long as about 10-12 years, during which G. hystrix produces a tube of ~21 cm and S. 

cariniferus a tube of ~11 cm in length. Mean annual calcification rates are 1.5 g/year for G. 

hystrix and 0.3 g/year for S. cariniferus individuals in Otago Harbour. G. hystrix 

aggregations in the subtidal in Big Glory Bay contain 4500-8500 living worms/m
2
, deposit 

up to 6.75-12.75 kg CaCO3/m
2
/year, take 9-50 years to form and could involve up to 31 

generations of worms. S. cariniferus aggregations in the intertidal at Banks Peninsula, 

Canterbury contain 30,000-40,000 living worms/m
2
, deposit up to 9.0-12.0 kg 

CaCO3/m
2
/year, take at least 26 years to form and could involve ~15 generations of worms. 

Serpulid aggregations in New Zealand are important temperate reefs, the counterpart of 

tropical coral reefs. Protection of these habitat-forming biodiversity hotspots is strongly 

recommended. 
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Chapter 1. General Introduction 

 

 

1.1 Context and Background 

 

Sessile calcifying organisms in temperate waters are important for the marine ecosystems in 

many ways. They create habitats and refuges for different flora and fauna (Probert et al., 

1979; Smith et al., 2005; O’Hara et al., 2008), locally change the physical environment by 

altering water flow and sedimentation (Lenihan, 1999; Schwindt et al., 2004), act as food 

source (Bosence, 1979; Maneveldt et al., 2006), provide nursery areas (Bradstock & 

Gordon, 1983) and largely influence carbon fluxes (Medernach et al., 2000). Having such a 

big impact on the marine environment justifies all the efforts being made in order to better 

understand the calcification processes of these organisms and the implications of 

calcification for the marine environment. Skeletal growth studies of carbonate-producing 

organisms are especially informative in reflecting the organisms’ health and the condition of 

the environment they live in (Alfaro et al., 2008). In addition, knowledge about growth rates 

aids in understanding the dynamics and life span of reefs, their importance for local 

biodiversity and sediments and helps in developing effective conservation management 

plans. 

 

Anthropogenic emissions of CO2 cause an increase in acidity and consequently a decrease in 

the carbonate saturation state of the Earth’s oceans (Orr et al., 2005); a process known as 

ocean acidification. As a result calcifying organisms may find it increasingly difficult to 

make skeletons (e.g., Riebesell et al., 2000; Gazeau et al., 2007; Kuffner et al., 2008; 

Mingliang et al., 2011). Calcification has been extensively studied in tropical marine 
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ecosystems (e.g., De’ath et al., 2009; Bates et al., 2010) but has been given much less 

attention in the temperate ecosystems (Migné et al., 1998) that are at higher risk because 

seawater carbonate saturation decreases towards higher latitudes (e.g., Andersson et al., 

2008; Fabry et al., 2009). Hence, calcifying marine organisms inhabiting the temperate zone 

need special attention with respect to the composition and growth of their calcareous body 

parts. 

 

Serpulids (Annelida: Polychaeta) are suspension-feeding bristle worms secreting calcareous 

protective tubes, mostly found in the marine environment (Ten Hove & Van Den Hurk, 

1993). They are geographically widespread and can be found in the intertidal (Ten Hove & 

Van Den Hurk, 1993) abyssal (Zibrowius, 1977) and in the hadal zone down to more than 

9000 metres (Kupriyanova et al., 2011; Vinn pers. obs.). Some species of serpulids form 

aggregations (‘serpulid reefs’) which are important in locally affecting sedimentation 

(Haines & Maurer, 1980; Schwindt et al., 2004) and water flow (Schwindt et al., 2004), 

significantly influencing carbon fluxes (Medernach et al., 2000) and providing habitat, 

shelter, food and egg-laying grounds for various organisms (e.g., Bosence, 1979, Haines & 

Maurer, 1980; Moore et al., 1998), therefore increasing local biodiversity. Detailed 

knowledge about the allometry, mineralogy, growth and calcification of reef-forming 

serpulid tubes is required in order to understand their effect on the local physical and 

biological environment, their resistance to physical and chemical erosion and the serpulids’ 

potential to reconstruct a previously damaged aggregation. 
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Two serpulids, Galeolaria hystrix Mörch, 1863 and Spirobranchus cariniferus (Gray, 

1843)
1
 are common in New Zealand (Knox, 1952; Ten Hove, 1979; Glasby & Read, 1998) 

and are both known to occur individually (Batham, 1956) or in dense aggregations (Ten 

Hove, 1979).  

 

In Big Glory Bay, Paterson Inlet, Stewart Island G. hystrix forms subtidal patch reefs of up 

to 1.5 m in height (Smith et al., 2005). While SCUBA diving these patch reefs were 

observed to support a rich biodiversity by increasing species numbers and abundance in 

their close proximity (Elliot, 1995; pers. observation). S. cariniferus forms thick bands of 

aggregated tubes in the intertidal around New Zealand, especially at Banks Peninsula 

(Knox, 1949; Knox, 1952; Abigail M. Smith, pers. comm.), where it provides habitat for a 

number of species which are only rarely found elsewhere (Knox, 1949). Any damage to 

these aggregations or an increase in their dissolution would lead to a decrease in habitat 

structure, which in turn would adversely affect local biodiversity and reduce the local 

carbonate sedimentation.  

 

Despite their importance as temperate reef-builders, New Zealand serpulid tube worms are 

little studied. To date only two publications concerning the carbonate production of G. 

hystrix and S. cariniferus exist. Smith et al. (2005) reported preliminary studies on G. 

hystrix forming subtidal patch reefs in Big Glory Bay, Stewart Island, New Zealand and 

Neff (1971) studied the calcium carbonate secretion of S. cariniferus from North Carolina. 

While a few studies have considered calcification in some New Zealand temperate 

invertebrates (e.g., Smith & Nelson, 1994; McKinnon, 1996; Smith et al., 2001), not much 

                                                 
1
 Some authorities (e.g., Glasby et al., 2009, Ten Hove & Kupriyanova, 2009) have called this 

species Spirobranchus carinifer, being of the view that this formation has the correct masculine 

ending to agree with the masculine genus name. After consultation with Latin scholars Smith et al. 

(submitted) have shown that both cariniferus and carinifer are correct species names. Hence, Gray’s 

original form of the name is used in this study. 
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is known about growth of serpulids in New Zealand. A clear knowledge of mineralogy, 

growth and calcification in such ecosystem engineers is essential for understanding their 

life-history, importance for the local biodiversity and carbonate sediments and for predicting 

how future climate changes in the sea affect them. 

 

This study investigates the allometry, mineralogy, growth and calcification of the calcareous 

tubes of the two temperate serpulids Galeolaria hystrix and Spirobranchus cariniferus in 

southern New Zealand. Skeletal allometry was studied in Otago Harbour (Otago), Doubtful 

Sound (Fiordland, Southland) and Big Glory Bay (Paterson Inlet, Stewart Island). Tube 

mineralogy was analysed along a latitudinal gradient between Auckland and Stewart Island. 

Tube growth rates were measured for individual worms in Otago Harbour (Otago) over a 

period of 12 months. 

 

 

1.2 Serpulids 

 

Serpulids are sessile, mostly marine, suspension-feeding polychaete worms of the phylum 

Annelida. They secrete calcareous protective tubes, which are usually firmly attached to 

hard surfaces (Ten Hove & Van Den Hurk, 1993). Serpulids are geographically widespread 

and are found in tropical (e.g., Ten Hove & Weerdenburg, 1978; Ben-Eliahu & Dafni, 

1979), temperate (e.g., Moore et al., 1998; Chapman et al., 2007) and polar regions (e.g., 

Kirkwood & Burton, 1988; Ramos & San Martin, 1999). They also occur in many different 

depths from the intertidal and subtidal (Ten Hove & Van Den Hurk, 1993) to the abyssal 

(Zibrowius, 1977).  
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Serpulids possess a branchial crown of feathered radioles (Fig. 1.1) which they may evert 

out of their tube for respiration and suspension-feeding (Dales, 1962). The worms usually 

only occupy the very anterior part of the tube but they can retreat deep inside if disturbed. 

Most serpulid species possess an operculum (Fig. 1.1) to lock their tube opening, which 

protects the animal from predators and from dehydrating if exposed to air (Ten Hove & Van 

Den Hurk, 1993).  

 

Fig. 1.1: Picture of the tube 

aperture of Galeolaria 

hystrix showing the crown of 

feathered radioles (crown) 

and the operculum (op) 

(Kupriyanova et al., 2006, 

page 424). 

 

 

Serpulids reproduce both sexually and asexually and undergo very different larval 

development stages. A comprehensive review of the life-history of serpulids was given by 

Kupriyanova et al. (2001). After spawning and a free-living planktonic larval stage of a few 

hours up to two months the larvae settle in most cases on hard substrate and start to produce 

a calcareous tube (Ten Hove & Van Den Hurk, 1993). Serpulids often act as pioneer 

organisms (Rasmussen & Brett, 1958) and therefore play a significant role in the 

recolonisation of a disturbed environment. However, some serpulids can also cause 

economic problems as fouling organisms by encrusting submerged artificial structures (e.g., 

Thorp et al., 1987; Read & Gordon, 1991). 
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Serpulids mostly occur individually, but some dense aggregations have been observed (e.g., 

Knox, 1952; Kirkwood & Burton, 1988; Ten Hove & Van Den Hurk, 1993; Fornós et al., 

1997; Bianchi & Morri, 2001). Individually the tubes are usually attached to the substrate 

along their whole length (Knox, 1952; Hedley, 1958) but in aggregations they may grow 

perpendicular to it (Knox, 1952; Aliani et al., 1995). Unstable environments characterised 

by low competition for food and space and larval gregariousness may cause mass 

occurrences (Ten Hove, 1979). However, the reason for the formation of such dense 

aggregations is still not completely understood.  

 

Serpulid aggregations increase local habitat complexity and biodiversity (Ten Hove & Van 

Den Hurk, 1993) and therefore provide the basis for a rich ecosystem. Especially in the 

temperate zone, where marine biodiversity and species richness is generally lower compared 

to the tropics (Witman et al., 2004), serpulid reefs represent local high-latitude biodiversity 

hotspots (Haanes & Gulliksen, 2011). They not only provide habitat and shelter by 

increasing the structural heterogeneity (Haines & Maurer, 1980) but also act as a food 

source (Bosence, 1979) or feeding habitat (Bruschetti et al., 2009) and reproduction areas 

for many organisms (Moore et al., 1998) and thus have a major influence on the abundance 

and distribution of other marine organisms. In addition, serpulid aggregations locally affect 

sedimentation (Haines & Maurer, 1980; Schwindt et al., 2004) and water flow (Schwindt et 

al., 2004), enhance local water quality by removal of suspended particles (Davies et al., 

1989) and may significantly influence carbon fluxes (Medernach et al., 2000). Due to these 

characteristics gregarious serpulids can be regarded as ecosystem engineers (Hughes et al., 

2008) in the sense of Jones et al. (1994). 

 

Serpulid tubes consist of calcium carbonate, which is either aragonite, calcite or a mixture 

of both (Lowenstam & Weiner, 1989; Bornhold & Milliman, 1973; Simkiss & Wilbur, 
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1989) intermixed with an organic matrix (Neff, 1969). In most species, calcium carbonate is 

secreted at the tube aperture by a pair of calcium-secreting glands in the ventral 

peristomium, while the organic material is produced by the ventral shield epithelium 

(Hedley, 1956; Neff, 1969; Simkiss & Wilbur, 1989). Vinn et al. (2009), however, stated 

that this model only explains the precipitation of unoriented tube ultrastructures. Serpulid 

tubes can have up to four ultrastructurally different layers and not only show unoriented 

crystal layers, but also very diverse oriented tube ultrastructures (Vinn et al., 2008). A 

matrix-controlled crystallization model was suggested instead in order to explain the 

complex oriented ultrastructure of Pomatoceros americanus (Vinn et al., 2009). 

 

Serpulids build their tube by adding calcium carbonate to the tube aperture while the worm 

is in feeding position (Ten Hove & Kupriyanova, 2009). This accretionary growth usually 

leads to a continuous widening of the tube aperture with increasing age of the worm, 

resulting in an elongated cone shaped tube. Growth rates of serpulid tubes vary greatly, 

depending on temperature, salinity, food availability and population density (Ten Hove, 

1979). Juveniles may grow rapidly (Aliani et al., 1995) and have high calcification rates 

(Neff, 1969); whereas adults usually show slower growth (Ten Hove & Van Den Hurk, 

1993; Grave, 1933) and calcification rates (Neff, 1969). Water temperature and salinity may 

influence the biomineralization and the growth of serpulids. Neff (1969) reported that the 

calcification of Hydroides brachyacantha and Eupomatus dianthus ceases below salinities 

of 20‰ and according to Straughan (1972) Ficopomatus uschankovi shows slower growth 

in colder water.  

 

The biomineralization of serpulids may reflect the temperature of the environment the 

worms live in. Lowenstam & Weiner (1989) showed that the calcite-aragonite ratio changes 

along the tube of Hydroides gracilis (previously known as Eupomatus gracilis) with 
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seasonal changes in ambient water temperature, showing a positive correlation between 

aragonite content and temperature. Both entirely calcitic tubes as well as tubes of mixed 

mineralogy show an increase in MgCO3 content within the calcite with increasing water 

temperatures (Bornhold & Milliman, 1973). Hence, at least some species of recent and 

fossilized calcareous serpulid tubes may be used to learn about paleo-temperatures of ocean 

waters or to determine the age and growth rates of individual worms. 

Galeolaria hystrix Mörch, 1863 (Fig. 1.2) is a large serpulid tube worm found in New 

Zealand (Morton & Miller, 1973). It is endemic to the southern coasts of Australia and New 

Zealand (Miller & Batt, 1973). The red colour of the worm, the two longitudinal keels on 

top of its tube, the tube’s orange-reddish colour and the movable calcareous spines of the 

operculum (Ten Hove & Kupriyanova, 2009) are distinctive features of G. hystrix. The 

worm is reported to be a protandric hermaphrodite (Kupriyanova et al., 2001), which breeds 

in spring (Brougham, 1984). G. hystrix is mainly found in subtidal areas and occurs both 

singly (Batham, 1956) and in dense aggregations (Ten Hove, 1979; Smith et al., 2005); 

these two life-habits do not, however, represent cryptic species (Smith et al., submitted). 

Recent mineralogical analyses completed by Klemm (2007) revealed that the tubes of G. 

hystrix are made of high-Mg calcite with a magnesium content of about 10 wt% MgCO3. A 

winter growth rate of 2 mm/month and carbonate production of 0.26 to 0.29 g CaCO3/year 

per individual was reported (Klemm, 2007). The tubes of G. hystrix were found to consist of 

two ultrastructurally different layers; an inner layer showing a spherulitic irregularly 

oriented prismatic structure and an outer layer with a lamello-fibrillar structure (Vinn et al., 

2008). Smith et al. (2005) were the first to report that G. hystrix forms aggregations, known 

as subtidal patch reefs, in Big Glory Bay, Stewart Island, New Zealand. There they may be 

highly productive; tube growth of 3.75-7.5 cm/year and a carbonate production of 11 kg 

CaCO3/m
2
/year has been suggested (Smith et al., 2005).  
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Fig. 1.2: Galeolaria hystrix in Big Glory Bay, Paterson Inlet, Stewart Island, New Zealand. A: Individual G. 

hystrix attached to a rock in ~2 m water depth at Bravo Island. B: G. hystrix aggregation in ~8m water depth at 

Bravo Island. 

 

Spirobranchus cariniferus (Gray, 1843) (Fig. 1.3) (previously known as Pomatoceros 

caeruleus/coeruleus) is confined to sub-tropical and temperate regions (Knox, 1949) and is 

common in New Zealand (Knox, 1952; Glasby & Read, 1988). Batham (1956) reported on a 

personal communication that S. cariniferus is close to its southern limit in Otago Harbour. 

The worm’s blue-black colour and its white tube with a single longitudinal keel, which often 

extends beyond the aperture, are characteristic for S. cariniferus. The worm’s operculum has 

no spines and simply consists of a thin calcareous plate. S. cariniferus breeds in late autumn 

to early winter and shows a preference for gregarious settlement (Brougham, 1984). It is 

mainly found in the intertidal area where it can occur singly (Knox, 1952; Batham, 1956) or 

in belt-forming dense aggregations (Knox, 1952; Ten Hove, 1979), with both life-habits 

being found in the one species (Smith et al., submitted). According to Knox (1949) the 

tubes are made of aragonite. Detailed data on growth or calcification rates of S. cariniferus 

tubes have not been published to date.  

 

A B 
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Fig. 1.3: Spirobranchus cariniferus in New Zealand. A: Individual S. cariniferus attached to a rock in the 

intertidal at Portobello Peninsula, Otago Harbour, Otago. B: S. cariniferus aggregation in the intertidal at 

Sumner Beach, Banks Peninsula, Canterbury (Picture: Abigail M. Smith). 

 

 

1.3 Study Sites 

 

All tubes for the allometric study and most for the mineralogical analyses were collected in 

Otago Harbour (Otago), Doubtful Sound (Fiordland, Southland) and Big Glory Bay 

(Paterson Inlet, Stewart Island) in southern New Zealand (Fig. 1.4). Tube growth was 

determined for individual worms in Otago Harbour. 

 

Otago Harbour is a 22 km long tidal inlet in Otago, New Zealand (Fig. 1.4 A). Its shoreline 

is mostly rocky, interspersed with only a few muddy bays or artificial sandy beaches. The 

harbour was formed after the last ice age when sea level rose to flood two valleys, which 

were separated by a volcanic ridge of a paleo shield volcano (ORC & DCC, 1991). The 

harbour has an average depth of 4.5 m (maximum of about 30 m) but is dredged to at least 

12 m within the shipping channel in the Lower Harbour (Smith et al., 2010). Its average 

width is 2.3 km and its mouth opening is 400 m wide. At high tide the water-covered area is 

A B 
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about 46 km
2
, about 30 % being intertidal zone. The tidal range in the harbour is 1.87 m and 

28% of its total surface area is made up of sand flats which are exposed at low tide. The 

peninsulas at Port Chalmers and Portobello divide the harbour into two sections, the Upper 

and Lower Harbour (ORC & DCC, 1991). The Upper Harbour is shallow with occasional 

muddy areas (Smith et al., 2010). It is characterised by a thin freshwater layer at its surface 

originating from the Leith River and exhibits a great variability in salinity depending on the 

quantity of freshwater input (ORC & DCC, 1991). The Lower Harbour is deeper with 

coarser sediments and occasional sea-gras beds (Smith et al., 2010) and shows 

homogeneous water with little variation in salinity (ORC & DCC, 1991). Monthly average 

sea water temperatures (measured at northern end of Portobello Peninsula) range from 6°C 

in July to 16°C in January (Batham, 1956). 

 

Doubtful Sound is the second largest fjord in New Zealand, situated in the south western 

part of the South Island of New Zealand in Fiordland, Southland (Fig. 1.4 B). It has a 

surface area of 83.7 km
2
, a length of 40.4 km, an average width of 1.2 km (Stanton and 

Pickard, 1981) and a tidal range of about 1.5 m (Mooers, 1999). The Sound shows a 

characteristic sill at its mouth and several deep basins along the fiord, with each one being 

several hundred metres deep. The shoreline of the Sound is usually a steep dipping rock 

wall; only a few shallow bays exist where creeks enter the fjord or where mass movements 

have accumulated debris. Doubtful Sound is characterised by large inputs of freshwater due 

to the high annual rainfall of 5290 mm/year (measured at Deep Cove) (Stanton and Pickard, 

1981) and the tailrace discharge from the Manapouri hydroelectric power station of ~450 

m
3
/s (Wing et al., 2003). This additional freshwater input from the tailrace leads to the 

formation of a distinct and persistent low salinity layer (LSL), which is more pronounced 

than in most other fjords (Rutger & Wing, 2006). The thickness of this LSL decreases from 

the head of the Sound towards its mouth and strongly depends on wind (Gibbs et al., 2000), 



 

12 
 

rainfall (Witman & Grange, 1998) and on the amount of tailrace discharge (Boyle et al., 

2001). The sea water underneath the freshwater layer is tempered by the Tasman Sea and 

exhibits a small temperature range from about 13 to 17°C (Gibbs, 2001). 

 

Big Glory Bay is a semi-enclosed bay located in the south eastern corner of Paterson Inlet, 

which is a large inlet on the eastern coast of Stewart Island just south of the main settlement 

Oban in Halfmoon Bay (Fig. 1.4 C). Big Glory Bay has an area of 11.9 km
2
, an average 

water depth of 16 metres, water temperatures varying from 10°C in winter to 16°C in 

summer (MacKenzie, 1991) and an estimated tidal range of 2.6 m (Hare, 1992). Big Glory 

Bay is intensively used for aquaculture such as salmon (since 1982) and mussel (since 1987) 

farming (Key, 2001). 
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Fig. 1.4: Map of New Zealand showing the locations of the three main study sites Otago Harbour (A), 

Doubtful Sound (B) and Big Glory Bay (C). 

 

 

1.4 Aims and Objectives 

 

There were three main research questions raised in respect of both species:  

 

1. Allometry – How do serpulid worm tubes grow? 

 What are the relationships between length, diameter, wall thickness and 

weight of the tubes in Otago Harbour, Doubtful Sound and Big Glory Bay?  

 Do these relationships vary for the different study sites? 

A 

B C 
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 Is there a clear relationship between a parameter that can be measured from a 

photograph and tube weight – allowing for non-lethal estimates of 

calcification? 

 

2. Mineralogy – What are serpulid tubes made of? 

 What is the general skeletal carbonate mineralogy of serpulid worm tubes? 

 Does the carbonate mineralogy vary among different locations? 

 Do serpulid worm tubes show varying mineralogy along the length of their 

tubes? 

 

3.  Growth and Calcification – How fast do serpulid worm tubes grow? 

 What growth rates do serpulid worm tubes have during their lives? 

 Do growth rates vary for different seasons? 

 What calcification rates do serpulid worm tubes have? 

 What does the growth curve for serpulid tubes look like? 

 How old do serpulids get? 

 How much carbonate sediment does a typical population of worms produce? 
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Chapter 2. Skeletal Allometry 

 

 

2.1 Introduction 

 

Allometry can be described as the study of size and its consequences (Gould, 1966) or, in 

other words, the study of the relationship between size and shape of organisms (Small, 

1996). Huxley (1932) showed that the power function y = ax
b
, where y and x are size 

variables, can mostly be used to relate growth between parts of an organism. Thompson 

(1942), however, showed that linear functions can fit certain data sets just as well as power 

functions. According to Raerinne (2011) a power function used in allometry should never be 

seen as a universal or strict biological law but rather as an explanatory function helping to 

understand relationships. Nevertheless, allometric knowledge of organisms is fundamental 

in order to understand how their shape and functions change with ongoing development. 

 

An understanding of the allometry of serpulid tubes is crucial in order to understand their 

growth and make statements about the worms’ carbonate production. Conclusions about 

calcification rates of serpulids can only be made with knowledge about both allometric 

relationships and growth rates of calcareous skeletons. A detailed study about carbonate 

tube size-to-weight relationships will not only allow the determination of the weight of 

individual tubes but possibly also of whole tube worm aggregations by simply analysing a 

photograph. After completion of this allometric study, the carbonate weight of serpulid reefs 

will be able to be calculated without requiring sampling the aggregations and thus killing 

the worms and associated flora and fauna. 
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This chapter uses empirically-derived measurements of the calcareous tubes of Galeolaria 

hystrix and Spirobranchus cariniferus in order to demonstrate the relationships among tube 

length, diameter, wall thickness and weight. These results will later (chapter 4) be used in 

combination with in situ tube growth measurements to calculate carbonate production rates 

for the two serpulids. 

 

 

2.2 Methods 

 

For determining the allometric relationships of the calcareous serpulid worm tubes of 

Galeolaria hystrix and Spirobranchus cariniferus, four skeletal parameters (tube length, 

diameter, wall thickness and weight) were measured on tubes collected in Otago Harbour 

(Otago), Doubtful Sound (Fiordland, Southland) and Big Glory Bay (Paterson Inlet, Stewart 

Island). The collected serpulids were usually attached to hard substrate (rocks or wood 

fragments) along their whole length. However, in Big Glory Bay G. hystrix was also found 

living embedded within a layer or red algae and aggregated in tube worm reefs.  

 

 

2.2.1 Sample Collection 

 

Specimens of Galeolaria hystrix and Spirobranchus cariniferus were collected in Otago 

Harbour, Doubtful Sound and Big Glory Bay between October 2010 and October 2011 

(Table 2.1 & Fig. 2.1). 
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Table 2.1: Location, collection site, sample size, substrate, latitude, longitude and water depth for all samples 

used for the allometric study. OH: Otago Harbour. DS: Doubtful Sound. BGB: Big Glory Bay. PP: Portobello 

Peninsula. GI: Goat Island. Ot: Otakou. WR: Wellers Rock. HP: Harington Point. Am: Aramoana. DC: Deep 

Cove. HA: Hall Arm. DR: Diamond Rock. FI: Fergusson Island. TC: Tricky Cove. EP: Espinosa Point. BI: 

Bravo Island. SR: Sailors Rest. ukw: unknown. PVC: Polyvinyl chloride plate. G stands for Galeolaria hystrix. 

S stands for Spirobranchus cariniferus. 

Location Site Samples collected Substrate Location 
Water 

depth (m) 

OH PP 34 G, 11 S Rocks 
45°49.683’S 

170°38.400’E 

0-5, 

intertidal 

OH GI 5 G, 9 S Rocks 
45°49.568’S 

170°37.600’E 

0-5, 

intertidal 

OH Ot 11 S Rocks 
45°48.040'S 

170°42.320'E 
intertidal 

OH WR 6 G, 9 S Rocks 
45°47.867’S 

170°42.900’E 

0-5, 

intertidal 

OH HP 31 G, 16 S Rocks 
45°47.083’S 

170°43.440’E 

0-5, 

intertidal 

OH Am 1 4 S Rocks 
45°47.200'S 

170°40.580'E 
intertidal 

OH Am 2 11 S Rocks 
45°47.350'S 

170°39.670'E 
intertidal 

DS DC 3 G, 42 S Rocks 
45°27.800’S 

167°09.255’E 
5-15, 5-10 

DS HA 4 S Rocks 
45°27.300’S 

167°06.565’E 
5-10 

DS DR 2 G, 23 S Rocks 
45°25.517’S 

167°07.650’E 
5-10, 5-10 

DS FI 4 G Wood 
45°23.725'S 

167°06.877'E 
5-10 

DS TC 28 G Rocks & Wood 
45°20.840’S 

167°02.790’E 
5-10 

DS EP 40 G Rocks 
45°18.733’S 

167°00.917’E 
5-10 

DS ukw 11 G PVC ukw ~10 

BGB BI 1 34 G Rocks 
46°57.817’S 

168°08.367’E 
5-10 

BGB BI 2 
33 G 

28 G 

Aggregations 

Red Algae Layer 

46°57.940’S 

168°07.890’E 
5-10 

BGB SR 1 6 G Rocks 
46°58.145’S 

168°08.720’E 
0-5 

BGB SR 2 2 G Red Algae Layer 
46°58.030’S 

168°08.730’E 
10-15 
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Fig. 2.1: Sampling locations within A: Otago Harbour (Otago), B: Doubtful Sound (Fiordland, Southland) and 

C: Big Glory Bay (Paterson Inlet, Stewart Island) in New Zealand. GI: Goat Island. PP: Portobello Peninsula. 

Ot: Otakou. WR: Wellers Rock. HP: Harington Point. Am: Aramoana. DC: Deep Cove. HA: Hall Arm. DR: 

Diamond Rock. FI: Fergusson Island. TC: Tricky Cove. EP: Espinosa Point. BI: Bravo Island. SR: Sailors 

Rest. 

 

All samples were collected randomly and out of the whole range of tube sizes present. 

Subtidal G. hystrix samples were collected by snorkelling and SCUBA diving between the 

mean low water mark and about 15 metres depth in Otago Harbour and Big Glory Bay and 

below the freshwater layer between about 5 and 15 metres in Doubtful Sound. S. cariniferus 

samples were collected by hand at low tide in the lower intertidal zone in Otago Harbour 

C 

A B 
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and by SCUBA diving just underneath the freshwater layer at a depth of 5 to 10 metres in 

Doubtful Sound. Since S. cariniferus is close to its southern limit in Otago Harbour (spoken 

comm. in Batham, 1956) no S. cariniferus were found or collected in Big Glory Bay. Only 

worms attached to boulders of less than 20 cm in diameter were selected for collection 

purposes in order to simplify sampling procedures. 

 

After collection all worms were removed from their tubes using tweezers and discarded. 

The calcareous tubes were then oven dried at 60°C and stored in the Portobello Marine 

Laboratory of the University of Otago for later analyses.  

 

 

2.2.2 Tube Length 

 

The length of most serpulid tubes was measured by aligning a piece of string along the 

tubes. For G. hystrix this length was measured between the two longitudinal keels and for S. 

cariniferus along the single keel. Measuring the length with a string was, however, difficult 

for very small tubes. Tubes of less than 3 cm in length were photographed with a scale and 

then the tube length was measured using the image processing application ImageJ (version 

1.43u, Wayne Rasband National Institutes of Health, USA) (Fig. 2.2).  
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Fig. 2.2: Illustration showing how the length was determined for small tubes (< 3 cm in length) using ImageJ. 

A: Length measured between the two keels of Galeolaria hystrix. B: Length measured along the single keel of 

Spirobranchus cariniferus. 

 

Approximately 95% of all collected tubes had a broken posterior end. Severely damaged 

tubes (tubes < 10 cm in length with a diameter of more than 2 mm and tubes ≥ 10 cm with a 

diameter of more than 4 mm at the broken ending) were ignored for allometric 

measurements.  

 

 

2.2.3 Tube Diameter 

 

External tube diameter was determined using a digital caliper at the tube aperture (anterior 

tube ending). The measurements were taken at the widest point of the tube for G. hystrix 

(DG) and half way between the keel and the base for S. cariniferus (DS) (Fig. 2.3). If caliper 

measurements were not possible due to the proximity of other tubes or due to very small 

tube diameters, the tube aperture was photographed and the diameter was determined by 

using ImageJ.  

A B 
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Fig. 2.3: Graphical demonstration of the anterior part of the calcareous tubes of Galeolaria hystrix and 

Spirobranchus cariniferus with illustration of where external diameter measurements were taken. A: G. hystrix 

tube aperture with small tube base. B: G. hystrix tube aperture with large tube base. C: Typical S. cariniferus 

tube aperture. DG: Diameter measurement for G. hystrix. DS: Diameter measurement for S. cariniferus. 

 

 

2.2.4 Tube Wall Thickness 

 

Tube wall thickness measurements were always completed at the anterior tube end with the 

aid of a digital caliper. The measured wall thickness often varied greatly in a single tube 

depending on which side of the tube aperture and how close to the base the measurement 

was completed. In order to standardise the method, wall thickness was always measured on 

both sides of the tube aperture just next to the keel for S. cariniferus and next to the two 

keels for G. hystrix and the two measurements averaged. Tube wall thickness of very small 

tubes was measured in ImageJ after taking photographs of the tube aperture with a scale. 

 

 

 

 

A B 

C 
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2.2.5 Tube Weight 

 

All non-tube carbonate (e.g. bryozoans, coralline algae, Spirorbis sp., other serpulids) was 

abraded from tube surfaces using a scraper, tweezers and sandpaper. The cleaned tubes were 

then heated to 550°C in a muffle furnace (Stable Temp furnace, Model EW-33858-50, Cole-

Parmer, Vernon Hills, Illinois 60061, U.S.A.) for two hours to burn off all organic matter 

(Fig. 2.4). After heating, carbonate tubes attached to rocks were scraped off the surface and 

the resulting carbonate pieces were collected for each tube. Tubes which were attached to 

wood fragments could simply be collected due to the combustion of the wood in the 

furnace. After cooling down to room temperature, ash was gently removed from the tube 

fragments using a toothbrush and a hand air pump. The samples were then placed in a 

desiccator for at least 12 hours and finally the carbonate weight for each tube was weighed 

to five decimal places.  

 

 

Fig. 2.4: Galeolaria hystrix tube before (A) and after (B) exposure to 550°C in the muffle furnace. Specimen 

was collected at Espinosa Point in Doubtful Sound in March 2011 and was originally attached to a piece of 

bark. 
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2.2.6 Accuracy, Precision, Resolution 

 

The accuracy of a measurement describes how close the measurement is to the actual (true) 

value. In reality the true value cannot be absolutely determined and therefore a reference 

value (accepted as true) is generally used in practice. In this study, tube length, diameter and 

wall thickness measurements determined using ImageJ for five different tubes were 

accepted and used as true values. The rounded-up maximal difference between these “true” 

values and the ones obtained using other measurement techniques (string and caliper) was 

then taken to be the accuracy (Table 2.2). The accuracy of the balance (used to measure 

weight) was given by the manufacturer. 

 

Precision, or repeatability, indicates how close multiple measurements are to each other if 

completed under identical conditions. Precision for tube length, diameter, wall thickness and 

weight measurements was determined by measuring five selected tubes on five successive 

days (Table 2.2). The rounded-up maximal difference of these measurements was then taken 

to be the precision of the technique. 

 

Resolution describes the smallest increment of change in the measured value which can be 

detected using a particular method. In this study tube-length resolution is 1 mm because the 

lowest resolution imprinted on the rulers is 0.1 cm. Resolution for both tube diameter and 

wall thickness measurements is 0.01 mm, as the digital caliper measures reliably to two 

decimal places. Tube carbonate weight resolution is 0.0001 g; the digital scale measures to 

five decimal places but the last one is usually variable (Table 2.2). 
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Table 2.2: Accuracy, precision and resolution for tube length, diameter, wall thickness and weight 

measurements. The sample size used to determine each error (n) is given in brackets. 

 Accuracy (n = 5) Precision (n = 5) Resolution 

Tube Length 

(string measurement) 

±5%  

of measured length 
±2 mm 1 mm 

Tube Diameter 

(caliper measurement) 
±0.3 mm ±0.2 mm 0.01 mm 

Tube Wall Thickness 

(caliper measurement) 
±0.3 mm ±0.2 mm 0.01 mm 

Tube Weight 

(scale measurement) 
0.00001 g ±0.002 g 0.0001 g 

 

Accuracy is worse than both precision and resolution for tube length, tube diameter and tube 

wall thickness measurements for most tube sizes (see Table 2.2). This result was expected 

due to the difficulties in measuring the skeletal parameters of mostly curved and often 

overgrown tubes attached to uneven surfaces. For tube lengths of less than 40 mm, the 

precision of tube length measurements is worse than the accuracy. For tube weight 

measurements precision is always worst. 

 

 

2.2.7 Error due to Strong Tube Attachment and Missing Posterior Tube Ending 

 

Two different errors, however, outweigh the accuracy, precision and resolution by far. The 

first error is caused by the strong attachment of the serpulid tubes to the substratum, causing 

some of the carbonate material to remain on the rock’s surface after the tubes have been 

scraped off. The second error is a result of the missing posterior tube ending, obvious in 

most specimens, causing an additional carbonate loss. 

 

Due to the strong attachment of the tubes to rocks not all carbonate material could always be 

scraped off and weighed. S. cariniferus was observed to be much more strongly attached to 
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rocks than G. hystrix which made accurate weight measurements more difficult for this 

species. No quantitative analyses of this error could be completed. However, the tube 

material remaining on the rock’s surface after scraping was inspected and G. hystrix tubes 

with an estimated carbonate loss of more than 5% and S. cariniferus with more than 10% 

were not used for the allometric study. 

 

As mentioned above, severely damaged tubes (tubes < 10 cm in length with a diameter of 

more than 2 mm and tubes ≥ 10 cm with a diameter of more than 4 mm at the posterior tube 

ending) were ignored for allometric measurements. In order to estimate the error caused by 

this missing posterior tube ending the mean length and weight was determined for 

undamaged tubes (i.e. less than 0.5 mm diameter at broken off ending) with a diameter of 2 

mm (±0.2) and 4 mm (±0.2) at the tube aperture (Table 2.3). 

 

Table 2.3: Estimation of tube length and tube weight errors due to missing posterior tube endings for 

Galeolaria hystrix and Spirobranchus cariniferus attached to rocks determined from undamaged tubes (i.e. 

less than 0.5 mm diameter at broken off ending) with diameters of 2 mm  (±0.2) and 4 mm (±0.2). The sample 

size (n) and standard deviation (sd) is added in brackets. 

 Tube length Tube weight 

Galeolaria hystrix 
1.9 cm (n = 5, sd = 0.27)  * 

4.2 cm (n = 3, sd = 0.47)  ** 

0.018 g (n = 5, sd = 0.008)  * 

0.221 g (n = 3, sd = 0.072) ** 

Spirobranchus cariniferus 2.9 cm (n = 11, sd = 0.53) * 0.044 g (n = 11, sd = 0.010) * 

 

*    2 mm diameter at tube aperture           **    4 mm diameter at tube aperture 
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2.2.8 Total Error 

 

After consideration of accuracy, precision, resolution and the errors due to the strong tube 

attachment and the missing posterior tube endings, total maximum errors can be determined 

for all four skeletal parameters measured for G. hystrix and S. cariniferus (Table 2.4).  

 

Table 2.4: Total maximum errors for measurements of length, diameter, wall thickness and weight for 

Galeolaria hystrix and Spirobranchus cariniferus tubes attached to rocks. The positive error for tube length is 

the sum of accuracy, precision, resolution (see Table 2.2) and the error estimation due to missing posterior 

tube endings (see Table 2.3), while the negative error is only the sum of accuracy, precision and resolution 

(see Table 2.2). Tube diameter and wall thickness maximal errors are the sum of accuracy and precision (see 

Table 2.2). Tube weight maximal errors are the rounded up sum of the error due to the tubes’ missing posterior 

endings (see Table 2.3) and their strong attachment. Percentages (%) are to be taken from the total measured 

tube weight of each particular specimen. 

Total 

Maximum 

Error 

Size Class Tube Length 
Tube 

Diameter 

Tube Wall 

Thickness 
Tube Weight 

Galeolaria 

hystrix 

tubes < 10 cm long 
 

tubes 10-20 cm long 

+2.2 cm + 5% 

-0.3 cm - 5% 
 

+4.5 cm + 5% 

 -1.2 cm 

±0.5 mm ±0.5 mm 
+0.02 g + 5%  

+0.22 g + 5% 

Spirobranchus 

cariniferus 
Tubes < 10 cm long 

+3.2 cm + 5% 

 -0.3 cm – 5% 
±0.5 mm ±0.5 mm +0.05 g + 10% 

 

 

As seen in Table 2.4 the error for tube length can be quite large (up to 4.5 cm + 5% for G. 

hystrix & 3.2 cm + 5% for S. cariniferus) due to the missing posterior tube ending. 

However, this table only shows the worst possible errors and they tend to decrease for 

smaller tubes. Moreover, the errors for tube length and weight are larger for S. cariniferus 

compared to G. hystrix of the same size class. Despite the large maximal error in tube length 

the maximal errors for tube diameter and tube weight are often marginal compared to the 
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magnitudes measured. Hence, tube diameter and tube carbonate weight are the most 

accurate allometric measurements completed in this study.  

 

 

2.2.9 Statistical Analyses 

 

General statistical analyses (means, ranges and standard deviations) for tube length, 

diameter, wall thickness and weight measurements (sections 2.3.2-2.3.5) and allometric 

correlation graphs including the curve equations and correlation coefficients (R
2
) (section 

2.3.6) were all generated in Microsoft Excel (version 2010, Microsoft Corporation, USA). 

Since this is the first detailed allometric study of serpulid tubes ever completed, choosing 

the regression lines for the allometric correlations was not an easy task. For each correlation 

a specific trend line was selected after considering both the value of the correlation 

coefficient for the different fits (aiming for a high R
2
) and how reasonable (in a biological 

sense) it would be to fit each of these trend lines to the data set. The aim of fitting the trend 

lines was to find the simplest allometric model that describes the relationship between the 

allometric variables. Although the diameter-to-length relationships look fairly linear, power 

curves were fitted to these relationships since they result in higher correlation coefficients 

than linear trend lines due to the slightly decreasing diameter-to-length ratio towards larger 

tube diameters. All relationships between a size variable (length, diameter or wall thickness) 

and the tubes’ weight were modelled using power curves. This nonlinear regression model 

was chosen due to two reasons; power curve fits usually produce the highest correlation 

coefficients for these correlations and relationships between the weight and a size variable 

of an object are usually expressed by using the power function equation y = ax
b
, where y is 

the weight and x the size variable. Relationships between the wall thickness and a size 

variable (length or diameter) were modelled using linear trend lines since these seem to best 
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represent the data set overall, although not always resulting in the highest correlation 

coefficients. 

 

 

2.3 Results 

 

Galeolaria hystrix was observed in three different settings, showing three different modes of 

living (Fig. 2.5). Usually the worms are found as individuals attached along the whole tube 

length to hard substrate (e.g. rocks or wood fragments). However, in Big Glory Bay, Stewart 

Island, G. hystrix also occurs as aggregations in subtidal patch reefs (Smith et al., 2005), 

and as individual worms living within a layer of red algae (Adamsiella angustifolia, 

Rhodymenia sp. previously known as Lenormandia chauvinii) covering the muddy seafloor 

(pers. observation). Worms in subtidal patch reefs are complexly intertwined with each 

other forming dense aggregations. Worms embedded in the red algae layer have most of 

their strongly curved tube covered by algae, while only the tube aperture extends beyond the 

algae layer. 

 

Spirobranchus cariniferus was only observed as individual worms attached along the whole 

tube length to hard substrate (Fig. 2.6) in Otago Harbour and Doubtful Sound. This species 

is, however, also known to occur in dense intertidal aggregations in New Zealand, e.g. at 

Banks Peninsula, Canterbury (see Fig. 1.3 B) (Knox, 1952; Ten Hove, 1979). No S. 

cariniferus were found in Big Glory Bay, Stewart Island, which may be beyond the southern 

limit for this species (personal communication in Batham, 1956). The calcareous plates of 

the opercula of S. cariniferus were much thinner for worms from Doubtful Sound compared 

to specimens from Otago Harbour and Banks Peninsula. 

 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=376270
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Fig. 2.5: The three different life modes in which G. 

hystrix occurs. A: G. hystrix tube attached to hard 

substrate (rock) from Tricky Cove, Doubtful 

Sound. B: Parts of a G. hystrix aggregation from 

Bravo Island, Big Glory Bay, Stewart Island. C: G. 

hystrix tubes from within the red algae layer at 

Bravo Island, Big Glory .Bay, Stewart Island. 

Fig. 2.6: S. cariniferus tube attached to a rock from 

Deep Cove, Doubtful Sound. 

A B 

C 
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2.3.1 Tube Aperture 

 

G. hystrix tubes attached to hard substrate are trapezoidal in cross section and have a base 

(Fig. 2.7 A), whereas tubes of worms living within the layer of red algae are circular in 

cross section with no base (Fig. 2.7 B). Tubes of worms in aggregations are circular in cross 

section if their tube aperture has grown away from the substrate or have only a little base if 

they are attached to other serpulids. 

 

 

Fig. 2.7: Cross-sectional view of a typical tube aperture of G. hystrix attached to hard substrate (A) and from 

within the red algae layer in Big Glory Bay (B). 

 

S. cariniferus tubes attached to hard substrate are triangular in cross section with a thick 

base (Fig. 2.8). No direct observations of tubes with circular cross section were made for 

this species. S. cariniferus tubes in intertidal aggregations at Banks Peninsula, however, 

were reported to be circular in cross section (Knox, 1949; also see Fig. 1.3 B). S. cariniferus 

tubes usually have a thicker base and are more strongly attached to the substrate compared 

to G. hystrix tubes of similar length. 

 

 

B A 
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2.3.2 Tube Length 

 

G. hystrix tubes show a mean length of 6.0 cm (n = 76, sd = 3.9) in Otago Harbour, 6.8 cm 

(n = 88, sd = 4.0) in Doubtful Sound, 9.5 cm (n = 40, sd= 5.0) in Big Glory Bay attached to 

rocks, 8.5 cm (n = 33, sd= 5.7) in Big Glory Bay in aggregations and 13.2 cm (n = 30, sd = 

6.9) in Big Glory Bay within the layer of red algae. Tube lengths ranged from 0.9 to 19.4 

cm in Otago Harbour, from 1.2 to 20.2 cm in Doubtful Sound, from 1.8 to 18.7 cm in Big 

Glory Bay attached to rocks, from 1.6 to 27.6 cm in Big Glory Bay in aggregations and 

from 2.5 to 32.1 in Big Glory Bay within red algae layer (Table 2.5). 

 

Tubes of S. cariniferus show a mean length of 5.0 cm (n = 71, sd = 2.3) in Otago Harbour 

and 3.6 cm (n = 69, sd = 2.1) in Doubtful Sound. Tube lengths ranged from 1.0 to 11.0 cm 

in Otago Harbour and from 0.5 to 8.2 cm in Doubtful Sound (Table 2.5). Several longer 

tubes were observed in Doubtful Sound. The largest specimens, however, were attached to 

the rock wall of the fiord and could therefore not be collected.  

 

 

 

Fig. 2.8: Cross-sectional view of a typical tube 

aperture of S. cariniferus attached to hard substrate. 
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Table 2.5: Tube lengths for Galeolaria hystrix and Spirobranchus cariniferus from Otago Harbour, Doubtful 

Sound and Big Glory Bay. The sample size (n) and standard deviation (sd) is added in brackets. HS: Tubes 

attached to hard substrate. A: Tubes from within aggregations. RA: Tubes from within layer of red algae. See 

Table A.1.1-A.1.7 in Appendices for raw data. 

 
Tube Lengths, 

Otago Harbour 

Tube Lengths,   

Doubtful Sound 

Tube Lengths,   

Big Glory Bay 

Galeolaria hystrix (HS) 
0.9 - 19.4 cm 

Mean: 6.0 cm  

(n = 76, sd = 3.9) 

1.2 - 20.2 cm 

Mean: 6.8 cm  

(n = 88, sd = 4.0) 

1.8 - 18.7 cm 

Mean: 9.5 cm  

(n = 40, sd = 5.0) 

Galeolaria hystrix (A) - - 
1.6 - 27.6 cm 

Mean: 8.5 cm 

(n = 33, sd = 5.7) 

Galeolaria hystrix (RA) - - 
2.5 - 32.1 cm 

Mean: 13.2 cm 

(n = 30, sd = 6.9) 

Spirobranchus cariniferus (HS) 
1.0 - 11.0 cm 

Mean: 5.0 cm 

(n = 71, sd = 2.3) 

0.5 - 8.2 cm 

Mean: 3.6 cm 

(n = 69, sd = 2.1) 

- 

 

 

2.3.3 Tube Diameter 

 

Tubes of G. hystrix show a mean diameter of 5.1 mm (n = 76, sd = 2.2) in Otago Harbour, 

5.5 mm (n = 88, sd = 2.3) in Doubtful Sound, 6.7 mm (n = 40, sd= 2.6) in Big Glory Bay 

attached to rocks, 5.2 mm (n = 33, sd = 2.0) in Big Glory Bay in aggregations and 5.5 mm 

(n = 30, sd= 1.8) in Big Glory Bay within the layer of red algae. Tube diameters ranged 

from 0.9 to 11.6 mm in Otago Harbour, from 1.5 to 13.0 mm in Doubtful Sound, from 1.9 to 

11.3 mm in Big Glory Bay attached to rocks, from 1.7 to 9.2 mm in Big Glory Bay in 

aggregations and from 2.3 to 8.9 mm in Big Glory Bay within the red algae layer (Table 

2.6). 
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Tubes of S. cariniferus show a mean diameter of 3.8 mm (n = 71, sd = 1.6) in Otago 

Harbour and 2.4 mm (n = 69, sd = 1.2) in Doubtful Sound. Tube diameters ranged from 1.0 

to 8.0 mm in Otago Harbour and from 0.4 to 4.9 mm in Doubtful Sound (Table 2.6). 

 

Table 2.6: Tube diameters for Galeolaria hystrix and Spirobranchus cariniferus from Otago Harbour, 

Doubtful Sound and Big Glory Bay. The sample size (n) and standard deviation (sd) is added in brackets. HS: 

Tubes attached to hard substrate. A: Tubes from within aggregations. RA: Tubes from within layer of red 

algae. See Table A.1.1-A.1.7 in Appendices for raw data. 

 
Tube Diameters, 

Otago Harbour 

Tube Diameters,  

Doubtful Sound 

Tube Diameters,   

Big Glory Bay 

Galeolaria hystrix (HS) 
0.9 - 11.6 mm 

Mean: 5.1mm  

(n = 76, sd = 2.2) 

1.5 - 13.0 mm 

Mean: 5.5 mm  

(n = 88, sd = 2.3) 

1.9 - 11.3 mm 

Mean: 6.7 mm  

(n = 40, sd = 2.6) 

Galeolaria hystrix (A)  - - 
1.7 - 9.2 mm 

Mean: 5.2 mm 

(n = 33, sd = 2.0) 

Galeolaria hystrix (RA) - - 
2.3 - 8.9 mm 

Mean: 5.5 mm 

(n = 30, sd = 1.8) 

Spirobranchus cariniferus (HS) 
1.0 - 8.0 mm 

Mean: 3.8 mm 

(n = 71, sd = 1.6) 

0.4 - 4.9 mm 

Mean: 2.4 mm 

(n = 69, sd = 1.2) 

- 

 

 

2.3.4 Tube Wall Thickness 

 

Tubes of G. hystrix show a mean wall thickness of 0.6 mm (n = 76, sd = 0.3) in Otago 

Harbour, 0.6 mm (n = 88, sd = 0.3) in Doubtful Sound, 0.7 mm (n = 40, sd= 0.3) in Big 

Glory Bay attached to rocks, 0.6 mm (n = 33, sd = 0.2) in Big Glory Bay in aggregations 

and 0.5 cm (n = 30, sd= 0.2) in Big Glory Bay within the layer of red algae. Tube wall 

thicknesses ranged from 0.1 to 2.0 mm in Otago Harbour, from 0.2 to 1.5 mm in Doubtful 

Sound, from 0.2 to 1.4 mm in Big Glory Bay attached to rocks, from 0.3 to 1.4 mm in Big 
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Glory Bay in aggregations and from 0.3 to 1.2 mm in Big Glory Bay within the red algae 

layer (Table 2.7). 

 

Tubes of S. cariniferus show a mean wall thickness of 1.0 mm (n = 71, sd = 0.5) in Otago 

Harbour and 0.5 mm (n = 69, sd = 0.3) in Doubtful Sound. Tube wall thicknesses ranged 

from 0.3 to 2.5 mm in Otago Harbour and from 0.1 to 1.3 mm in Doubtful Sound (Table 

2.7). 

 

Table 2.7: Tube wall thicknesses for Galeolaria hystrix and Spirobranchus cariniferus from Otago Harbour, 

Doubtful Sound and Big Glory Bay. The sample size (n) and standard deviation (sd) is added in brackets. HS: 

Tubes attached to hard substrate. A: Tubes from within aggregations. RA: Tubes from within layer of red 

algae. See Table A.1.1-A.1.7 in Appendices for raw data. 

 

Tube Wall 

Thicknesses, 

Otago Harbour 

Tube Wall 

Thicknesses,  

Doubtful Sound 

Tube Wall 

Thicknesses,   

Big Glory Bay 

Galeolaria hystrix (HS) 
0.1 - 2.0 mm 

Mean: 0.6 mm  

(n = 76, sd = 0.3) 

0.2 - 1.5 mm 

Mean: 0.6 mm  

(n = 88, sd = 0.3) 

0.2 - 1.4 mm 

Mean: 0.7 mm  

(n = 40, sd = 0.3) 

Galeolaria hystrix (A)  - - 
0.3 - 1.4 mm 

Mean: 0.6 mm 

(n = 33, sd = 0.2) 

Galeolaria hystrix (RA) - - 
0.3 - 1.2 mm 

Mean: 0.5 mm 

(n = 30, sd = 0.2) 

Spirobranchus cariniferus (HS) 
0.3 - 2.5 mm 

Mean: 1.0 mm 

(n = 71, sd = 0.5) 

0.1 - 1.3 mm 

Mean: 0.5 mm 

(n = 69, sd = 0.3) 

- 

 

 

2.3.5 Tube Weight 

 

Tubes of G. hystrix show a mean weight of 1.1 g (n = 76, sd = 1.8) in Otago Harbour, 1.1 g 

(n = 88, sd = 1.6) in Doubtful Sound, 2.5 g (n = 40, sd= 2.4) in Big Glory Bay attached to 
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rocks, 1.1 g (n = 33, sd= 1.4) in Big Glory Bay in aggregations and 1.5 g (n = 30, sd = 1.5) 

in Big Glory Bay within the layer of red algae. Tube weights ranged from < 0.1 to 8.9 g in 

Otago Harbour, from < 0.1 to 10.2 g in Doubtful Sound, from < 0.1 to 8.5 g in Big Glory 

Bay attached to rocks, from < 0.1 to 6.1 g in Big Glory Bay in aggregations and from < 0.1 

to 5.7 g in Big Glory Bay within the red algae layer (Table 2.8). 

 

Tubes of S. cariniferus show a mean weight of 0.4 g (n = 71, sd = 0.5) in Otago Harbour 

and 0.2 g (n = 69, sd = 0.2) in Doubtful Sound. Tube weights ranged from < 0.1 to 2.6 g in 

Otago Harbour and from < 0.1 to 0.8 g in Doubtful Sound (Table 2.8). 

 

Table 2.8: Tube carbonate weights for Galeolaria hystrix and Spirobranchus cariniferus from Otago Harbour, 

Doubtful Sound and Big Glory Bay. The sample size (n) and standard deviation (sd) is added in brackets. HS: 

Tubes attached to hard substrate. A: Tubes from within aggregations. RA: Tubes from within layer of red 

algae. See Table A.1.1-A.1.7 in Appendices for raw data. 

 
Tube Weights, 

Otago Harbour 

Tube Weights,  

Doubtful Sound 

Tube Weights,   

Big Glory Bay 

Galeolaria hystrix (HS) 
< 0.1 - 8.9 g 

Mean: 1.1 g 

(n = 76, sd = 1.8) 

< 0.1 - 10.2 g 

Mean: 1.1 g 

(n = 88, sd = 1.6) 

< 0.1 - 8.5 g 

Mean: 2.5 g 

(n = 40, sd = 2.4) 

Galeolaria hystrix (A)  - - 
< 0.1 - 6.1 g 

Mean: 1.1 g 

(n = 33, sd = 1.4) 

Galeolaria hystrix (RA) - - 
< 0.1 - 5.7 g 

Mean: 1.5 g 

(n = 30, sd = 1.5) 

Spirobranchus cariniferus (HS) 
< 0.1 - 2.6 g 

Mean: 0.4 g 

(n = 71, sd = 0.5) 

< 0.1 - 0.8 g 

Mean: 0.2 g 

(n = 69, sd = 0.2) 

- 
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2.3.6 Allometric Correlations 

 

The relationships among the four skeletal parameters of Galeolaria hystrix are illustrated for 

Otago Harbour (Fig. 2.9), Doubtful Sound (Fig. 2.10) and the three different settings the 

serpulid occurs in Big Glory Bay (Figs. 2.11-2.13). The allometric relationships for 

Spirobranchus cariniferus are illustrated for Otago Harbour (Fig. 2.14) and Doubtful Sound 

(Fig. 2.15). Both serpulids seem to grow in a similar way, with power functions describing 

the relationships between diameter and length, length and weight, wall thickness and weight 

and diameter and weight best, while linear functions describe the length-to-wall thickness 

and diameter-to-wall thickness relationships best. 
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Fig. 2.9: Allometric correlations of Galeolaria hystrix tubes attached to hard substrate in Otago Harbour. A: 

Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube diameter-to-

wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

A B 

C D 

E F 



 

38 
 

 

Fig. 2.10: Allometric correlations of Galeolaria hystrix tubes attached to hard substrate in Doubtful Sound. A: 

Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube diameter-to-

wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

A B 

C D 

E F 
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Fig. 2.11: Allometric correlations of Galeolaria hystrix tubes attached to hard substrate in Big Glory Bay. A: 

Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube diameter-to-

wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

E F 

C D 

A B 
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Fig. 2.12: Allometric correlations of Galeolaria hystrix tubes in aggregations in Big Glory Bay. A: Tube 

diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube diameter-to-wall 

thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

C D 

A B 

E F 
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Fig. 2.13: Allometric correlations of Galeolaria hystrix tubes from within layer of red algae in Big Glory Bay. 

A: Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube diameter-to-

wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

E F 

C D 

A B 
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Fig. 2.14: Allometric correlations of Spirobranchus cariniferus tubes attached to hard substrate in Otago 

Harbour. A: Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube 

diameter-to-wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

E F 

C D 

A B 
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Fig. 2.15: Allometric correlations of Spirobranchus cariniferus tubes attached to hard substrate in Doubtful 

Sound. A: Tube diameter-to-length. B: Tube length-to-weight. C: Tube length-to-wall thickness. D: Tube 

diameter-to-wall thickness. E: Tube wall thickness-to-weight. F: Tube diameter-to-weight. 

E F 

C D 

A B 
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The diameter-to-length and length-to-weight relationships for G. hystrix tubes attached to 

hard substrate (rocks & wood) are similar for tubes attached to hard substrate in Otago 

Harbour, Doubtful Sound and Big Glory Bay (Figs. 2.9-2.11). However, G. hystrix tubes 

from Big Glory Bay show three different diameter-to-length and length-to-weight 

relationships for worms attached to rocks, in aggregations and from within the red algae 

layer. For a given diameter or weight, tubes attached to rocks are shortest, tubes from within 

the red algae layer are longest and tubes from aggregations somewhere in between (Figs. 

2.11-2.13). Both the diameter-to-length and length-to-weight correlations for G. hystrix 

show high correlation coefficients, being at least 0.86 and 0.92 respectively. S. cariniferus 

tubes from Doubtful Sound are slightly longer for a given diameter compared to specimens 

from Otago Harbour; but tubes of both locations have similar length-to-weight relationships 

(Figs. 2.14-2.15). Both the diameter-to-length and length-to-weight correlations for S. 

cariniferus show high correlation coefficients, being at least 0.82 and 0.92 respectively. 

 

Linear relationships of tubes of G. hystrix including tube wall thickness (length-to-wall 

thickness, diameter-to-wall thickness) show relatively high correlation coefficients ranging 

from 0.69 to 0.85 for worms attached to hard substrate (Figs. 2.9-2.11), lower correlation 

coefficients of 0.45 and 0.71 for worms in aggregations in Big Glory Bay (Fig. 2.12) and the 

lowest correlation coefficients of 0.19 and 0.52 for worms from within the red algae layer in 

Big Glory Bay (Fig. 2.13). The corresponding relationships for tubes of S. cariniferus 

attached to rocks have relatively high R
2
 values ranging from 0.70 to 0.90 (Figs. 2.14-2.15). 

For a given length or diameter S. cariniferus tubes from Otago Harbour have thicker tube 

walls compared to tubes from Doubtful Sound. 

 

The wall thickness-to-weight relationships for tubes of G. hystrix show high correlation 

coefficients ranging from 0.78 to 0.83 for worms attached to hard substrate (Figs. 2.9-2.11) 
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and again significantly lower R
2
 values of 0.68 for worms in aggregations (Fig. 2.12) and 

0.48 for worms from within the red algae layer in Big Glory Bay (Fig. 2.13). Correlation 

coefficients of wall thickness-to-weight relationships for tubes of S. cariniferus attached to 

hard substrate are high ranging from 0.80 to 0.89 (Figs. 2.14-2.15). For a given weight S. 

cariniferus tubes from Otago Harbour have thicker tube walls compared to tubes from 

Doubtful Sound. 

 

The diameter-to-weight relationships depict the best correlations, with a correlation 

coefficient higher than 0.93 for both species and all study sites. These relationships are 

similar for G. hystrix from the different locations. S. cariniferus tubes from Doubtful Sound, 

however, are heavier for a given diameter compared to tubes from Otago Harbour (Figs. 

2.14-2.15). 

 

As a whole, tubes of S. cariniferus are shorter, have smaller diameters, are slightly less 

heavy but have thicker tube walls than tubes of G. hystrix of similar length or diameter. 

 

 

2.4 Discussion 

 

 

2.4.1 Serpulid Distribution 

 

G. hystrix was observed and collected between Wellington in the north and Port Pegasus, 

Stewart Island in the south. However, this serpulid was also found as far north as Northland 

(Morton, 2004) and therefore seems to inhabit the whole of New Zealand. S. cariniferus was 

found between Auckland in the north and Doubtful Sound in the south (see section 3.2). No 
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S. cariniferus were observed in Stewart Island. According to a personal communication in 

Batham (1956) this serpulid is close to its southern limit in Otago Harbour, possibly 

restricted by the low water temperatures. However, Knox (1949) reported finding this 

species in Paterson Inlet, Stewart Island. Therefore it is possible that, although not present in 

Big Glory Bay, sparse specimens of S. cariniferus may be found at certain locations in 

Paterson Inlet.  

 

G. hystrix was mostly found in the shallow subtidal (Otago Harbour, Big Glory Bay) but 

also in the deeper subtidal region (Doubtful Sound, Big Glory Bay). In Doubtful Sound the 

freshwater layer probably prevents G. hystrix occupying the shallow subtidal region and as a 

result the worm is forced to deeper regions. In Big Glory Bay G. hystrix not only occurs in 

the shallow subtidal (< 5 m) attached to rocks but also in 8-15 m water depths, in so called 

subtidal patch reefs (Smith et al., 2005). In addition, this serpulid was observed to grow on 

steel frames, which were located on the Otago Shelf at 80 m water depth. These findings 

show that G. hystrix is not strictly restricted to the shallow subtidal area and can also inhabit 

deeper areas in the marine environment, at least as deep as 80 m. S. cariniferus was found in 

the intertidal and shallow subtidal in Otago Harbour and in the deeper subtidal in Doubtful 

Sound. The observation of S. cariniferus in the deeper subtidal zone below the freshwater 

layer between 5-10 m in Doubtful Sound is special, since this species usually only occupies 

the intertidal and shallow subtidal regions (Knox, 1949). This discovery shows that S. 

cariniferus too is not restricted to its typical environment in the intertidal and shallow 

subtidal region and can also survive in the deeper subtidal, at least as deep as 10 m. 

 

Both G. hystrix and S. cariniferus, therefore, are opportunistic species, being able to survive 

in a range of different environments in New Zealand. Serpulids in general are known as 



 

47 
 

tolerant creatures which can endure a wide range of salinities, temperatures and dissolved 

oxygen concentrations (Ten Hove, 1979). 

 

 

2.4.2 Substrate 

 

During the course of this study both G. hystrix and S. cariniferus were mostly observed to 

grow attached to rocks. However, both species have also been found on various other hard 

substrates, such as mollusc shells, submerged trees and branches and concrete tiles. In 

addition, G. hystrix was observed attached to invertebrate carapaces, ropes of moorings and 

even artificial steel and plastic structures. These findings show that these two serpulids can 

settle and survive on various different substrates. It is interesting, however, that S. 

cariniferus was never observed attached to steel or plastic. Maybe different properties of 

these artificial materials prevent the serpulid from settling there. Smoothness, colour and 

chemical contents of the substrate are all believed to influence settlement of some serpulids 

(Kupriyanova et al., 2001). It is possible that S. cariniferus is more selective in regards of 

the selection of the substrate in comparison with G. hystrix. Settling experiments with 

different substrates are recommended in order to resolve if the two serpulids have different 

affinity to different materials for their settlement. 

 

 

2.4.3 Tube Morphology 

 

G. hystrix and S. cariniferus not only grow attached to hard substrate as individuals but both 

also occur in dense aggregations. The subtidal aggregations G. hystrix forms in Big Glory 

Bay, Stewart Island (Smith et al., 2005) are characterised by complexly intertwined tubes 
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with the tube apertures growing away from the aggregation (see Fig. 1.2 B). Similar tube 

growth with the distal tube parts growing away from the substrate was reported for S. 

cariniferus in dense aggregations at Banks Peninsula, Canterbury (Knox, 1949) and can be 

seen in Fig. 1.3 B. Individual serpulids attached to hard substrate usually attach their whole 

tube length to the substrate by forming a tube base, which results in a trapezoidal or 

triangular tube cross section for G. hystrix and S. cariniferus respectively, as described by 

Ten Hove & Kupriyanova (2009). Tubes in dense aggregations, on the other hand, grow 

away from the substratum and thus have a circular tube cross section with no base, unless 

they are cemented to other serpulid tubes. This morphological difference where tubes 

attached to a substrate have a base and tubes growing away from the substrate are circular in 

cross section was already mentioned by Hedley in 1958. It is likely that the tubes’ 

morphology and growth is controlled by the serpulid density. Tubes preferentially grow 

away from the substrate in higher densities of serpulids in order to avoid interference of the 

worms’ branchial crowns with each other, therefore enhancing the worms’ suspension 

feeding activity (Bosence, 1979). Individual tubes, however, do not have the problem of 

interfering crowns and therefore can attach their whole tube to the substrate. 

 

The thicker and stronger tube base and wall of S. cariniferus compared to G. hystrix is 

probably a result of the different environments in which the two serpulids live. S. 

cariniferus, inhabiting the intertidal region, is exposed to strong wave energy and therefore 

needs a robust tube with a strong attachment to the substrate in order not to be damaged by 

sand and rocks moved by waves. G. hystrix, inhabiting the subtidal region, on the other 

hand, experiences less wave energy, therefore has less need for such a strong and robust 

tube and produces thinner tube walls and a weaker base. Another morphological difference 

between the two serpulids is the more solid operculum of S. cariniferus compared to G. 
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hystrix (Batham, 1956), which helps to protect the worm against desiccation in the intertidal 

region. 

 

S. cariniferus from below the freshwater layer (> 5 m) in Doubtful Sound inhabits a more 

sheltered environment compared to the intertidal area in which this serpulid occurs in Otago 

Harbour and at Banks Peninsula, Canterbury. The freshwater layer in the fiord probably 

prevents S. cariniferus from living at shallower depths and in the intertidal area, since 

survival of this species decreases for lower salinity (Knox, 1949). By occupying only the 

deeper subtidal area the worm is never exposed to air and strong wave energy, which is 

usually a problem in the intertidal region. As a result, the worm is not at risk of desiccation 

and its tube of destruction by rocks moved by waves and currents. This environmental 

contrast is also seen in the worm’s operculum and its tube wall. The calcareous plates of S. 

cariniferus opercula from Doubtful Sound were observed to be much thinner than the ones 

from Otago Harbour and Banks Peninsula. Since S. cariniferus in Doubtful Sound is 

permanently submerged there is no need for such strong and tightly fitting tube opercula in 

order to protect the worm from desiccation. Furthermore, its tube does not have such thick 

walls compared to specimens from Otago Harbour perhaps because of the more sheltered 

conditions. It seems that S. cariniferus might adjust its tube and operculum thickness 

depending on the environment the worm inhabits. In the harsh intertidal region the worm 

produces thick and strong tube walls to avoid abrasion of the tube and thick and tightly 

fitting opercula to prevent the worm from desiccation. In more sheltered conditions without 

the risk of desiccation the worm precipitates thinner tube walls and opercula since there is 

no need for additional protection. 

 

Keels of G. hystrix tubes in aggregations and from within the red algae layer were often 

observed to spiral around the whole tube. Tubes of S. cariniferus in aggregations were also 
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reported to show some sort of keel coiling at Banks Peninsula, Canterbury (Knox, 1949). 

This coiling of the keel is possibly a result of the worm readjusting its body in order to be 

situated correct according to gravity, which possibly happens after the rotation of the 

substrate (Seilacher et al., 2008). 

 

The openings of broken posterior tube endings of several large G. hystrix were clogged by a 

calcareous plate. Both Simkiss & Wilbur (1989) and Swan (1950) reported on serpulids 

having the ability to repair their broken posterior tube ending by the secretion of calcium 

carbonate. At least large G. hystrix can therefore fix their broken posterior tube endings if 

necessary. 

 

 

2.4.4 Serpulid Aggregations 

 

Big Glory Bay is characterised by having a muddy seafloor which is mostly covered with a 

thick layer of red algae with limited availability of hard substrate (only a few mollusc shells 

are found) in water depths greater than ~5 m. Since serpulids seems to require some sort of 

hard substrate for their settlement (Fornós et al., 1997) it is unclear how G. hystrix can form 

these subtidal aggregations in Big Glory Bay. New findings in this study of G. hystrix living 

as individual worms within the red algae layer are used here to suggest a new theory of how 

these aggregations initially form. 

 

Living individuals of G. hystrix were found in the subtidal area within the layer of red algae 

(Adamsiella angustifolia, Rhodymenia sp.), which covers large parts of Big Glory Bay, 

Stewart Island. These specimens showed no attachment to any kind of substrate and were 

simply embedded freely within the algae layer. The often highly curved posterior part of 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=376270


 

51 
 

these tubes was covered by the algal layer with only the tube aperture extending beyond the 

layer into the open water. The curvature is possibly a result of the worm changing its growth 

direction so that its crown extends into the open water for better suspension feeding and 

respiration after it has been moved and turned over by currents. During SCUBA dives in 

July 2011 at Bravo Island in Big Glory Bay a few juvenile G. hystrix tubes from within the 

algal layer were observed to be attached to the algae itself. One specimen was found having 

only the posterior part (oldest part) of its tube attached to algae and the anterior part 

(youngest part) of the tube growing away from it, therefore growing freely without 

attachment at the anterior part. A similar observation was made by Ten Hove & Smith 

(1990) where they report on the serpulid Hyalopomatus which only shows a small area of 

attachment to a substrate with the remaining part of the tube growing away from it. This 

finding led them to the conclusion that Serpula crenata, another serpulid with unattached 

tubes, initially grows attached to a substrate and later becomes detached from it. All these 

findings suggest that G. hystrix from within the red algae layer originally (during their 

juvenile stages) also were attached to a substrate, in this case red algae. Later, these 

specimens lost their algal substrate, either due to currents pulling the tubes off the substrate 

or due to the decomposition of the algae or the grazing of herbivores.  

 

This observation could help in explaining the initiation of the formation of the subtidal 

serpulid aggregations without the need of any hard substrate. Worms settling on red algae 

may grow together to form small clumps of serpulids if several specimens occur in the close 

proximity of each other. These clumps then act as a new substrate for the settlement of G. 

hystrix larvae. The larvae could prefer to settle on and around these clumps for two reasons; 

the limited availability of other hard substrate in close proximity, and the weak larval 

gregarious behaviour of this serpulid (Brougham, 1984). Continued settlement of G. hystrix 

larvae and carbonate production of the serpulids of these clumps may then form an 
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aggregation over the years. If the aggregation reaches a certain height it may become 

physically unstable, which causes parts of it to collapse. The broken off parts spread out 

laterally around the aggregation, providing additional substrate for settlement, which 

eventually results in a widening of the aggregation (see Fig. 5 in Bosence, 1979, page 308). 

In a similar way mollusc shells (e.g. brachiopod, bivalve or scallop shells) could also act as 

primary substrate initiating the formation of these aggregations in Big Glory Bay. 

 

Although the observations of this study may explain the initiation of the formation of G. 

hystrix aggregations in Big Glory Bay the reasons for this serpulid to occur in such reefs are 

still not completely understood. Recent and fossil serpulid aggregations have been reported 

from many parts of the world (Ten Hove, 1979; Ten Hove & Van Den Hurk, 1993). 

Predation, competition for food and space, salinity, temperature (Ten Hove & Van Den 

Hurk, 1993), duration of larval stage, habitat selection, larval gregariousness (Ten Hove, 

1979), sheltered conditions (Knox, 1949), inorganic sedimentation and nutrient 

concentrations (Kirkwood & Burton, 1988) and larval retention (Bosence, 1979) have all 

been discussed in order to explain the formation of serpulid aggregations. However, to date 

it is not certain why these aggregations form. In Big Glory Bay a combination of sheltered 

conditions, clear water with low sedimentation (Hare, 1992), increased nutrient 

concentrations from aquacultural activities (O’Callaghan, 1998), the weak larval 

gregariousness behaviour (Brougham, 1984) and a limited availability of hard substrate 

(apart from the aggregations itself) in water depths > 5 m may explain the formation of 

these unusual G. hystrix aggregations.  

 

Banks Peninsula, Canterbury is characterised by dense aggregations of S. cariniferus in the 

intertidal region (Knox, 1949; Knox, 1952; Abigail M. Smith pers. comm.; Fig. 1.3 B). Here 

rocks act as substrate for these aggregations. No similar aggregations of this serpulid have 
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been observed further south on the South Island of New Zealand. A combination of larval 

gregariousness (Brougham, 1984) and sheltered conditions (Knox, 1949) with higher water 

temperatures may be the reason for this species to form such dense aggregations at Banks 

Peninsula but not in Otago Harbour and Doubtful Sound. 

 

More research, especially studies regarding the biology of G. hystrix and S. cariniferus are 

recommended in order to find out the reason for their formation of such dense aggregations. 

A better understanding of the formation of these biodiversity hotspots is important since G. 

hystrix aggregations also occur in southern Fiordland (Wing, 2008) and Marlborough 

(Davidson et al., 2011).  

 

 

2.4.5 Tube Allometry 

 

The four skeletal parameters of G. hystrix and S. cariniferus reported in this study are here 

rather used in a descriptive way, than in order to make comparisons between locations. The 

calculated means do not necessarily show differences in sizes or weights for serpulids 

among locations but may solely illustrate how abundant several tube sizes are where 

collection took place. The collected specimens, although sampled randomly, may not 

represent the actual tube size distribution of the particular location since similarly-sized 

tubes could be clustered due to changing spatial settlement over the years. Hence, these 

results are not used to make comparisons between locations but only as a rough guide of 

tube allometry for the two serpulids and the different locations and later to develop the 

allometric correlation graphs of section 2.3.6. 
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Nevertheless, the allometric results show that, on average, tubes of S. cariniferus have 

smaller tube lengths and diameters, are less heavy but have similar wall thicknesses 

compared to tubes of G. hystrix. It is interesting that, although having thicker tube walls, S. 

cariniferus tubes are lighter than G. hystrix specimens of similar size. Both spaces in the 

carbonate material along the tube walls of S. cariniferus (Knox, 1949) and the larger 

measuring error for their tube weights compared to tubes of G. hystrix (see section 2.2.7) 

could lead to this result. It is, however, not possible to deduce if the missing carbonate 

material in fact causes the tubes of S. cariniferus to be lighter than G. hystrix tubes of 

similar size or if this result is just a measuring error. In order to do so specific tube density 

measurements would be necessary. 

 

For both serpulids and all locations the allometric correlations of tube diameter-to-length, 

length-to-weight, wall thickness-to-weight and diameter-to-weight are best approximated by 

power functions y = ax
b
. Linear functions y = ax + b best explain the length-to-wall 

thickness and diameter-to-wall thickness relationships. 

 

For both serpulids and in all locations the diameter-to-length, length-to-weight and 

diameter-to-weight relationships are approximated well by power functions, which can be 

seen in their high correlation coefficients. The wall thickness-to-weight relationships and 

the two linear relationships (length-to-wall thickness & diameter-to-wall thickness), 

however, always show lower correlation coefficients and various outliers. The low 

correlation coefficients for G. hystrix tubes from within the algal layer demonstrate that 

their tube wall thickness shows the greatest variability. It is possible that tubes from this 

setting grow sporadically, producing thin tube walls during periods of faster growth and 

thicker walls while growing slowly. As a result, their tube wall thickness may not directly 

relate to any of the other allometric parameters. But even tubes attached to hard substrate 
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have lower correlation coefficients for allometric correlations including tube wall thickness. 

Great variability in tube wall thickness was not only observed for individual tubes along 

their length but also for the two opposite tube walls of tube apertures. This great variability 

in tube wall thicknesses for both species and all locations causes the regressions for 

allometric correlations which include tube wall thickness to be imprecise. Hence, these 

correlations are not good approximations and should only be used as a rough guide of how 

tube wall thickness increases with tube size and not to calculate the one skeletal parameter 

from another one. 

 

The linear relationships of the length-to-wall thickness for G. hystrix all have a positive 

intercept between 0.18 and 0.36 (Figs. 2.9-2.13). If a tube has zero tube length, it obviously 

also has zero wall thickness, which implies that juvenile serpulids increase their tube wall 

thickness at a faster rate than their tube length. With increasing tube length the rate at which 

the wall thickness increases slows down and eventually approaches the linear relationship 

seen in figures 2.9-2.13. Diameter-to-wall thickness relationships for G. hystrix and S. 

cariniferus (Figs. 2.9-2.15) and the length-to-wall thickness relationships for S. cariniferus 

(Figs. 2.14-2.15) have much smaller, almost insignificant, intercepts and are therefore 

assumed to show linear relationships for all tube sizes.  

 

While all allometric correlations for G. hystrix tubes attached to hard substrate in Otago 

Harbour, Doubtful Sound and Big Glory Bay show great similarity (Figs. 2.9-2.11), the ones 

for tubes in aggregations and from within the layer of red algae in Big Glory Bay differ 

(Figs. 2.12-2.13). A steepening of the diameter-to-length and a flattening of the length-to-

weight and length-to-wall thickness relationships for tubes from Big Glory Bay is obvious 

from Fig. 2.11 towards Fig. 2.13, showing that tubes attached to hard substrate are shortest, 

tubes from within the layer of red algae longest and tubes in aggregations somewhere in 
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between. Clearly, the type of setting G. hystrix lives in controls the allometric growth of its 

tube. Individual worms on hard substrate attach their tubes by precipitating a tube base, 

while worms living freely within the algal layer do not require such a base. In aggregations 

a base is only required for the tube parts which are attached to other serpulid tubes 

(approximately 50% of the tube length). If one assumes that the tube diameter is directly 

related to the age of the worm it can be concluded that G. hystrix tubes show different 

growth rates depending on the setting in which they occur. The less attachment the worm 

requires, i.e. the less tube base it needs to precipitate, the more carbonate material is 

available for extending its tube length, which in turn results in faster tube growth. As a 

result, G. hystrix tubes living within the layer of red algae grow fastest, tubes attached to 

hard substrate slowest and tubes in aggregations somewhere in between. It is interesting, 

however, that despite having such different correlations for relationships including tube 

length, the remaining correlations (diameter-to-wall thickness, wall thickness-to-weight and 

diameter-to-weight) are similar for tubes from the three settings in Big Glory Bay. These 

findings demonstrate that although tube length growth rates change for different settings, the 

tubes’ wall thickness, diameter and weight increase at the same relative rate for all settings. 

As a result, G. hystrix individuals, irrespective of the setting they inhabit, precipitate the 

same amount of carbonate over time. These results illustrate that allometric relationships of 

G. hystrix which include tube length strongly depend on the setting the serpulid inhabits, 

whereas all other relationships are independent from the setting.  

 

The correlation graphs for tubes of S. cariniferus show longer and heavier tubes for a given 

diameter or wall thickness in Doubtful Sound compared to Otago Harbour (see Figs. 2.14-

2.15), which indicates that this serpulid grows faster in length in Doubtful Sound. By 

inhabiting the subtidal environment in Doubtful Sound S. cariniferus is never exposed to air 

and is therefore able to precipitate carbonate the whole time, while tubes in the intertidal in 
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Otago Harbour are only capable of producing carbonate while being submerged. One could 

assume that the worm itself grows in biomass and thus diameter not only while suspension 

feeding but also while being exposed to air. If this is the case, then S. cariniferus tubes from 

Doubtful Sound need to be longer and heavier for a given diameter or wall thickness since 

tube/worm diameters increase at the same rate in Otago Harbour and Doubtful Sound but 

tube lengths increase faster in Doubtful Sound. This finding shows that tube growth and 

morphology of S. cariniferus is controlled by the environment, causing tubes in the subtidal 

region to be longer and heavier for a given age compared to tubes in the intertidal. However, 

in order to understand the previous conclusions it is important to compare the shape/slope of 

the here mentioned relationships rather than the actual sizes of the reported tubes for 

Doubtful Sound. By studying section 2.3.2 and the correlation graphs in Figs. 2.14 & 2.15 

one could believe that Otago Harbour has larger S. cariniferus tubes than Doubtful Sound. 

However, much larger tubes have been observed in Doubtful Sound, but these could not be 

collected due to their strong attachment to the rock wall of the fiord. 

 

Depending on the situation, the equations of either the length-to-weight or diameter-to-

weight relationships can be used in order to determine the tube’s carbonate weight, with the 

latter given priority. Because the diameter-to-weight relationships for tubes of G. hystrix are 

similar for all locations and settings, because they depict the highest correlation coefficients 

and since tube diameter is more accurately measured than tube length (see section 2.2.8) it is 

advisable to use these correlations in order to determine tube weight from its diameter. 

Especially if carbonate weights are calculated for tubes of unknown setting using the 

diameter-to-weight relationships result in the least possible error. In addition, these 

correlations can also be used if only the tube aperture is available for analysis. Nevertheless, 

tube length-to-weight relationships for G. hystrix also show high correlation coefficients and 

their equations can be used in order to calculate the tube’s carbonate weight if the worm’s 
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setting and the length of its undamaged tube are known. The carbonate weight of tubes of S. 

cariniferus can be calculated by using the diameter-to-weight relationships if the setting the 

worm occurred is known. For worms of unknown setting it is wise to use the length-to-

weight relationships, since these are similar for S. cariniferus from the intertidal in Otago 

Harbour and the subtidal in Doubtful Sound. The length-to-weight relationships for tubes of 

G. hystrix and S. cariniferus from Otago Harbour were also used in section 4.3.3 of this 

study in order to calculate annual calcification. 

 

From today, it is possible to determine the tube’s carbonate weight of both G. hystrix and S. 

cariniferus by using either the length-to-weight or the diameter-to-weight relationships from 

this study. It is therefore possible to determine the serpulid tube’s carbonate weight without 

collecting and killing the animal, simply by analysing a photograph taken with a scale. In 

addition, the carbonate weight of whole serpulid aggregations can be calculated if the 

population density and the average tube size of the individuals are known. 

 

Serpulid tubes of both G. hystrix and S. cariniferus overall show good and consistent 

allometric relationships which allow the calculation of the one skeletal parameter from 

another. These relationships are species-specific, but also vary between different life-habits 

and environments. G. hystrix occurs in three different life habits; as individual worm 

attached to hard substrate and as individual worm embedded within a layer of red algae and 

in whole subtidal aggregations in Big Glory Bay, Stewart Island. S. cariniferus either grows 

attached to hard substrate as individual or forms intertidal aggregations at Banks Peninsula, 

Canterbury (Knox, 1952). 
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Chapter 3. Skeletal Carbonate Mineralogy 

 

 

3.1 Introduction 

 

Anthropogenic emissions of CO2 cause a decrease in ocean pH and consequently a decline 

in its carbonate saturation state (Orr et al., 2005). This process is known as ocean 

acidification. Recent studies show that ocean acidification not only reduces the calcification 

of several carbonate producing organisms but also accelerates the dissolution of their 

calcareous body parts (e.g., Gazeau et al., 2007; Andersson et al., 2007). Different 

polymorphs of calcium carbonate show different resistance to dissolution. Aragonite is more 

soluble than pure calcite and the dissolution of Mg calcite increases with Mg-content 

(Andersson et al., 2008). A clear knowledge of the mineralogy of the skeletons of calcifying 

organisms is therefore essential in order to understand and predict how a lower ocean pH of 

a high CO2 world could affect their dissolution. 

 

Serpulids are known to precipitate calcareous tubes made of calcite, aragonite or a 

combination of both (Chave, 1954; Lowenstam, 1954; Bornhold & Milliman, 1973; Simkiss 

& Wilbur, 1989). Although aragonite is metastable at normal temperatures (Steger & Smith, 

2005) it is stronger and less susceptible to mechanical destruction than calcite (Smith et al., 

1998). As a result, erosion of calcareous serpulid tubes is strongly dependent on the 

carbonate polymorph present. An accelerated dissolution of tubes of reef-building serpulids 

would lead to a decrease in habitat structure, which in turn may adversely affect local 

biodiversity and reduce local carbonate sedimentation.  
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Information about latitudinal trends of skeletal mineralogy of calcifying marine organisms 

can be important in order to understand how these organisms respond to climate change 

(Smith & Lawton, 2010). Weight percentage (wt%) Mg in calcite and the abundance of 

aragonite generally decrease with increasing latitude and decreasing water temperature 

(Chave, 1954; Lowenstam, 1954; Burton & Walter, 1987). Comparisons of skeletal 

mineralogy of serpulids along a latitudinal gradient can therefore not only provide insight 

into how their carbonate precipitation may change with increasing water temperatures 

caused by the ongoing climate change but also be used to determine paleo-temperatures of 

ancient oceans. 

 

This chapter considers carbonate mineralogy of the tubes of Galeolaria hystrix and 

Spirobranchus cariniferus collected along a latitudinal gradient between Auckland and 

Stewart Island in New Zealand. The variables considered are weight percentages of MgCO3 

in the calcite and the weight percentages of the two polymorphs calcite and aragonite of the 

serpulid tubes. In addition, the mineralogy along the length of individual tubes (mineralogy 

within tubes) is illustrated in order to characterise individual variation and demonstrate 

whether these serpulids change their calcium carbonate precipitation seasonally or on some 

other environmental cue. 

 

 

3.2 Methods 

 

Tubes of Galeolaria hystrix collected in Wellington, Otago Harbour, on the Otago Shelf (80 

m water depth), Doubtful Sound, and Stewart Island and tubes of Spirobranchus cariniferus 

collected in Auckland (Hatfields Beach), Christchurch (Sumner Beach, Banks Peninsula), 

Wellington, Otago Harbour and Doubtful Sound were analysed for their mineral content. G. 
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hystrix were collected by SCUBA diving or snorkelling in the subtidal and S. cariniferus by 

hand at low tide in the intertidal. For each location tubes of juveniles as well as adults were 

analysed. In addition, composites of a number of calcareous opercula of G. hystrix collected 

in Otago Harbour, Doubtful Sound and Stewart Island and S. cariniferus collected in 

Christchurch, Otago Harbour and Doubtful Sound were analysed (Table 3.1).  

 

Table 3.1: Numbers of serpulid tubes and opercula composites used for mineralogical analysis using X-ray 

diffractometry. HB: Hatfields Beach. SB: Sumner Beach. HP: Harington Point. PP: Portobello Peninsula. WR: 

Wellers Rock. EP: Espinosa Point. TC: Tricky Cove. DC: Deep Cove. DR: Diamond Rock. SR: Sailors Rest. 

BI: Bravo Island. 

Localities 

(substrate) 
Part 

Galeolaria 

hystrix 

Spirobranchus 

cariniferus 
Coordinates 

Auckland 

(rocks) 
Tubes - 3 HB (36°34’S/174°42’E) 

Wellington  

(rocks) 
Tubes 1 3 41°14.791'S/174°53.943'E 

Christchurch 

(aggregation) 

Tubes 
 

Opercula 

- 
 

- 

5 
 

1 (n = 18) 

SB (43°34’S/172°45’E) 
 

SB (43°34’S/172°45’E) 

Otago 

Harbour 

(rocks) 

Tubes 

Tubes 

Tubes 
 

Opercula 

2 

2 

1 
 

1 (n = 11) 

2 

2 

1 
 

2 (n = 11, 25) 

HP (45°47.083’S/170°43.440’E) 

PP (45°49.683’S/170°38.400’E) 

WR (45°47.867’S/170°42.900’E) 
 

HP (45°47.083’S/170°43.440’E) 

Otago Shelf 

(steel frame) 
Tubes 5 - 45°49.304'S/170°53.302'E 

Doubtful 

Sound 

(rocks & 

wood) 

Tubes 

Tubes 

Tubes 

Tubes 
 

Opercula 

Opercula 

3 

2 

- 

- 
 

1 (n = 3) 

- 

- 

- 

2 

3 
 

- 

2 (n = 15, 45) 

EP (45°18.733’S/167°00.917’E) 

TC (45°20.840’S/167°02.790’E) 

DC (45°27.800’S/167°09.255’E) 

DR (45°25.517’S/167°07.650’E) 
 

TC (45°20.840’S/167°02.790’E) 

DC (45°27.800’S/167°09.255’E) 

Northern 

Stewart 

Island 

(unknown) 

Tubes 
 

Opercula 

1 
 

1 (n = 1) 

- 
 

- 

46°42.153S/167°58.428E 
 

46°42.153S/167°58.428E 
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Big Glory 

Bay, Stewart 

Island 

(rocks) 

Tubes 

Tubes 
 

Opercula 

Opercula 

3 

2 
 

1 (n = 9) 

1 (n = 12) 

- 

- 
 

- 

- 

SR 1 (46°58.145’S/168°08.720’E) 

BI 1 (46°57.817’S/168°08.367’E) 
 

BI 1 (46°57.817’S/168°08.367’E) 

SR 1 (46°58.145’S/168°08.720’E) 

Big Glory 

Bay, Stewart 

Island 

(aggregation) 

Tubes 5 - BI 2 (46°57.940’S/168°07.890’E) 

Big Glory 

Bay, Stewart 

Island 

(red sea weed) 

Tubes 5 - BI 2 (46°57.940’S/168°07.890’E) 

Port Pegasus, 

Stewart 

Island 

(rocks) 

Tubes 3 - 47°12.157'S/167°38.198'E 

South of 

Stewart 

Island 

(unknown) 

Tubes 1 - 48°02.787S/166°33.018E 

 

 

3.2.1 Sample preparation 

 

To avoid contamination of the mineralogical measurements by non-tube material, sample 

preparation was necessary prior to analysis. All non-tube carbonate produced by other 

organisms (e.g. coralline algae, bryozoans, Spirorbis spp.) was carefully removed from the 

tubes’ surface with tweezers and sandpaper. The tubes were then chipped off their substrate 

using a scraper and all fragments were collected. Organic material can distort X-ray 

diffractograms by supressing or masking of peaks (Gray & Smith, 2004). In order to remove 

any organic matter the tube fragments were bleached with sodium hypochlorite (21.5 g/litre) 

for 96 hours, well rinsed with Millipore filtered water and dried at 60°C for 12 hours. 
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3.2.2 General Tube Mineralogy 

 

After preparation the tube fragments were pulverised in an agate mortar and the powder 

well mixed. Minimal grinding was used in order to avoid the inversion from aragonite to 

calcite (Gray & Smith, 2004). About 0.5 g of this powder was placed into a clean mortar 

and intermixed with a few drops of ethanol and about 0.05-0.1 g of halite (NaCl) as an 

internal standard. Part of this mixture was smeared evenly onto a glass slide, air dried and 

then analysed for its mineralogy with an X-ray diffractometer (X'Pert-Pro MPD PW 

3040/60 XRD, PANalytical, 7600 AA Almelo, The Netherlands), located in the Geology 

Department of the University of Otago. 

 

 

3.2.3 Mineralogy within Tubes 

 

Longitudinal variations in tube mineralogy were analysed after cutting long serpulid tubes 

into 1 cm long intervals using a dremel. These sections were bleached and analysed for their 

mineralogy as described above (see section 3.2.2). Longitudinal carbonate mineralogy was 

determined for two long serpulid worm tubes of G. hystrix from Otago Harbour (Harington 

Point) and Big Glory Bay (Bravo Island) and for two S. cariniferus tubes from Otago 

Harbour (Portobello Peninsula) and Doubtful Sound (Deep Cove). 

 

 

3.2.4 XRD Diffractogram Analyses 

 

Each sample was scanned with the X-ray diffractometer between 26 and 33 °2ϴ (degrees 2 

theta). The resulting diffractogram is a spectrum of the diffracted intensity as a function of 
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the scattering angle °2ϴ. After graphic examination of the diffractograms using the program 

X’Pert HighScore Plus (version 2.2e, PANalytical, 7600 AA Almelo, The Netherlands) the 

Mg-content in the calcite and the weight percentage calcite and aragonite were determined 

following the method of Smith et al. (1998). The exact position of the calcite peak (29.4 to 

30 °2ϴ) was corrected in relation to the position of the halite peak (31.72 °2ϴ) and then the 

weight percentage of MgCO3 in the calcite was calculated using the calibration curve by 

Chave (1952). The peak height in counts per second of the calcite peak and the heights of 

the two aragonite peaks at 26.2 °2ϴ and 27.2 °2ϴ were combined to determine the relative 

weight percentages of the two minerals using the calibration equations of Gray and Smith 

(2004). After repeatedly analysing several samples the error of determining the Mg-content 

in the calcite was determined to be maximal ±0.8% MgCO3. However, since most other 

authors reported the Mg-content to one decimal place (e.g., Smith et al., 2006; Schopf & 

Mannheim, 1967; Bornhold & Milliman, 1973), the wt% MgCO3 in this study is also given 

to one decimal. The error for determining the relative weight percentages of calcite and 

aragonite is approximately ±5 wt% (Chave, 1962). 

 

 

3.2.5 Statistical Analyses 

 

General descriptive statistics (means and standard deviations) were determined in Microsoft 

Excel (version 2010, Microsoft Corporation, USA). Various statistical tests were completed 

with the statistical program JMP (version 7.0, SAS Institute Inc., USA) to determine 

differences in the mineralogy among species and locations. Locations with only one 

measurement for tube mineralogy were excluded from statistical analyses. One way 

Analyses of Variance (ANOVA) were performed if the data were normally distributed and 

showed equal variances. Data sets with unequal variances were analysed by completing 
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Wilcoxon/Kruskal-Wallis Tests. Tukey-Kramer HSD Tests were performed in order to find 

out which means are statistically different from each other. All statistical results, however, 

have to be interpreted with caution due to the small sample sizes used for the mineralogical 

study. 

 

 

3.3 Results 

 

 

3.3.1 General Tube Mineralogy 

 

Carbonate tubes of both Galeolaria hystrix and Spirobranchus cariniferus whether they 

come from the North Island of New Zealand or Stewart Island are made of high-Mg calcite 

(HMC) with little (maximum of 2 wt% for G. hystrix and 12 wt% for S. cariniferus) or no 

aragonite (Tables A.2.1 & A.2.2 in Appendices). The mean Mg-content in the calcite of all 

analysed tubes is 9.5 wt% MgCO3 for G. hystrix (n = 36, sd = 0.9) and 10.8 wt% MgCO3 for 

S. cariniferus (n = 21, sd = 0.9). The mean Mg-content in the calcite of the tubes ranges 

from 8.3 to 10.1 wt% MgCO3 for G. hystrix and from 10.2 to 11.7 wt% MgCO3 for S. 

cariniferus. Opercula are different, showing a Mg-content in the calcite ranging from 14.8 

to 15.4 wt% MgCO3 for G. hystrix, whereas opercula of S. cariniferus are either completely 

aragonitic or contain only little high-Mg calcite in Doubtful Sound (Figs. 3.1-3.2 & Tables 

3.2-3.3). 

 

 



 

66 
 

 

 

Fig 3.1: Mean weight percentage (wt%) calcite in skeleton versus mean wt% MgCO3 in calcite for all analysed 

tubes (▲) and opercula composites (●) of G. hystrix from Wellington (1 tube), Otago Harbour (5 tubes & 1 

opercula composite), Otago Shelf (5 tubes), Doubtful Sound (5 tubes & 1 opercula composite), north of 

Stewart Island (1 tube & 1 opercula composite), Big Glory Bay attached to rocks (5 tubes & 2 opercula 

composites), Big Glory Bay in aggregations (5 tubes), Big Glory Bay within red algae layer (5 tubes), Port 

Pegasus (3 tubes) and south of Stewart Island (1 tube). 
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Fig 3.2: Mean weight percentage (wt%) calcite in skeleton versus mean wt% MgCO3 in calcite for all analysed 

tubes (▲) and opercula composites (●) of S. cariniferus from Auckland (3 tubes), Christchurch (5 tubes & 1 

opercula composite), Wellington (3 tubes), Otago Harbour (5 tubes & 2 opercula composites) and Doubtful 

Sound (5 tubes & 2 opercula composites). 
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Table 3.2: Mineralogy of tubes and opercula of G. hystrix from a range of locations. See Table A.2.1 in 

appendices for more information. 

 

Location 

(substrate) 
Part N 

Mean wt% 

MgCO3 in calcite 
SD 

Mean wt% 

aragonite in 

skeleton 

SD 

Wellington 

(rocks) 
Tube 1 9.9 - 0 - 

Otago Harbour 

(rocks) 
Tube 5 9.7 1.4 0 0 

Otago Harbour 

(rocks) 
Opercula 1 14.8 - 0 - 

Otago Shelf 

(steel frame) 
Tube 5 8.3  0.6 0 0 

Doubtful Sound 

(rocks & wood) 
Tube 5 9.3 0.3 0 0 

Doubtful Sound 

(rocks) 
Opercula 1 15.4 - 0 - 

North of Stewart 

Island 

(unknown) 

Tube 1 9.5  - 0 - 

North of Stewart 

Island 

(unknown) 

Opercula 1 15.4 - 0 - 

Big Glory Bay 

(rocks) 
Tube 5 10.0 0.5 0 1 

Big Glory Bay 

(rocks) 
Opercula 2 14.9 0.4 0 0 

Big Glory Bay 

(aggregations) 
Tube 5 10.1 0.4 1 1 

Big Glory Bay 

(red algae) 
Tube 5 9.8 0.7 0 0 

Port Pegasus 

(rocks) 
Tube 3 9.1 0.8 0 0 

South of Stewart 

Island 

(unknown) 

Tube 1 9.3 - 0 - 
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Table 3.3: Mineralogy of tubes and opercula of S. cariniferus from a range of locations. See Table A.2.2 in 

appendices for more information. 

 

Location 

(substrate) 
Part N 

Mean wt% 

MgCO3 in calcite 
SD 

Mean wt% 

aragonite in 

skeleton 

SD 

Auckland 

(rocks) 
Tube 3 11.7 0.5 7 5 

Christchurch 

(aggregation) 
Tube 5 11.5 0.6 3 4 

Christchurch 

(aggregation) 
Opercula 1 0.0 - 100 - 

Wellington 

(rocks) 
Tube 3 10.2 0.6 1 1 

Otago Harbour 

(rocks) 
Tube 5 10.5 0.9 0 0 

Otago Harbour 

(rocks) 
Opercula 2 0.0 0.0 100 0 

Doubtful Sound 

(rocks & wood) 
Tube 5 10.2 0.8 1 1 

Doubtful Sound 

(rocks) 
Opercula 2 9.6 0.6 96 5 

 

 

As a whole, tubes of S. cariniferus show higher Mg-content in the calcite (p-value: < 

0.0001) and higher aragonite content (p-value: 0.0015) than tubes of G. hystrix (see Figs. 

A.2.1 & A.2.2 in Appendices). 

 

G. hystrix tubes show significantly different Mg-content in the calcite for different locations 

(p-value: 0.0101) with tubes from the Otago Shelf (80 m water depth) having lower wt% 

MgCO3 than G. hystrix tubes from all three settings in Big Glory Bay (see Fig. A.2.3 in 

Appendices). No significant difference in the aragonite content was detected for G. hystrix 

tubes from different locations (p-value: 0.2016) (see Fig. A.2.4 in Appendices). 
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Although the One Way ANOVA shows significantly different Mg-contents for S. 

cariniferus tubes from different locations (p-value: 0.0193) the Tukey Test fails in detecting 

any difference (see Fig. A.2.5 in Appendices). However, if there is any difference among 

locations then it seems that tubes from Auckland and Christchurch have higher Mg-contents 

than tubes from the other locations. There is a significant difference in the aragonite content 

for S. cariniferus tubes from different locations (p-value: 0.0165) with tubes from Auckland 

having higher aragonite content than tubes from Otago Harbour (see Fig. A.2.6 in 

Appendices). 

 

 

3.3.2 Mineralogy within Tubes 

 

The calcite along the length of the tubes shows varying Mg-contents ranging from 8.7 to 

12.2 wt% MgCO3 for G. hystrix and from 9.1 to 10.8 wt% MgCO3 for S. cariniferus. The 

aragonite content of the tube sections ranges from 0 to 11 wt% aragonite for G. hystrix and 

from 0 to 20 wt% for S. cariniferus (Figs. 3.3-3.6). Wt% MgCO3 and wt% aragonite along 

the length of the tube of S. cariniferus from Otago Harbour seem to show some sort of 

positive correlation (Fig. 3.5).  
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Fig. 3.3: Wt% aragonite and wt% MgCO3 in the calcite along the length (from posterior tube ending at 0 cm to 

tube aperture at 12 cm) of a G. hystrix tube from Otago Harbour. Specimen was collected at Harington Point in 

about 3 m water depth on 30/06/2011. 

 

 

Fig. 3.4: Wt% aragonite and wt% MgCO3 in the calcite along the length (from posterior tube ending at 0 cm to 

tube aperture at 23 cm) of a G. hystrix tube from within the red algae layer in Big Glory Bay. Specimen was 

collected at Bravo Island 2 in about 8 m water depth on 08/07/2011. 
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Fig. 3.5: Wt% aragonite and wt% MgCO3 in the calcite along the length (from posterior tube ending at 0 cm to 

tube aperture at 7 cm) of a S. cariniferus tube from Otago Harbour. Specimen was collected in the intertidal at 

the northern tip of Portobello Peninsula on 19/11/2010. 

 

 

Fig. 3.6: Wt% aragonite and wt% MgCO3 in the calcite along the length (from posterior tube ending at 0 cm to 

tube aperture at 9 cm) of a S. cariniferus tube from Doubtful Sound. Specimen was collected at Deep Cove in 

about 7 m water depth on 20/04/2011. 
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3.4 Discussion 

 

 

3.4.1 General Tube Mineralogy 

 

In New Zealand both G. hystrix and S. cariniferus tubes are made of high-Mg calcite (9.5 & 

10.8 wt% MgCO3 respectively) with no or only little aragonite (maximum of 2 wt% for G. 

hystrix and 12 wt% for S. cariniferus). Although tubes of both serpulids have similar 

mineralogy S. cariniferus tubes show significantly higher Mg- and aragonite content than 

tubes of G. hystrix. This difference is probably a result of the two serpulids having specific 

genetic controls over their mineral precipitation. 

 

G. hystrix tubes from aggregations in Big Glory Bay, Stewart Island have been described as 

high-Mg calcites with a mean of 10.5 wt% MgCO3 (Smith et al., 2005) or 10.7 wt% MgCO3 

(Klemm, 2007). G. hystrix tubes from the same setting analysed in this study showed 10.1 

wt% MgCO3 in the calcite, which is similar to the results of the previous studies. In Otago 

Harbour G. hystrix tubes were reported to have a mean of 8.6 wt% MgCO3 in the calcite 

(Klemm, 2007), which is not too far off the 9.7 wt% MgCO3 determined in this study. Knox 

(1949) reported on completely aragonitic tubes for S. cariniferus aggregations at Banks 

Peninsula, Canterbury. The present study proves that Knox’s statement is incorrect because 

tubes of S. cariniferus from Sumner Beach, Canterbury were determined to consist of high-

Mg calcite (11.5 wt% MgCO3) with only little (3 wt%) aragonite. 

 

The calcite of serpulid tubes is expected to show increasing wt% MgCO3 towards lower 

(warmer) latitudes (Fig. 3.7 from Smith & Riedi, in prep.). The Mg-content in the calcite of 

G. hystrix and S. cariniferus tubes (9.5 & 10.5 wt% MgCO3 respectively) from New 
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Zealand agrees well with the Mg-content of serpulid tubes from similar latitudes. According 

to figure 3.7 serpulid tubes from similar latitudes as New Zealand (~35-47°) from both the 

southern and northern hemisphere show between ~8-13 wt% MgCO3 in the calcite. 

 

 

 

Fig. 3.7: Weight percentage MgCO3 in the calcite of serpulid tubes plotted against latitude. The grey curve 

shows the expected approximate trend of increasing wt% MgCO3 towards lower (warmer) latitudes. Data from 

Smith & Riedi, in prep. 

 

Lowenstam (1954) reported on an increase in percentage aragonite relative to calcite with 

increasing water temperature for several marine calcifiers, including serpulids. In his study 

the aragonite content of serpulid tubes ranged from 0% at a mean water temperature of ~5°C 

to 100% at 18-28°C (Fig. 3.8). The results of his work compare well with the mineralogy of 

G. hystrix and S. cariniferus from the present study. Serpulid tubes in Otago Harbour 

showed 0 wt% aragonite, which is possible according to Lowenstam. His graph suggests 

that 0-30% aragonite would be expected in Otago Harbour, which has a mean annual water 

temperature of about 11°C (Greig et al., 1988).  
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Fig. 3.8: Weight percentage aragonite of serpulid tubes plotted against mean ambient water temperature 

(Lowenstam, 1954, page 293). 

 

G. hystrix tubes are usually completely calcitic in composition with no aragonite (only tubes 

from aggregations in Big Glory Bay showed 1 wt% aragonite). Vinn et al. (2008), however, 

reported on G. hystrix tubes from Queen Charlotte Sound, Marlborough with 8.8 wt% 

aragonite. It is therefore possible that, although not found in this study, a trend of increasing 

aragonite content exists towards lower (warmer) latitudes for tubes of G. hystrix. The Mg-

content in the calcite of G. hystrix tubes collected on the Otago Shelf is significantly lower 

than the one for specimens from the three settings in Big Glory Bay. Although no 

significant differences in Mg-content were detected among all other locations specimens 

collected on the Otago Shelf showed the lowest wt% MgCO3 in the calcite. Worms sampled 

on the Otago Shelf lived in 80 m water depth, while all other analysed specimens occurred 

in less than 15 m water depth. This finding leads to the assumption that changes in water 

temperature with depth may have an influence on the Mg-content of G. hystrix tubes, 

showing a negative correlation between temperature/depth and wt% MgCO3 in the calcite.  
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Tubes of S. cariniferus from Auckland showed higher Mg- and significantly higher 

aragonite content than specimens from Otago Harbour. Auckland is the northernmost 

location where S. cariniferus was analysed for tube mineralogy, therefore experiencing the 

highest water temperatures among the study locations. While mean annual water 

temperatures around Auckland are about 17°C, Otago Harbour has mean annual water 

temperatures of only about 11°C (Greig et al., 1988). It thus is likely that the carbonate 

secretion of S. cariniferus is influenced by the latitudinal change in water temperature, 

showing increasing Mg- and aragonite contents towards lower (warmer) latitudes.  

 

It is interesting that G. hystrix shows different mineralogy between tubes and opercula with 

latter showing much higher Mg-contents (mean: 15.1 wt% MgCO3). Calcites show different 

properties for different Mg-contents. They become harder and denser (Elstnerová et al., 

2010) but also less stable and energetically more expensive to produce towards higher wt% 

MgCO3 (Smith & Lawton, 2010). G. hystrix perhaps secrete opercula made of such dense 

calcite, high in magnesium, in order to form a strong tube closing mechanism. Since G. 

hystrix usually occurs in sheltered subtidal areas it seems that there is no need for such 

additional protection. It is thus suggested that this serpulid reinforces its operculum in order 

to withstand attacks from predators trying to feed on it. The movable spines attached to G. 

hystrix opercula (Ten Hove & Kupriyanova, 2009) further strengthen this assumption. The 

worm accepts the additional energy needed to produce these opercula with higher Mg-

content in the calcite in order to gain a stronger tube closing apparatus.  

 

S. cariniferus also shows different mineralogy between tubes and opercula. Although having 

calcitic tubes, their opercula are either entirely aragonitic or have only low high-Mg calcite 

contents. Aragonite is stronger, more durable (Milliman, 1974) and thus less susceptible to 

physical erosion than calcite. On the other hand it is less stable at normal surface 
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temperatures (Milliman, 1974) and energetically more expensive to produce than calcite 

(Gray & Smith, 2004). The high-energy intertidal environment S. cariniferus usually 

inhabits may help in explaining the reason for the difference in the mineral content of tube 

and opercula. S. cariniferus possibly produces entirely aragonitic opercula in the intertidal 

in order to cope with the sand particles being smashed against the tube aperture by waves 

and tidal currents in the intertidal. Further evidence for this theory is provided by the 

aragonitic opercula of S. cariniferus from the subtidal region in Doubtful Sound which 

contain small amounts (< 10 wt%) of high-Mg calcite (9.6 wt% MgCO3). By inhabiting the 

subtidal area specimens from Doubtful Sound are not exposed to such strong physical forces 

compared to specimens occurring in the intertidal in Otago Harbour and at Christchurch. It 

is thus possible that specimens from Doubtful Sound adapted their carbonate precipitation 

towards a production of energetically less expensive carbonate with lower weight 

percentages aragonite since they live in a more sheltered environment without the need of 

such strong opercula. Again, the additional energy needed to produce aragonite is accepted 

due to the gain in strength for the operculum. 

 

Although both serpulids precipitate tubes of high-Mg calcite with no or only little aragonite 

some variability in tube mineralogy exists for specimens from different locations in New 

Zealand. Similar to Bornhold & Milliman’s (1973) conclusion, these results suggest that 

tube mineralogy of both serpulids may show some sort of environmental control 

superimposing the genetic control. At least for S. cariniferus the ambient water temperature 

may have an influence on tube mineralogy by causing an increase in the magnesium and 

aragonite content towards higher water temperatures. This positive correlation between 

magnesium, aragonite content and water temperature is not surprising since it is already 

known for several other marine calcifying organisms (Chave, 1954; Lowenstam, 1954; 

Dodd, 1963; Bornhold & Milliman, 1973; Lowenstam & Weiner, 1989). 
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A bigger mineralogical study analysing serpulid tubes of a wider latitudinal region is 

recommended. Results of such a study could provide a better understanding to what extent 

the carbonate precipitation of the two serpulids is controlled by environmental (i.e. water 

temperature, light, carbonate saturation, nutrient concentration) and genetic factors. 

Aragonite contents determined in this study could be somewhat imprecise (about ±5%; 

Chave, 1962) and should be interpreted with caution. Further mineralogical studies should 

therefore consider the costly but more accurate X-ray fluorescence (XRF) in order to 

determine the aragonite content for serpulid tubes. Because encrusting organisms are 

believed to falsify tube mineralogy measurements only clean (that is not encrusted or 

chemically eroded) serpulid tubes should be used for mineralogical studies. 

 

The mineralogy of marine calcifers is important in the context of ocean acidification. Both 

serpulids produce tubes of high-Mg calcite with 9.5 wt% and 10.8 wt% MgCO3 for G. 

hystrix and S. cariniferus respectively. High-Mg calcites with 8-12 mol% MgCO3, that is 

6.8-10.3 wt% MgCO3, have approximately the same solubility as aragonite (Andersson et 

al., 2008) and are therefore more soluble than pure calcite. As a result, G. hystrix and S. 

cariniferus might be especially sensitive to ocean acidification. The continuous drop in 

ocean pH could result in the dissolution of their tubes and maybe also cause an impairment 

of the worms’ carbonate production ability. The loss of serpulids as temperate reef-builders 

in New Zealand could be severe; causing a local decrease in sedimentation, habitats and 

biodiversity. Long-term studies exposing both living serpulids as well as empty tubes to sea 

water of differing acidity are recommended in order to resolve how pH affects the worms’ 

calcification and the tubes’ chemical dissolution. A similar study completed by Ries et al. 

(2009) revealed that the serpulid Hydroides crucigera shows a decrease in net calcification 
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with increasing pCO2 (reduced CaCO3 saturation state). Experiments to examine the effects 

of temperature on aragonite and Mg-content may also be worthwhile. 

 

 

3.4.2 Mineralogy within Tubes 

 

To date there is no information available about the mineralogical variation within tubes of 

G. hystrix and S. cariniferus. Analyses of the mineralogy along the tube length of these two 

serpulids were expected to show some sort of correlation between the aragonite, Mg-content 

and water temperatures. Similar to the findings of Lowenstam & Weiner (1989) the Mg-

content along the tubes was predicted to fluctuate with seasons showing an increase in wt% 

MgCO3 in the calcite towards warmer water temperatures. Since the aragonite content of 

serpulid tubes and the water temperature show a positive correlation (Lowenstam, 1954) the 

aragonite content was expected to increase towards summer and decrease towards winter. 

Although both the aragonite and Mg-content varied along the length of the serpulid tubes of 

both species no correlation or clear pattern of seasonal changing aragonite or Mg-content 

was detected.  

 

The only specimen revealing some sort of positive correlation between the two minerals was 

S. cariniferus from Otago Harbour (see Fig. 3.5). However, it seems that this correlation 

originated by chance only. The specimen was collected and killed in spring (19/11/2010) at 

relatively high water temperatures when both the aragonite and Mg-contents would be 

expected to be high (see Chave, 1954; Lowenstam, 1954; Bornhold & Milliman, 1973; 

Lowenstam & Weiner, 1989). Both minerals, however, show low weight percentages at the 

tube aperture (right end), which is the tube part the worm produced in spring just before it 

was killed. The apparent correlation of the two minerals in figure 3.5 is therefore either a 
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coincidence or is caused by the measurement error (±0.8% for wt% MgCO3 in the calcite 

and ±5% for the aragonite content).  

 

In order to ensure a long term mineralogical record only large and old serpulid tubes were 

selected for mineralogical analyses along the tube length. All selected specimens were 

heavily encrusted with other calcifying organisms and showed at least some chemical 

erosion. Boring fungi and algae (Wilson, 1976; Bosence, 1979; pers. observation), sponges 

(Bosence 1979; pers. observation) and polychaetes (Bosence, 1979; Haines & Maurer 1980) 

can all attack serpulid tubes. Hence, the high aragonite and varying Mg-contents along the 

tubes of some of the studied specimens are probably the result of bioerosion by boring 

organisms or non-tube carbonate material of encrusting organisms. Although all visible 

encrustations were ground off the tubes’ surface before analysis, boring organisms may 

have changed the mineralogy further inside the tube structure, thereby affecting the 

mineralogical measurements. General mineralogical analyses (section 3.3.1), on the other 

hand, were completed for only fresh looking tubes without major encrustations, therefore 

representing more accurate results. 

 

If seasonal fluctuations in the aragonite and Mg-content exist for these two serpulids then 

they are insignificantly small and are either masked by mineralogical impurities caused by 

other encrusting or boring organisms or lost within the measuring error. Hence, mineralogy 

along the tubes cannot be used for determining tube growth rates and age of G. hystrix and 

S. cariniferus. 
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Chapter 4. Age, Growth and Calcification 

 

 

4.1 Introduction 

 

Age, growth and calcification of reef-forming serpulids is of interest to both geologists and 

biologists for several reasons. Geologists can use growth rates to quantify serpulid reef 

formation, and calcification rates to determine sediment production rates and to develop 

carbon flux models. Biologists, on the other hand, are interested in age, growth and 

calcification rates of serpulids since they give insight into population dynamics, help to 

understand the serpulids’ life-history and reveal how long serpulid reefs might last, 

providing habitat for various other animals and plants. Moreover, a complete understanding 

of age, growth and calcification may help in effectively managing the conservation of 

serpulid aggregations. Calcification rates of serpulid tubes, however, can only be calculated 

by completing both allometric studies (see chapter 2) and in situ growth measurments. 

 

This study determines age, growth and calcification rates for Galeolaria hystrix and 

Spirobranchus cariniferus over the course of a year (December 2010 to December 2011) in 

Otago Harbour, southeastern New Zealand. Growth rates are determined by direct growth 

measurements of tubes located along transects and by analysing tubes marked with the 

fluorescent dye Calcein. Growth measurements in combination with allometric correlations 

(section 2.3.6) were used to calculate calcification rates for individuals of G. hystrix and S. 

cariniferus and their aggregations. A Brody-Bertalanffy growth model was constructed in 

order to have a rough understanding of the age of G. hystrix and S. cariniferus. This is the 



 

82 
 

first detailed study to be completed about tube growth and calcification for the two serpulids 

G. hystrix and S. cariniferus.  

 

 

4.2 Methods 

 

In order to measure in situ growth rates of serpulid worm tubes over a long time period, 

individual worms must be identified and re-located at each monitoring event. Relocating the 

same worms in the highly variable marine environment, however, can be very difficult. 

Quickly changing flora may alter the local area beyond recognition and strong currents and 

waves can remove or destroy the studied samples. In order to account for the likely loss of 

samples or the failure of growth measurement techniques, two different methods (transects 

and mark-recapture) were used to determine growth rates for G. hystrix and S. cariniferus.  

 

 

4.2.1 Transects 

 

Two transects were used to study the growth of G. hystrix and S. cariniferus in Otago 

Harbour over a period of 12 months. The study site of Harington Point (45°47.059’S, 

170°43.388’E), Otago Harbour, SE New Zealand was chosen for this work because of the 

presence of numerous worms of both species individually attached to rocks.  

 

Two transects, each about 10 metres long, were installed parallel to the shoreline at 

Harington Point, Otago Harbour; one for G. hystrix and one for S. cariniferus. The transect 

for G. hystrix was set up in the subtidal region about 2 m below mean low tide; the transect 

for S. cariniferus was in the intertidal at about 0.7 m above mean low tide. The transect 
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locations were chosen where sufficient serpulids were present and distinctive rocks marked 

their endings. Rocks with one or more serpulids attached were collected in close proximity 

to the transects (± 20 m but at the same shore level as transect), marked with cable ties and 

then laid down along the transect lines. In such a way a total of 47 G. hystrix and 29 S. 

cariniferus tubes were marked at Harington Point. Not all of the marked tubes, however, 

were used for growth measurements because some individual worms died or were lost 

during the period of this study.  

 

Monitoring of the transects occurred approximately monthly. Work along the transect of G. 

hystrix was completed using SCUBA diving, whereas the transect of S. cariniferus was 

studied in the intertidal at low tide. During each monitoring event (11 events for G. hystrix 

and 10 events for S. carinifierus) a rope was first fixed along the transect to simplify 

identification of marked individuals. The rocks with cable ties were then cleaned with a 

toothbrush, carefully scrubbing off all sand/silt from their surfaces. All tubes attached to 

these rocks were photographed with a scale and then each rock was replaced in its original 

position. Monitoring took place over a period of 12 months, beginning on 5
th

 December 

2010 and ending 5
th

 December 2011.  

 

 

4.2.2 Analysis of Photographs 

 

Growth rates of serpulid tubes attached to rocks along transects were determined by 

measuring new growth using the image processing application ImageJ (version 1.43u, 

Wayne Rasband National Institutes of Health, USA). Digital photographs with a scale were 

taken of all studied worms at different time intervals. The distance to the tube aperture (or, 

more precisely, the distance to the line connecting the most distal parts of both tube walls) 
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was measured from a distinctive feature (e.g. crest in keel or curvature in tube) in two 

successive photographs of different monitoring events (Fig. 4.1) and their difference was 

calculated. This whole process was repeated another two times using two more distinctive 

features of the tube. The mean of the three calculated differences was taken to be the added 

tube length for the particular time period. This method was chosen because the 

measurement error strongly depends on the shape of the newly precipitated part and on the 

distance of the distinctive features from the tube aperture. By measuring the distance to the 

tube aperture from three different locations within the tube the standard error could be 

calculated for each growth measurement (see Tables A.3.1 & A.3.2 in Appendices). The 

keel extension at the tube aperture was ignored for growth measurements because its length 

often varied between monitoring events. 

 

 

Fig. 4.1: S. cariniferus tube at Harington Point, Otago Harbour on 22/02/2011 (A) and 05/04/2011 (B). The 

illustration shows how the distance between a distinctive feature (DF) of the tube and the line connecting the 

most distal parts of the two tube walls (Line TA) was measured in ImageJ in two photographs of the 

monitoring events. This specimen (S8_T_HP) added 0.502 cm of tube during the particular time period. 

A B 
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Sometimes the anterior parts of tubes were overgrown by other serpulids or were missing, 

which made measurements of initial tube lengths (length at first monitoring event) 

impossible. In such cases the initial tube length was calculated using the initial tube 

diameter (measured in ImageJ) and the equation of the power function of the diameter-to-

length relationship equations for Otago Harbour (section 2.3.6). Length measurements were 

only completed between distinctive features of the tube located in the same plane as the 

scale in order to avoid inaccurate measurements due to the different angle of the scale and 

parts of the tube.  

 

Only specimens recovered alive over a period of at least 6 months were included in this 

study. Worms were assumed dead and not used for growth studies if no freshly precipitated 

carbonate material (bright white calcium carbonate) was observed at the tube aperture in the 

last picture taken for the particular specimen. In addition, specimens were not used for 

growth studies if their pictures were of poor quality. As a result, only 14 G. hystrix and 10 S. 

cariniferus tubes along transects were useable for growth studies. 

 

 

4.2.3 Statistical Analyses 

 

Statistical tests were completed in JMP to compare summer (5
th

/6
th

 December 2010 to 31
st
 

March 2011 + 1
st
 October 2011 to 5

th
 December 2011) to winter (1

st
 April 2011 to 30

th
 

September 2011) tube growth  for specimens monitored over 12 months along the transects 

at Harington Point. A Two-Sample T-Test (One Way ANOVA) was completed for S. 

cariniferus since its data set showed normality and equal variances (Fig. A.3.2 in 

Appendices). A T-Test was completed for G. hystrix because its data showed unequal 

variances (Fig. A.3.1 in Appendices). Daily tube growth rates were calculated for each 
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specimen using the growth of the adjacent time period. These daily growth rates were then 

used to correct for the fact that dates used to compare winter to summer growth and dates of 

monitoring did not match. 

 

 

4.2.4 Mark/Recapture 

 

The skeletal growth marker Calcein (2,4-bis[N,N’-di(carbomethyl)-

aminomethyl]fluorescein) was used to mark the carbonate tubes of G. hystrix and S. 

cariniferus. This marker has been shown previously to successfully mark the skeletons of 

calcifying organisms such as bivalves (McKinnon, 1996), bryozoans (Smith et al., 2001) 

and serpulids (Klemm, 2007) and is reported to be less toxic than another often-used marker 

tetracycline (Monaghan, 1993). Sites where the Calcein has been incorporated into the 

skeletal structure during biomineralization fluoresce green under ultraviolet light (e.g., 

Moran, 2000; Mahé et al., 2010) and can therefore be used to measure skeletal growth since 

marking. 

 

Two separate tube growth studies of G. hystrix and S. cariniferus using Calcein as a marker 

were completed at Harington Point (45°47.059’S, 170°43.388’E) in Otago Harbour (Table 

4.1). During each study the marked tubes remained in their natural environment for 6 

months, covering a total time period of 12 months. Study C1 covered summer and autumn 

(Dec to June) and study C2 covered winter and spring (June to Dec). This procedure was 

chosen to avoid the loss of all marked specimens during the study period, after high 

mortality/destruction of samples along the transect lines was observed.  
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For each study several rocks (C1: 8 rocks for G. hystrix and 8 for S. cariniferus; C2: 12 

rocks for G. hystrix and 9 for S. cariniferus) with living G. hystrix and S. cariniferus 

attached were collected. Rocks were selected so that individually attached serpulid tubes of 

a wide size range were present. All rocks were marked with cable ties and then immersed in 

an aerated 100 mg/l Calcein-seawater solution (Table 4.1). Two hours after the immersion 

all worms were checked and observed to have their fan protruded for suspension feeding, 

therefore possibly precipitating calcium carbonate. After another 46 hours all samples were 

removed from the Calcein solution and then kept in a seawater tank with a flow through 

system of seawater from Otago Harbour until being returned to their natural environment. 

Three to five days later the marked samples were returned to Harington Point; placed next to 

distinctive rocks near to where they were collected (± 20m lateral, but same shore level). Six 

months later all samples were collected for growth analyses.  

 

Table 4.1: Numbers, dates and details for the two Calcein-marking studies of serpulid tubes of G. hystrix (G) 

and S. cariniferus (S) from Harington Point, Otago Harbour. 

Study 
N 

marked 

Calcein-

marking 

Time in 

solution 

Calcein 

solution 

Date marked 

tubes 

returned to 

site 

Recollection 

of marked 

tubes 

N  

recovered 

C1 
G: 16 

S: 20 

10/12/2010 

to 

12/12/2010 

48 h 

100 mg/litre 

T: 15.4°C 

S: 34.0 ppt 

pH: 6.5 

15/12/2010 17/06/2011 
G: 8 

S: 5 

C2 
G: 18 

S: 13 

10/06/2011 

to 

12/06/2011 

48 h 

100 mg/litre 

T: 10.0°C 

S: 33.2 ppt 

pH: 6.3 

17/06/2011 05/12/2011 
G: 6 

S: 9 

 

 

After collection of the Calcein-marked samples from Harington Point all worms were 

removed from their tubes with a tweezers and discarded. The calcareous tubes were first 

cleaned with a steel brush, sandpaper and tap water, then bleached in sodium hypochlorite 
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(21.5 g/litre) for 24 hours to remove any organic matter and lastly rinsed in Millipore-

filtered water and dried in an oven at 60°C. Photographs of the tubes with a scale were taken 

with a digital microscope under a long wave ultraviolet lamp (Blak-ray, Model B-100A, 

Ultraviolet Products). The length of the newly-precipitated tube was then determined to the 

nearest 0.5 mm by measuring the distance between the fluorescent tube section and the tube 

aperture (more precisely to the line connecting the most distal parts of both tube walls) 

along the longitudinal keel using ImageJ (Fig. 4.2). Sometimes the initial tube length could 

not be measured due to a large missing posterior tube ending. In such cases the initial tube 

length was calculated using the initial tube diameter (measured with digital caliper) and the 

equation of the power function of the diameter-to-length relationship for Otago Harbour 

(section 2.3.6). 

 

 

 

Fig. 4.2: Calcein-marked G. hystrix tube exposed to a long wave ultraviolet lamp. The illustration shows how 

the length of the newly-precipitated tube was measured between the fluorescent tube section and the line 

connecting the most distal parts of both tube walls (Line TA). The specimen spent 6 months in its natural 

environment at Harington Point, Otago Harbour before being collected for analysis. 
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4.2.5 Annual Growth and Calcification 

 

Serpulid tube growth in Otago Harbour seems to be faster in summer compared to winter 

(section 4.3.1). In order to avoid erroneous annual growth and calcification results due to 

different seasonal growth, only growth results of specimens along transects monitored half 

the time during the summer months and the other half during the winter months were used. 

As a result, specimens monitored for either 12 months (5
th

/6
th

 December 2010 to 5
th

 

December 2011) or 6 months (1
st
 January 2011 to 30

st
 June 2011 and 1

st
 July 2011 to 5

th
 

December 2011 + 5
th

/6
th

 December 2010 to 31
st
 December 2010) were used. Daily tube 

growth rates were calculated for each specimen using the growth of the adjacent time period 

in order to correct for the fact that dates used for annual growth and calcification 

calculations and dates of monitoring did not match. Growth results of Calcein-marked tubes 

could not be corrected for seasonal changes in growth. Nevertheless, these results were used 

for annual growth and calcification calculations because they represent very accurate tube 

growth measurements over a period of 6 months. All length and growth measurements and 

calculations are reported to a resolution of 1 mm because the error for growth measurements 

was determined to be < 2 mm for the whole study period of tubes along transects and 

maximal 0.5 mm for Calcein-marked tubes. 

 

Tube lengths could be measured more accurately than tube diameters in photographs taken 

during monitoring events. Therefore, calcification rates (g/year) were calculated by using 

the initial and final tube lengths and the equations of the power function for the length-to-

weight relationships for Otago Harbour (see section 2.3.6). 
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4.2.6 Brody-Bertalanffy Growth Model 

 

Tube growth was modelled using the Brody-Bertalanffy growth model (Von Bertalanffy, 

1938; Brody, 1945) in order to gain a rough understanding of how tube growth changes with 

age of G. hystrix and S. cariniferus. Although this model was initially designed to model 

growth of living organisms it was used here to model growth of the tube and not the worm. 

The Brody-Bertalanffy model was chosen because of two reasons: it is the most simple 

growth model and it is widely used in biological growth studies of other marine 

invertebrates (e.g., Nichols et al., 1985; Rogers-Bennett et al., 2007). Other, more 

complicated growth models, however, may be more suitable for serpulid tube growth. 

Further studies in order to work out the best tube growth model for the two serpulids are 

recommended. 

 

Only specimens used for annual tube growth and calcification calculations from section 

4.3.3 were used to model growth curves. The initial and final (initial length + annual 

growth) tube lengths were analysed using Walford plots (see Figs. A.3.3 & A.3.4 in 

Appendices) (Walford, 1946). The relationship between these two variables was then 

established using linear regressions in order to calculate the parameters of the growth 

function. 

 

The parameters for the Brody-Bertalanffy growth function 

 

Lt = L∞(1 - be
-Kt

)          (1) 

 

were determined using the linear difference equation, y = c + mx, where y is the final (Lt + 

Δt), x the initial tube length (Lt) and m the slope of the regression, m = e
-Kt

.  
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L∞ is the maximum tube length 

 

L∞ = c / (1 - m)         (2) 

 

and K the growth constant 

 

K = - lnm / t          (3) 

 

where t is the time in years between the initial and final growth measurement (in this 

particular study t = 1) and 

 

 b = 1 - L0 / L∞          (4) 

 

where L0 is the tube length at settlement. Newly settled serpulid larvae do not have a 

carbonate tube yet. Therefore, L0 = 0 and b = 1 for serpulid tubes. 

 

 

4.3 Results 

 

 

4.3.1 Tube Growth along Transects 

 

Tube growth along transects is illustrated for 14 G. hystrix and 10 S. cariniferus specimens 

which were monitored at Harington Point, Otago Harbour between 5
th

 December 2010 and 

5
th

 December 2011 (Figs. 4.3 & 4.4). Tube growth for both species and most specimens 

seems to vary between different monitoring events without a clear pattern of increasing 

growth towards summer and declining growth towards winter. Tube growth in a given 

monitoring period ranged from 0.05 to 2.1 cm for G. hystrix and from 0.03 to 1.25 cm for S. 
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cariniferus. As a whole, however, tubes of G. hystrix show significantly faster growth 

during the summer months (October to March) than during the winter months (April to 

September) (p-value: 0.0177), growing between 0.3-2.4 cm faster during summer at the 

95% confidence interval (see Fig. A.3.1 in Appendices). Although S. cariniferus tubes also 

grow faster during summer, no significant difference was detected between summer and 

winter growth for this species (p-value: 0.1205) (see Fig. A.3.2 in Appendices). Tubes of 

juveniles of both serpulids grow rapidly during their initial development (G. hystrix: 0.2-0.3 

mm/day; S. cariniferus: ~0.1 mm/day) and then show decreasing growth with increasing 

tube length (G. hystrix adults: 0.03-0.06 mm/day; S. cariniferus adults: ~0.01 mm/day) 

(Figs. 4.3 & 4.4). In most cases the slope of the line connecting the calculated tube lengths 

of different monitoring events decreases for larger tubes, which also indicates that tube 

growth generally slows down with age for both species. 
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4.3.2 Growth of Calcein-marked Tubes 

 

Growth of Calcein-marked G. hystrix tubes was similar for both Calcein studies with a mean 

of 2.0 cm (n = 8, sd = 0.4, range: 1.5 to 2.7 cm) for the first study C1 (12/12/2010 - 

17/06/2011) and a mean of 1.6 cm (n = 8, sd = 0.5, range: 1.3 to 2.3 cm) for the second 

study C2 (17/06/2011 - 05/12/2011) (Table 4.2). 

 

Table 4.2: Growth of Calcein-marked tubes of G. hystrix at Harington Point (HP), Otago Harbour. The two 

studies are: 12/12/2010 - 17/06/2011 (C1) and 17/06/2011 - 05/12/2011 (C2). 

Sample Study 

Time 

Interval 

(days) 

Initial Length 

(cm) 

Final Length 

(cm) 

Incremental 

Growth (cm) 

Annual 

Growth Rate 

(cm/year) 

C1_HP G1 C1 187 6.1 8.1 2.0 3.9 

C1_HP_G2 C1 187 6.2 8.3 2.1 4.1 

C1_HP_G3 C1 187 4.2 6.0 1.8 3.5 

C1_HP_G4 C1 187 7.3 9.7 2.4 4.7 

C1_HP_G5 C1 187 6.5 8.1 1.6 3.1 

C1_HP_G6 C1 187 8.6 10.1 1.5 2.9 

C1_HP_G7 C1 187 8.4 10.4 2.0 3.9 

C1_HP_G8 C1 187 0.8 3.5 2.7 5.3 

C2_HP_G1 C2 171 5.4 7.1 1.7 3.6 

C2_HP_G2 C2 171 14.5 15.5 1.0 2.1 

C2_HP_G3 C2 171 7.8 9.8 2.0 4.3 

C2_HP_G4 C2 171 8.4 9.7 1.3 2.8 

C2_HP_G5 C2 171 8.4 10.7 2.3 4.9 

C2_HP_G6 C2 171 5.6 6.9 1.3 2.8 
 

 

Growth of Calcein-marked S. cariniferus tubes was similar for both Calcein studies with a 

mean of 0.6 cm (n = 5, sd = 0.2, range: 0.4 to 0.9 cm) for the first study C1 (12/12/2010 - 

17/06/2011) and a mean of 0.8 cm (n = 9, sd = 0.3, range: 0.3 to 1.3 cm) for the second 

study C2 (17/06/2011 - 05/12/2011) (Table 4.3). 
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Table 4.3: Growth of Calcein-marked tubes of S. cariniferus at Harington Point (HP), Otago Harbour. The two 

studies are: 12/12/2010 - 17/06/2011 (C1) and 17/06/2011 - 05/12/2011 (C2). 

Sample Study 

Time 

Interval 

(days) 

Initial Length 

(cm) 

Final Length 

(cm) 

Incremental 

Growth (cm) 

Annual 

Growth Rate 

(cm/year) 

C1_HP_S1 C1 187 5.2 5.8 0.6 1.2 

C1_HP_S2 C1 187 8.0 8.4 0.4 0.8 

C1_HP_S3 C1 187 5.1 6.0 0.9 1.8 

C1_HP_S4 C1 187 5.4 6.2 0.8 1.6 

C1_HP_S5 C1 187 6.6 7.0 0.4 0.8 

C2_HP_S1 C2 171 6.6 7.1 0.5 1.1 

C2_HP_S2 C2 171 5.8 6.7 0.9 1.9 

C2_HP_S3 C2 171 3.3 4.6 1.3 2.8 

C2_HP_S4 C2 171 8.2 8.6 0.4 0.9 

C2_HP_S5 C2 171 5.9 6.8 0.9 1.9 

C2_HP_S6 C2 171 5.2 6.2 1.0 2.1 

C2_HP_S7 C2 171 9.2 9.5 0.3 0.6 

C2_HP_S8 C2 171 4.3 5.3 1.0 2.1 

C2_HP_S9 C2 171 6.4 7.0 0.6 1.3 

 

 

4.3.3 Annual Growth and Calcification 

 

Mean annual tube growth for G. hystrix at Harington Point, Otago Harbour between 

December 2010 and December 2011 was 4.1 cm (n = 28, sd = 1.4) and ranged from 2.0 to 

6.7 cm. Mean annual calcification was 1.5 g (n = 28, sd = 0.6) and ranged from 0.6 to 2.9 g 

(Table 4.4). While tube growth slows down for larger (older) G. hystrix (Fig. 4.5), 

calcification rates increase with increasing tube size (Fig. 4.6). 
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Table 4.4: Annual tube growth and calcification of G. hystrix at Harington Point (HP), Otago Harbour. 

Methods are: Transects (T) and Calcein (C). Studies for measurements along transects are: 6
th

 December 2010 

- 5
th

 December 2011 (T1), 1
st
 January 2011 - 30

st
 June 2011 (T2) and 1

st
 July 2011 - 5

th
 December 2011 + 6

th
 

December 2010 - 31
st
 December 2010 (T3). Studies for measurements of Calcein-marked tubes which are 

uncorrected for changing seasonal growth are: 12/12/2010 - 17/06/2011 (C1) and 17/06/2011 - 05/12/2011 

(C2). 

Sample 
Site & 

Method 
Study 

Initial 

Length 

(cm) 

Final 

Length 

(cm) 

Growth 

(cm) 

Time 

Interval 

(days) 

Annual 

Growth 

(cm/year) 

Annual 

Calcification 

(g/year) 

T1_HP_G1 HP/T T1 8.5 11.6 3.1 364 3.1 1.6 

T1_HP_G2 HP/T T1 1.9 7.6 5.7 364 5.7 1.0 

T1_HP_G7 HP/T T1 1.4 7.9 6.6 364 6.6 1.1 

T1_HP_G8 HP/T T1 0.0 5.2 5.2 364 5.2 0.4 

T1_HP_G9 HP/T T1 0.0 6.0 6.0 364 6.0 0.6 

T1_HP_G10 HP/T T1 7.7 11.0 3.3 364 3.3 1.5 

T1_HP_G12 HP/T T1 5.6 8.1 2.5 364 2.5 0.7 

T2_HP_G3 HP/T T2 7.6 9.5 1.9 180 3.9 1.9 

T2_HP_G4 HP/T T2 1.7 4.5 2.8 180 5.7 0.9 

T2_HP_G5 HP/T T2 2.3 5.3 3.0 180 6.1 1.2 

T2_HP_G6 HP/T T2 1.1 4.4 3.3 180 6.7 1.1 

T2_HP_G11 HP/T T2 6.9 8.8 1.9 180 3.9 1.7 

T3_HP_G13 HP/T T3 14.8 15.8 1.0 183 2.0 2.1 

T3_HP_G14 HP/T T3 15.3 16.6 1.3 183 2.6 2.9 

C1_HP_G1 HP/C C1 6.1 8.1 2.0 187 3.9 1.4 

C1_HP_G2 HP/C C1 6.2 8.3 2.1 187 4.1 1.6 

C1_HP_G3 HP/C C1 4.2 6.0 1.8 187 3.5 0.8 

C1_HP_G4 HP/C C1 7.3 9.7 2.4 187 4.7 2.3 

C1_HP_G5 HP/C C1 6.5 8.1 1.6 187 3.1 1.1 

C1_HP_G6 HP/C C1 8.6 10.1 1.5 187 2.9 1.5 

C1_HP_G7 HP/C C1 8.4 10.4 2.0 187 3.9 2.1 

C1_HP_G8 HP/C C1 0.8 3.5 2.7 187 5.3 0.6 

C2_HP_G1 HP/C C2 5.4 7.1 1.7 171 3.6 1.1 

C2_HP_G2 HP/C C2 14.5 15.5 1.0 171 2.1 2.1 

C2_HP_G3 HP/C C2 7.8 9.8 2.0 171 4.3 2.2 

C2_HP_G4 HP/C C2 8.4 9.7 1.3 171 2.8 1.4 

C2_HP_G5 HP/C C2 8.4 10.7 2.3 171 4.9 2.8 

C2_HP_G6 HP/C C2 5.6 6.9 1.3 171 2.8 0.8 
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Fig. 4.5: Annual tube growth (cm/y) plotted against initial tube length (cm) for G. hystrix studied at Harington 

Point, Otago Harbour between December 2010 and December 2011. 

 

 

 

 

Fig. 4.6: Annual calcification (g/y) plotted against initial tube length (cm) for G. hystrix studied at Harington 

Point, Otago Harbour between December 2010 and December 2011. 
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Mean annual tube growth for S. cariniferus between December 2010 and December 2011 

was 1.7 cm (n = 24, sd = 0.8) and ranged from 0.4 to 3.4 cm. Mean annual calcification was 

0.3 g (n = 24, sd = 0.1) and ranged from 0.2 to 0.7 g (Table 4.5). Tube growth slows down 

for larger (older) S. cariniferus (Fig. 4.7). No obvious increase in calcification rates is 

apparent with increasing tube size (Fig. 4.8). 

 

Table 4.5: Annual tube growth and calcification of S. cariniferus at Harington Point, Otago Harbour. Methods 

are: Transects (T) and Calcein (C). Studies for measurements along transects are: 5
th

 December 2010 - 5
th

 

December 2011 (T1), 1
st
 January 2011 - 30

st
 June 2011 (T2) and 1

st
 July 2011 - 5

th
 December 2011 + 5

th
 

December 2010 - 31 December 2010 (T3). Studies for measurements of Calcein-marked tubes which are 

uncorrected for changing seasonal growth are: 12/12/2010 - 17/06/2011 (C1) and 17/06/2011 - 05/12/2011 

(C2). 

Sample 
Site & 

Method 
Study 

Initial 

Length 

(cm) 

Final 

Length 

(cm) 

Growth 

(cm) 

Time 

Interval 

(days) 

Annual 

Growth 

(cm/year) 

Annual 

Calcification 

(g/year) 

T1_HP_S1 HP/T T1 8.3 9.2 0.9 364 0.9 0.3 

T1_HP_S2 HP/T T1 5.9 7.9 2.0 364 2.0 0.5 

T1_HP_S3 HP/T T1 5.0 6.3 1.3 364 1.3 0.2 

T1_HP_S4 HP/T T1 2.4 4.5 2.1 364 2.1 0.2 

T1_HP_S5 HP/T T1 2.5 5.2 2.7 364 2.7 0.3 

T1_HP_S6 HP/T T1 4.8 6.3 1.5 364 1.5 0.3 

T1_HP_S7 HP/T T1 6.7 9.1 2.3 364 2.3 0.7 

T1_HP_S8 HP/T T1 1.6 5.0 3.4 364 3.4 0.3 

T1_HP_S9 HP/T T1 1.4 4.2 2.8 364 2.8 0.2 

T1_HP_S10 HP/T T1 10.1 10.5 0.4 364 0.4 0.2 

C1_HP S1 HP/C C1 5.2 5.8 0.6 187 1.2 0.2 

C1_HP_S2 HP/C C1 8.0 8.4 0.4 187 0.8 0.3 

C1_HP_S3 HP/C C1 5.1 6.0 0.9 187 1.8 0.3 

C1_HP_S4 HP/C C1 5.4 6.2 0.8 187 1.6 0.3 

C1_HP_S5 HP/C C1 6.6 7.0 0.4 187 0.8 0.2 

C2_HP_S1 HP/C C2 6.6 7.1 0.5 171 1.1 0.3 

C2_HP_S2 HP/C C2 5.8 6.7 0.9 171 1.9 0.4 

C2_HP_S3 HP/C C2 3.3 4.6 1.3 171 2.8 0.4 

C2_HP_S4 HP/C C2 8.2 8.6 0.4 171 0.9 0.3 
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C2_HP_S5 HP/C C2 5.9 6.8 0.9 171 1.9 0.4 

C2_HP_S6 HP/C C2 5.2 6.2 1.0 171 2.1 0.4 

C2_HP_S7 HP/C C2 9.2 9.5 0.3 171 0.6 0.2 

C2_HP_S8 HP/C C2 4.3 5.3 1.0 171 2.1 0.3 

C2_HP_S9 HP/C C2 6.4 7.0 0.6 171 1.3 0.3 

 

 

 

Fig. 4.7: Annual tube growth (cm/y) plotted against initial tube length (cm) for S. cariniferus studied at 

Harington Point, Otago Harbour between December 2010 and December 2011. 
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Fig. 4.8: Annual calcification (g/y) plotted against initial tube length (cm) for S. cariniferus studied at 

Harington Point, Otago Harbour between December 2010 and December 2011. 

 

 

4.3.4 Brody-Bertalanffy Growth Models 

 

The Brody-Bertalanffy growth curve for G. hystrix (Fig. 4.9) shows that this serpulid 

reaches tube lengths of almost ~6 cm only 1 year post-settlement, ~10 cm after 2 years and 

~15 cm after 4 years. Tubes of S. cariniferus, however, grow much slower and are only 

about ~3 cm long after 1 year, ~6 cm after 2 years and ~8.5 cm after 4 years (Fig. 4.10). 

Maximum possible tube lengths suggested by the model are 21.7 cm for G. hystrix and 11.5 

cm for S. cariniferus, which are similar to the observed maximal tube lengths of 19.4 cm for 

G. hystrix and 11.0 cm for S. cariniferus in Otago Harbour. 
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Fig. 4.9: Brody-Bertalanffy Growth Curve for tubes of G. hystrix studied at Harington Point, Otago Harbour 

between December 2010 and December 2011. 

 

 

 

Fig. 4.10: Brody-Bertalanffy Growth Curve for tubes of S. cariniferus studied at Harington Point, Otago 

Harbour between December 2010 and December 2011. 
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4.4 Discussion 

 

 

4.4.1 Experimental Design 

 

Both growth methods used in this study (transects and Calcein-marking) resulted in similar 

annual tube growth results of 4.5 cm and 3.7 cm for G. hystrix and 1.9 cm and 1.5 cm or S. 

cariniferus respectively. This similarity supports the robustness of this study and 

demonstrates that both techniques can be used in order to determine tube growth of 

serpulids. Measuring tube growth along transects has the advantage that temporal variations 

in tube growth can be detected, while Calcein-marking can only be used to determine the 

overall tube growth. On the other hand, Calcein-marking is a much simpler technique and 

leads to more accurate annual tube growth results due to its smaller measuring error. 

 

In comparison to S. cariniferus in the intertidal, the monitoring of G. hystrix along the 

subtidal transect posed a challenge. Quickly changing flora and fauna in the subtidal region 

made the recognition of the study site and the relocation of the studied specimens difficult. 

The marked G. hystrix tubes were often overgrown with algae, kelp and sponges, which all 

had to be removed before monitoring could take place. Study sites for further tube growth 

studies in the subtidal area should therefore be chosen carefully in order to simplify and 

assure the relocation of all studied samples during each monitoring event. 
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4.4.2 Serpulid Mortality 

 

Numerous G. hystrix worms along the subtidal transect died during the course of this study 

(21 specimens died, 12 lost, 14 used for this study). Dead serpulids of smaller size were 

often covered by a thin silt layer, while dead adult specimens mostly had a broken tube 

aperture. High sedimentation rates resulting in the suffocation of juveniles and to a lesser 

extent physical erosion of their tubes appear to be the main causes for their death. Increased 

sedimentation has been reported to kill serpulids and reduce their recruitment (Knox, 1949; 

Vine & Bailey-Brock, 1984). This high mortality shows, that under some circumstances, G. 

hystrix may have low survival rates and that only a few of the worms reach a significant 

age. S. cariniferus showed much lower mortality (2 specimens died, 4 lost, 13 not used, 10 

used in this study) and as a consequence most individuals probably reach adult sizes. 

 

 

4.4.3 Tube Growth 

 

This is the first detailed study of tube growth for the two temperate serpulids Galeolaria 

hystrix and Spirobranchus cariniferus. Mean annual tube growth at Harington Point, Otago 

Harbour in 2011 was 4.1 cm (range: 2.0-6.7 cm, n = 28) for G. hystrix and 1.7 cm (range: 

0.4-3.4 cm, n = 24) for S. cariniferus. According to the two Brody-Bertalanffy Growth 

Models, G. hystrix tubes reach lengths of ~6 cm 1 year post-settlement, ~10 cm after 2 years 

and ~15 cm after 4 years, while tubes of S. cariniferus are only about ~3 cm long after 1 

year, ~6 cm after 2 years and ~8.5 cm after 4 years. The slower tube growth of S. cariniferus 

compared to G. hystrix was expected due to the different environments the two serpulids 

inhabit. Specimens of S. cariniferus monitored during this study were located ~0.7 m above 

mean low tide in the intertidal region. According to Knox (1949) serpulids occurring at this 
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shore level are exposed to air about 50% of the time, therefore being able to suspension feed 

and produce carbonate only half of the time. In contrast, G. hystrix specimens inhabiting the 

subtidal region (~2 m below mean low water in this study) are always able to precipitate 

carbonate since they are submerged at all times. As a result, G. hystrix is submerged about 

twice as much as S. cariniferus, which neatly explains its faster tube growth. It is likely, 

however, that S. cariniferus specimens inhabiting the shallow subtidal region and the deeper 

subtidal in Doubtful Sound have much faster tube growth rates than those reported in this 

study since they are always able to suspension feed. To confirm this assumption specific 

growth studies need to be carried out for subtidal populations of this serpulid. Tubes of G. 

hystrix also show different growth rates depending on the setting they inhabit, with tubes 

attached to hard substrate probably growing slowest, tubes from within the red algal layer 

fastest and tubes in aggregations somewhere in between.  

 

To date most tube growth measurements were only completed for the early development of 

juvenile serpulids (see Kupriyanova et al., 2001). Very few reports on annual tube growth 

exist. Hydroides dianthus tubes grew 66 mm/year in Woods Hole, Massachusetts, USA 

(Grave, 1933). Serpula vermicularis showed a mean annual tube growth of ~32 mm/year in 

two Scottish sea lochs with maximal tube extension rates up to 81.1 mm/year (Hughes et al., 

2008). In Monterey Bay, California, USA tubes of Pseudochitinopoma occidentalis 

(previously Chitinopoma occidentalis) grew about 55 mm/year (Smith & Haderlie, 1969). 

After plotting known annual tube growth rates of serpulids against latitude (Fig. 4.11) it can 

be inferred that tube growth is influenced by latitude, thus water temperature, showing 

decreasing growth rates towards higher (colder) latitudes. Tube regeneration of serpulids 

has already been shown to be a function of water temperature, increasing between 6°C and 

22°C (Klöckner, 1976 in Kupriyanova et al., 2001). The tube growth rate of S. cariniferus, 

however, does not neatly fit into the pattern of decreasing growth towards higher latitudes, 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=369262
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showing significantly lower growth than expected. Growth of S. cariniferus tubes was 

measured in the intertidal region, while the other serpulids were studied in the subtidal area 

(although not sure for Pseudochitinopoma occidentalis). Hence, the much lower tube 

growth rate of S. cariniferus is not surprising because it can only secrete carbonate about 

half of the time, while being submerged during high tide.  

 

 

 

 

Fig. 4.11: Mean annual tube growth rates of serpulids plotted against latitude. P. o.: Pseudochitinopoma 

occidentals (Data from Smith & Haderlie, 1969). H. d.: Hydroides dianthus (Data from Grave, 1933). S. v.: 

Serpula vermicularis (Data from Hughes et al., 2008). G. h.: Galeolaria hystrix. S. c.: Spirobranchus 

cariniferus. Tube growth of G. hystrix and S. cariniferus was studied in the southern hemisphere. All other 

tube growth rates were measured in the northern hemisphere. 
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http://www.marinespecies.org/aphia.php?p=taxdetails&id=369262
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Although mean annual tube growth was only 4.1 cm for G. hystrix and 1.7 cm for S. 

cariniferus the Brody-Bertalanffy Model shows that newly settled tubes can grow up to 

about ~6 cm for G. hystrix and ~3 cm for S. cariniferus in only 1 year. Mean annual tube 

growth is lower than that because different sized serpulid tubes (also adult specimens) were 

measured and because tube growth decreases with age of serpulids. The two G. hystrix tubes 

which were monitored right from their settlement (T1_HP_G8, T1_HP_G9) reached final 

lengths of 5.2 cm and 6.0 cm 1 year post-settlement. These results are similar to the G. 

hystrix tube length 1 year post-settlement (~6 cm) suggested by the Brody-Bertalanffy 

Growth Model and thus strengthen the model’s validity. Similarly, the two specimens of S. 

cariniferus with the smallest initial tube lengths (T1_HP_S8, T1_HP_S9) grew 2.8 cm and 

3.4 cm in one year, illustrating that the ~3 cm tube length 1 year post-settlement suggested 

by the model is plausible. 

 

It seems that under ideal conditions newly settled tubes of G. hystrix can grow even faster 

than is suggested by the Brody-Bertalanffy Growth Model. At Portobello Peninsula, Otago 

Harbour one G. hystrix specimen attached to a PVC pipe in about 1.5 m water depth reached 

a length of 7.8 cm in only 1 year (26 July 2010 to 27 July 2011). The five largest G. hystrix 

tubes growing attached to PVC plates in Big Glory Bay (8-15 m water depth) reached tube 

lengths of ~9 to 11 cm after only 1 year. It is therefore important to understand that the 

growth curves of section 4.3.4 only accurately illustrate mean tube growth of serpulids at 

Harington Point, Otago Harbour and that some specimens can grow faster or slower than is 

suggested by the model.  
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4.4.4 Ontogenetic Changes in Tube Growth 

 

Tube formation is known to be a function of the serpulid’s body weight, slowing down for 

larger and older worms (e.g., Harms, 1912; Ten Hove & Van Den Hurk, 1993). As 

expected, tube growth also slows with age for G. hystrix and S. cariniferus. Tube growth 

decreased from ~6 cm/year for newly settled to ~2 cm/year for tubes ~15 cm in length for 

G. hystrix and from ~3 cm/year for ~1.5 cm long tubes to ~0.4 cm/year for ~10 cm long 

tubes of S. cariniferus (see Figs. 4.3 & 4.4). The Brody-Bertalanffy Growth Models also 

show decreasing tube growth for both G. hystrix and S. cariniferus with age. Other authors 

have reported on similar findings for serpulids. Hydroides dianthus (previously H. 

hexagonis) shows an increase in tube length of 0.54 cm during the first two months and then 

only adds another 0.12 cm to its tube during the next nine months (Grave, 1933). The tube 

length of Pomatoleios kraussi increases at a rate of 130 μm/day for the first two months and 

then slows down to 50 μm/day in the third month (Crisp, 1977 in Kupriyanova et al., 2001).  

 

The rate at which the tube of a serpulid grows depends on both the amount of carbonate the 

worm is able to precipitate in a certain time interval and the carbonate volume needed for 

extending the tube, which is a function of the diameter and wall thickness of the tube 

aperture. Clearly, older worms are larger and, at least for G. hystrix, have higher carbonate 

precipitation rates. At the same time, larger worms have larger tube diameters and thicker 

tube walls, which results in larger carbonate volumes per unit of tube length. The slower 

tube growth for older serpulids implies that the increase in carbonate volume per unit of 

tube length exceeds the increase in the worm’s carbonate production with age. As a result, 

tube growth slows down for older serpulids and tube length asymptotically approaches a 

maximum as seen in the Brody-Bertalanffy Growth Curves. The same pattern has been 
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reported for tube growth of the two juvenile serpulids Ficopomatus enigmaticus (previously 

Mercierella enigmatica) and Hydroides uncinata (Rullier, 1946; Hill, 1967). 

 

 

4.4.5 Seasonal Variability in Tube Growth 

 

Several temperate calcifying marine organisms such as corals (e.g., Crossland, 1984; Miller, 

1995), molluscs (e.g., Ansell, 1967) and sea urchins (Walker, 1981) all show fastest growth 

and calcification during spring and summer. The faster tube growth in summer (October to 

March) compared to winter (April to August) for the two serpulids G. hystrix and S. 

cariniferus, although not significant for the latter, is therefore not surprising. Other serpulids 

have also been observed to show seasonal growth. Tubes of Pomatoceros triqueter show 

faster growth in summer (11.4 mm/month) compared to winter (0.6 mm/month) (Klöckner, 

1976 in Kupriyanova et al., 2001). Spirorbis spirorbis grows faster in summer (0.66 

mm/month) than in winter (0.17 mm/month) (De Silva, 1967 in Kupriyanova et al., 2001) 

and Hydroides elegans shows faster growth in spring (12 mm/month) compared to winter (4 

mm/month) (Sentz-Braconnot, 1968 in Kupriyanova et al., 2001). As suggested for 

bryozoans (Smith, 2007) growth rates of serpulid tubes are probably also controlled by 

water temperature and nutrient availability, with either low water temperature or low 

nutrient concentrations limiting their growth in winter. 

 

During monitoring, few G. hystrix tubes were observed to completely stop their growth 

during winter for about 2 months (July to August). Due to the missing freshly precipitated 

carbonate at the tube aperture, normally seen as bright white calcium carbonate, these 

worms were first believed to be dead. In September, however, fresh carbonate material was 

again observed at their tube apertures, illustrating that these worms were still alive and now 
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recommenced to precipitate carbonate. Hedley (1958) made the same observation for 

Spirobranchus triqueter (previously Pomatoceros triqueter) from the British Isles, which 

deposited white carbonate material during spring but not in winter. This finding shows that 

at least some G. hystrix significantly slow down or even completely stop their tube growth 

in winter, with possibly either water temperature or food availability being the limiting 

factor. Growth cessation due to cold water temperatures in winter is also known for other 

temperate calcifying marine organisms such as bryozoans (Stebbing, 1971; Smith & Key, 

2004) and bivalves (Tanabe & Oba, 1988).  

 

Although tubes of G. hystrix and S. cariniferus overall grew faster in summer than in winter, 

no clear continuous increase in growth towards summer and decrease towards winter was 

seen. Tube growth rather seems to be periodic and variable for the different monitoring 

periods, sometimes showing unexpected slow growth compared to the adjacent periods, 

which perhaps displays temporal differences in environmental conditions. It is possible that 

sedimentation rates influence the serpulids’ precipitation ability, causing a decrease in tube 

production during times of high sedimentation due to the clogging of tube apertures. 

Dredging activities in Otago Harbour can, under certain circumstances, increase the 

turbidity and sedimentation in the harbour (James et al., 2008). Times of high dredging 

activities may thus have a negative impact on tube formation of both G. hystrix and S. 

cariniferus. Increased sedimentation has also been reported to have adverse effects on 

serpulid survival and recruitment (Knox, 1949; Vine & Bailey-Brock, 1984). Long-term 

experiments exposing serpulids to sea water of different turbidity may help to resolve how 

sensitive they are to increased sedimentation. 
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4.4.6 Age of Serpulids 

 

The longest serpulid tubes collected in Otago Harbour were 19.4 cm and 11.0 cm for G. 

hystrix and S. cariniferus respectively. According to the Brody-Bertalanffy Growth Models 

these two specimens were about 7.5 years and 11.5 years old at the time of collection. 

However, a few slightly longer G. hystrix tubes were observed at Harington Point, Otago 

Harbour during SCUBA diving but could not be collected since they were attached to too 

big rocks. It is therefore suggested that both serpulids can live as long as about 10-12 years 

in Otago Harbour (if they survive smothering and pollution), during which G. hystrix 

produces a tube of about 21 cm and S. cariniferus a tube of about 11 cm in length. This 

suggestion is supported by the maximal possible tube lengths recommended by the growth 

models of 21.7 cm for G. hystrix and 11.5 cm for S. cariniferus. The mean overall tube 

growth rates of serpulids reaching such an old age are therefore ~2 cm/year for G. hystrix 

and ~1 cm/year for S. cariniferus. These rates are much slower than the ones measured in 

section 4.3.3 (G. hystrix: 4.1 cm/year; S. cariniferus: 1.7 cm/year). However, both results 

make sense since serpulids used for growth measurements in section 4.3.3 were 

significantly smaller and had faster growth rates at the time when monitoring took place 

compared to specimens of maximal size used here for the calculation of the mean overall 

tube growth. 

 

Longevity of serpulids correlates with their body size and ranges from several months up to 

35 years (Kupriyanova et al., 2001). Pomatoceros triqueter has a life span of 4 years (Dons, 

1927 in Kupriyanova et al., 2001). The larger serpulids Spirobranchus polycerus and 

Ficopomatus enigmaticus (previously Mercierella enigmatica), with latter also inhabiting 

the temperate waters of New Zealand (Probert, 1991; Read & Gordon, 1991) live 8-12 years 

(Fox, 1963; Marsden, 1994 in Kupriyanova et al., 2001). The lifespan of F. enigmaticus 
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compares well with the longevity calculations of this study of 10-12 years for G. hystrix and 

S. cariniferus. Spirobranchus giganteus is the longest living serpulid reported in the 

literature with a lifespan of more than 30 years (Kupriyanova et al., 2001; Ten Hove & Van 

Den Hurk, 1993). 

 

It seems likely that calculations of age based on the Brody-Bertalanffy Growth Curves 

(section 4.3.4) for both G. hystrix and S. cariniferus are accurate and useful. 

 

 

4.4.7 Calcification Rates 

 

Mean annual calcification rates for serpulid individuals were 1.5 g/year for G. hystrix and 

0.3 g/year for S. cariniferus in Otago Harbour in 2011. It seems likely that calcification rates 

for G. hystrix and S. cariniferus individuals are similar among the different locations and 

settings in New Zealand. A trend of increasing calcification with age of serpulids was 

expected because bigger worms have larger calcium-secreting glands and therefore larger 

carbonate production ability. While calcification rates increased with size and age for G. 

hystrix, however, they did not for S. cariniferus. It is not clear why S. cariniferus does not 

increase its carbonate production with age.  

 

Analysis of photographs taken of subtidal G. hystrix aggregations in Big Glory Bay revealed 

that healthy reefs contain between 4500-8500 living worms/m
2
. With an average carbonate 

production of 1.5 g/year for G. hystrix individuals such a reef has the potential to deposit 

between 6.75-12.75 kg CaCO3/m
2
/year. A typical reef is 1 m high and 5 m in diameter 

(Smith et al., 2005), has a surface are of ~35 m
2
 and could therefore produce as much as 

236-446 kg CaCO3/year. However, it is important to understand that most reefs are partly 
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broken and have large areas (> 50%) which are not occupied by living serpulids. As a result, 

the majority of the aggregations may produce less than half as much carbonate, as much as 

~3.0-6.0 kg CaCO3/m
2
/year or ~110-220 kg CaCO3/year for a typical reef. The calcification 

rate of 236-446 kg CaCO3/year should be seen as an absolute maximal carbonate production 

rate for undamaged, healthy G. hystrix reefs only. 

 

Dry weight and volume measurements of five small G. hystrix reef fragments revealed that 

these aggregations weigh between 200 and 300 kg/m
3
. Assuming that serpulids produce 

70% of the reef carbonate (Smith et al., 2005) a typical aggregation 1 m in height and 5 m in 

diameter (Smith et al., 2005) with a volume of ~20 m
3
 weighs about 4,000-6,000 kg. With 

157,500-297,500 worms all producing 1.5 g CaCO3/year it may take 9-25 years for a 

healthy aggregation of typical size to form. Again, this calculation is only valid for 

undamaged, healthy reefs. Because most reefs show significantly lower population densities 

of living G. hystrix (by at least 50%) and since aggregations obviously have fewer worms 

during their initial development this result is probably too optimistic. It is therefore 

suggested that the formation of a G. hystrix reef of typical size can take up to twice as long 

as calculated here, thus taking 18-50 years. Tubes in these reefs have a mean tube length of 

8.5 cm (see section 2.3.2) and are thus ~1.6 years old (see section 4.3.4). A typical G. 

hystrix reef in Big Glory Bay which is 18-50 years old could therefore involve ~11-31 

generations of worms. 

 

Longevity suggested by the Brody-Bertalanffy Model is 10-12 years for G. hystrix, which is 

much longer than the previously estimated 2-4 years (Smith et al., 2005). On the other hand, 

the estimates of Smith et al. (2005) for tube growth and calcification of G. hystrix (3.75-7.5 

cm/year; 0.75-1.5 g CaCO3/year) resemble the results of this study (4.1 cm/year; 1.5 g 

CaCO3/year) very well. Similarly, their estimates for the carbonate production ability of a 
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typical subtidal G. hystrix aggregation and their areal calcification rate (224 kg CaCO3/year; 

11 kg CaCO3/m
2
/year) compare well with the calculations of this study (236-446 kg 

CaCO3/year; 6.75-12.75 kg CaCO3/m
2
/year). Their calculated population density in G. 

hystrix reefs (7500 tubes/m
2
), the time for such a reef to form (< 50 years) and the 

generations of worms involved in its development (12-25) are also similar to the ones 

determined in this study (4500-8500 living worms/m
2
; 18-50 years; ~11-31 generations of 

worms). 

 

In contrast to the high maximal calcification rates of G. hystrix reefs in Big Glory Bay of 

6.75-12.75 kg CaCO3/m
2
/year, typical populations of this serpulid in Otago Harbour seem to 

produce negligible amounts of carbonate. With an estimated population density of ~2-5 

worms/m
2
 the subtidal G. hystrix population at Harington Point, Otago Harbour produces 

only 0.003-0.0075 kg CaCO3/m
2
/year. 

 

Analysis of photographs taken of intertidal S. cariniferus aggregations at Sumner Beach, 

Banks Peninsula, Canterbury revealed that dense, healthy aggregations contain between 

~30,000-40,000 living worms/m
2
. With an average carbonate production of 0.3 g/year for S. 

cariniferus individuals such an aggregation has the potential to deposit between 9.0-12.0 kg 

CaCO3/m
2
/year. However, it is important to understand that most aggregations show patches 

of S. cariniferus tubes and have areas (~30%) which are not occupied by living serpulids. 

As a result, the majority of the aggregations may produce less carbonate, perhaps ~6.0-8.5 

kg CaCO3/m
2
/year. The calcification rate of 9.0-12.0 kg CaCO3/m

2
/year should therefore 

only be seen as an absolute maximal carbonate production rate for undamaged, healthy S. 

cariniferus aggregations at Sumner Beach.  
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With a maximal thickness of about 45 cm for S. cariniferus aggregations (Knox, 1949) and 

an average annual tube growth of 1.7 cm for specimens in Otago Harbour (see section 4.3.3) 

it may take at least 26 years for an old, healthy aggregation at Sumner Beach to form. 

However, this result should only be seen as a first estimation for the age of old S. cariniferus 

aggregations since the serpulid tubes do not always grow perpendicular to the substrate and 

because tube growth rates were not measured at Sumner Beach but in Otago Harbour. After 

assuming a mean length of 5.0 cm for tubes in these aggregations which are ~1.7 years of 

age (see section 4.3.4) a 26-year-old S. cariniferus aggregation at Sumner Beach could 

involve about 15 generations of worms. 

 

In contrast to the high maximal calcification rates of S. cariniferus aggregations at Sumner 

Beach of 9.0-12.0 kg CaCO3/m
2
/year, typical populations of this serpulid in Otago Harbour 

seem to produce negligible amounts of carbonate. With an estimated population density of 

~5-20 worms/m
2
 the intertidal S. cariniferus population at Harington Point, Otago Harbour 

produces only 0.0015-0.006 kg CaCO3/m
2
/year. 

 

So far, only a few authors have published estimates of calcification rates of serpulid tube 

worms. F. enigmaticus aggregations may deposit 13 kg/m
2
 of carbonate in three months in 

France (Rullier, 1946). According to Fornós et al. (1997) the same serpulid produces ~21 kg 

CaCO3/m
2
/year in a western Mediterranean lagoon in Menorca. Subtidal patch reefs of G. 

hystrix in Big Glory Bay, Stewart Island, New Zealand may produce 11 kg CaCO3/m
2
/year 

(Smith et al., 2005). The reported calcification rate for F. enigmaticus aggregations (21 kg 

CaCO3/m
2
/year; Fornós et al., 2007) are higher than the ones determined for serpulid 

aggregations in this study (6.75-12.75 kg CaCO3/m
2
/year, 9.0-12.0 kg CaCO3/m

2
/year) and 

are probably either a result of differences in population densities or calcification rates for 

serpulids at different water temperatures. Nonetheless, Smith et al’s. (2005) estimation of 11 
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kg CaCO3/m
2
/year for the carbonate production of temperate serpulid aggregations of G. 

hystrix compares well with the results of this study. 

 

Calcification rates of G. hystrix (6.75-12.75 kg CaCO3/m
2
/year) and S. cariniferus (9.0-12.0 

kg CaCO3/m
2
/year) aggregations are much higher than the ones reported for other marine 

calcifiers, such as bryozoans (0.024-0.24 kg/m
2
/year; Smith & Nelson, 1994) or benthic 

foraminifera (up to 0.5 kg/m
2
/year; Muller, 1974; Hallock, 1981) and are about a third of the 

carbonate production published for tropical coral reefs in Fiji (35 kg/m
2
/year; Chave et al., 

1972). Serpulid aggregations in New Zealand can therefore be seen as temperate reefs, the 

counterpart of tropical coral reefs.  

 

 

4.4.8 Sedimentation 

 

Aggregated serpulids can locally be an important sediment source. Ditrupa arietina is one 

of the most important CaCO3 sediment producers among serpulids, with estimated 

calcification rates of up to about 11 kg CaCO3/m
2
/year (Medernach et al., 2000). Similar 

calcification rates were observed for G. hystrix and S. cariniferus in this study. G. hystrix 

patch reefs in Big Glory Bay, Stewart Island may produce as much as 6.75-12.75 kg 

CaCO3/m
2
/year and aggregations of S. cariniferus at Sumner Beach, Banks Peninsula, 

Canterbury can produce a maximum of 9.0-12.0 kg CaCO3/m
2
/year. These high 

calcification rates do suggest that serpulids locally may act as an efficient carbonate sink 

(Vinn et al., 2008). Carbonate sediment production of typical serpulid populations in Otago 

Harbour, on the other hand, is negligible, being less than 0.01 kg/m
2
/year for both G. hystrix 

and S. cariniferus. 
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If one assumes a density of 0.6 g/cm
3
 for skeletal carbonate (Smith & Nelson, 1994) and a 

maximal calcification rate of 6.75-12.75 kg CaCO3/m
2
/year then G. hystrix reefs could 

produce a ~1-2 cm thick sediment layer every year in areas where healthy aggregations 

occur in Big Glory Bay. Similarly, with a maximal calcification rate of 9.0-12.0 kg 

CaCO3/m
2
/year, S. cariniferus aggregations at Sumner Beach produce a ~1.5-2 cm thick 

sediment layer every year. This high sedimentation may not be represented in situ due to the 

transport of sediments by currents and waves. In the subtidal region in Big Glory Bay, 

however, several mounds (up to ~30 cm in height), which mainly were composed of tube 

debris, were observed while SCUBA diving in July 2011. These mounds probably represent 

remnants of former G. hystrix aggregations. The sedimentation rates of ~1-2 cm/year for 

aggregations of G. hystrix and S. cariniferus in New Zealand are about a third of the ones of 

whole coral reefs in Fiji of ~6 cm (calculated with 0.6 g/cm
3
 according to Smith & Nelson, 

1994 and 35 kg CaCO3/m
2
/year according to Chave et al., 1972). 

 

 

4.4.9 Management of Serpulid Aggregations 

 

G. hystrix reefs in Big Glory Bay are especially important by increasing local biodiversity 

(Elliot, 1995; pers. observation) since they represent the only hard substrate and vertical 

buildups in the bay. It may take up to 50 years for an aggregation of typical size to form in 

Big Glory Bay. In contrast, these fragile aggregations can be damaged or even completely 

destroyed in only a few seconds through physical impacts, such as dredging or anchoring. 

Damage to serpulid reefs from dredging, fish and mussel farming, mooring and waste 

discharge has already been reported in Loch Creran, United Kingdom (Moore et al., 2006). 

Only by establishing areas of special protection, can these habitat-forming biodiversity 

hotspots and their associated flora and fauna effectively be protected. It is therefore 
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recommended to create a special conservation area in Big Glory Bay where anchoring and 

dredging is strictly prohibited. In addition, research about the serpulid’s biology is 

recommended in order to resolve the water quality (e.g. pollution levels, suspended 

sediment concentrations, nutrient levels) necessary for G. hystrix to form such dense 

aggregations in Big Glory Bay. 
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Chapter 5. Summary and Conclusions 

 

 

5.1 Skeletal Allometry 

 

G. hystrix is found throughout New Zealand and not only inhabits the shallow subtidal area 

where it usually occurs but was also collected from 80 m water depth on the Otago Shelf. S. 

cariniferus is also known from most of New Zealand where it usually inhabits the intertidal 

and shallow subtidal area. During this study, however, S. cariniferus was also observed in 

the deeper subtidal region (5-10 m water depth) in Doubtful Sound. Both serpulids therefore 

are opportunistic species inhabiting a range of different environments in New Zealand.  

 

Both serpulids not only grow attached to hard substrates (mainly rocks) as individuals but 

also form dense serpulid aggregations. G. hystrix forms subtidal patch reefs in Big Glory 

Bay, Stewart Island while S. cariniferus produces dense intertidal aggregations at Banks 

Peninsula, Canterbury. This study reports on a new finding of living, unattached G. hystrix 

individuals embedded within a red algae layer covering most of the sea floor in Big Glory 

Bay. Specimens from within that layer are believed to initially grow attached to the red 

algae and later lose their substrate. This new finding is here used to suggest a theory of how 

subtidal G. hystrix patch reefs initially form in Big Glory Bay without the need of any hard 

substrate. 

 

Individual tubes attached to hard substrates have trapezoidal (G. hystrix) or triangular (S. 

cariniferus) tube cross sections. Tubes from within the red algal layer in Big Glory Bay are 

circular in cross section since they lack a tube base. Tubes from serpulid aggregations are 
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either circular in cross section or have a small tube base if they grow attached to other 

serpulid tubes. 

 

S. cariniferus generally has thicker tube walls and opercula and a more robust tube base 

than G. hystrix of similar size. The stronger tube base and walls of S. cariniferus are 

possibly an adaption of this serpulid in order to bear with the high-energy environment in 

the intertidal it usually inhabits. Its thick and tightly fitting operculum is probably needed to 

avoid desiccation of the worm while it is exposed to air during low tide. In Doubtful Sound 

S. cariniferus tubes have thinner tube walls and opercula compared to specimens from the 

intertidal in Otago Harbour and Sumner Beach. There they may have weaker tubes and 

opercula because they inhabit the more sheltered environment in the deeper subtidal (5-10 

m) without the risk of desiccation. 

 

For both serpulids and at all locations the allometric correlations of tube diameter-to-length, 

length-to-weight, wall thickness-to-weight and diameter-to-weight are best approximated by 

power functions y = ax
b
. Linear functions y = ax + b best explain the length-to-wall 

thickness and diameter-to-wall thickness relationships. Due to the large variability in tube 

wall thickness of both serpulids correlations including this allometric parameter are not 

good approximations and should only be used as a rough guide of how tube wall thickness 

increases with tube size. All other correlations, however, show high correlation coefficients 

and can be used in order to calculate the one allometric parameter from another. Amongst 

those, either the length-to-weight or the diameter-to-weight relationships can be used to 

calculate the carbonate weight of G. hystrix and S. cariniferus tubes if their lengths and 

diameters are known. 
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Allometric correlations of G. hystrix tubes in Big Glory Bay differ between settings. For a 

given diameter tubes attached to rocks are shortest, tubes from within the layer of red algae 

longest and tubes in aggregations somewhere in between. Under the assumption that the 

tube diameter is directly related to the age of the worm, this finding leads to the conclusion 

that tubes attached to rocks grow slowest, tubes from within the algae layer fastest and tubes 

from aggregations somewhere in between. 

 

S. cariniferus tubes, although thinner, are longer and heavier for a given diameter or wall 

thickness in Doubtful Sound compared to Otago Harbour. Tube growth of this serpulid is 

apparently controlled by the environment. Because tubes in the subtidal region in Doubtful 

Sound are submerged at all times, they grow faster and are thus longer and heavier for a 

given age compared to tubes in the intertidal in Otago Harbour which are submerged only 

about 50% of the time. 

 

This chapter has shown that both morphology and allometry of G. hystrix and S. cariniferus 

tubes are controlled by the life mode and environment of the serpulid. The new theory of 

how G. hystrix builds aggregations in Big Glory Bay can be helpful in understanding the 

formation of other serpulid aggregations occurring in areas which lack hard substrates. 

Serpulid tubes of both G. hystrix and S. cariniferus overall were shown to have good and 

consistent allometric relationships which allow the calculation of the one skeletal parameter 

from another. Either the length-to-weight or the diameter-to-weight correlations can be used 

in order to calculate the tubes’ carbonate weight. It is now possible to determine the 

carbonate weight of G. hystrix and S. cariniferus tubes without collecting and killing the 

animal, simply by analysing a photograph taken with a scale. In addition, the carbonate 

weight of whole serpulid aggregations can be calculated if the population density and the 

average tube size of the individuals are known. The allometric results of this study 
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combined with tube growth rates can now be used to calculate calcification rates of G. 

hystrix and S. cariniferus (chapter 4). 

 

 

5.2 Skeletal Carbonate Mineralogy 

 

Tubes of G. hystrix and S. cariniferus in New Zealand are high-Mg calcites with 9.5 and 

10.8 wt% MgCO3 respectively and have little (maximum of 2 wt% for G. hystrix and 12 

wt% for S. cariniferus) or no aragonite. Since high-Mg calcites with 6.8-10.3 wt% MgCO3 

have approximately the same solubility as the less stable aragonite (Andersson et al., 2008) 

tubes of the two serpulids could be especially sensitive to ocean acidification.  

 

G. hystrix tubes collected at 80 m water depth on the Otago Shelf have significantly lower 

wt% MgCO3 in the calcite compared to tubes from all other study sites at shallower depths, 

indicating that water depth may have some control on the Mg-content. Tubes of S. 

cariniferus from Auckland, the northernmost collection site show higher Mg- and 

significantly higher aragonite contents than tubes from Otago Harbour, suggesting a positive 

correlation between both Mg- and aragonite content and water temperature for this serpulid. 

 

Opercula of both G. hystrix and S. cariniferus have different mineralogy. G. hystrix 

produces opercula made of high-Mg calcite with ~15 wt% MgCO3 in the calcite, while 

opercula of S. cariniferus are either completely aragonitic or have only low high-Mg calcite 

contents (< 10 wt%). While aragonite is stronger and less susceptible to physical erosion 

than calcite (Milliman, 1974) the strength of high-Mg calcite increases with increasing Mg-

content (Elstnerová et al., 2010). There may be some benefit to the worms to secrete such 
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strong opercula, either in order to withstand attacks from predators (G. hystrix) or to bear 

with the high-energy intertidal environment they inhabit (S. cariniferus). 

 

Although both the aragonite and Mg-content varied along the length of tubes of G. hystrix 

and S. cariniferus, no correlation or clear pattern of seasonal changing aragonite or Mg-

content was detected. Hence, mineralogy along the tubes cannot be used for determining 

tube growth rates and age of G. hystrix and S. cariniferus. 

 

This chapter has shown that tubes of G. hystrix and S. cariniferus in New Zealand resemble 

the mineralogy of other serpulids from similar latitudes, being made of high-Mg calcite with 

only little or no aragonite. The data from this study increases the information available on 

skeletal carbonate mineralogy of serpulids and gives an insight into the variability in 

mineralogy within individuals and populations. The results of this chapter are important in 

the context of ocean acidification. Because G. hystrix and S. cariniferus tubes are made of 

high-Mg calcite with similar solubility as aragonite they are especially vulnerable to 

dissolution. A further drop in ocean pH may eventually result in the loss of serpulid 

aggregations in New Zealand and as a consequence drastically decrease local sedimentation 

and biodiversity. Sediments in the close proximity to serpulid aggregations may be 

dominated by tube debris. A detailed and clear understanding of serpulid mineralogy is 

critical in understanding the composition and durability of these sediments. 

 

 

5.3 Age, Growth and Calcification 

 

Mean annual tube growth at Harington Point, Otago Harbour, southeastern New Zealand in 

2011 was 4.1 cm for G. hystrix and 1.7 cm for S. cariniferus. These results are similar to 



 

124 
 

tube growth rates reported for other serpulids. The slower tube growth for S. cariniferus was 

expected since this serpulid inhabits the intertidal where it is only submerged about 50% of 

the time, while G. hystrix is submerged at all times in the subtidal region. 

 

Brody-Bertalanffy Models and in situ monitoring work confirmed that newly settled tubes 

can grow up to ~6 cm in length for G. hystrix and ~3 cm in length for S. cariniferus in only 

1 year. Under ideal conditions, however, G. hystrix tubes can grow faster; tube growth up to 

7.8 cm/year in Otago Harbour and 9-11 cm/year in Big Glory Bay was observed.  

 

As expected, and reported for various other serpulids, tube growth also slows down with age 

for G. hystrix and S. cariniferus. Tube growth decreased from ~6 cm/year for newly settled 

to ~2 cm/year for tubes ~15 cm in length for G. hystrix and from ~3 cm/year for ~1.5 cm 

long tubes to ~0.4 cm/year for ~10 cm long tubes of S. cariniferus. This finding implies that 

the increase in carbonate volume per unit of tube length exceeds the increase in the worms’ 

carbonate production with age. 

 

Both G. hystrix and S. cariniferus grow slower in winter compared to summer, although not 

significantly for the latter. This finding is not surprising since the same was reported for 

several other serpulids. It is believed that tube growth rates are controlled by water 

temperature and nutrient availability, which are both low in winter and therefore limit tube 

growth. Some G. hystrix were observed to completely stop their tube growth in winter for 

about 2 months (July to August) and then recommence to grow in September. Tube growth, 

although faster in summer than in winter, seems to be periodic rather than continuous, 

which is perhaps a result of temporal differences in environmental conditions (e.g. water 

turbidity). 
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Both serpulids are believed to live as long as about 10-12 years in Otago Harbour, during 

which G. hystrix produces a tube of about 21 cm and S. cariniferus a tube of about 11 cm in 

length. This conclusion is supported by length of the largest specimens collected in the 

harbour (19.4 cm for G. hystrix and 11.0 cm for S. cariniferus) and by the maximal possible 

tube lengths recommended by the Brody-Bertalanffy Growth Models of 21.7 cm for G. 

hystrix and 11.5 cm for S. cariniferus. Longevity of the two serpulids compares well with 

the lifespan of F. enigmaticus, another serpulid occurring in New Zealand, which lives 8-12 

years (Fox, 1963; Marsden, 1994 in Kupriyanova et al., 2001). 

 

Mean annual calcification rates for serpulid individuals were 1.5 g/year for G. hystrix and 

0.3 g/year for S. cariniferus in Otago Harbour in 2011. While calcification rates increased 

with size and age for G. hystrix, they did not for S. cariniferus. 

 

Healthy G. hystrix aggregations in Big Glory Bay contain between 4500-8500 living 

worms/m
2
. With an average carbonate production of 1.5 g/year for G. hystrix individuals 

such a reef has the potential to deposit between 6.75-12.75 kg CaCO3/m
2
/year. A typical 

reef, 1 m in height and 5 m in diameter (Smith et al., 2005), has a surface are of ~35 m
2
 and 

could therefore produce as much as 236-446 kg CaCO3/year. Though, since most G. hystrix 

aggregations have large areas (> 50%) which are unoccupied by living serpulids the 

majority of them may only produce as much as ~3.0-6.0 kg CaCO3/m
2
/year or ~110-220 kg 

CaCO3/year for a reef of typical size. 

 

The carbonate of G. hystrix aggregations weighs between 200-300 kg/m
3
 and 70% thereof is 

produced by serpulids (Smith et al., 2005). A healthy aggregation of typical size with a 

volume of ~20 m
3
 weighs about 4000-6000 kg and contains 157,500-297,500 worms all 

producing 1.5 g CaCO3/year. It may therefore take 9-25 years for a healthy aggregation of 
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typical size to form. Most other aggregations, however, could take 18-50 years to form since 

they have more than 50% of their surface not occupied by living serpulids. With a mean 

length of 8.5 cm and an age of ~1.6 years for tubes of G. hystrix in aggregations in Big 

Glory Bay such reefs could involve ~11-31 generations of worms.  

 

Healthy S. cariniferus aggregations in the intertidal at Sumner Beach, Banks Peninsula, 

Canterbury contain between 30,000-40,000 living worms/m
2
. With an average carbonate 

production of 0.3 g/year for S. cariniferus individuals such an aggregation could deposit 

between 9.0-12.0 kg CaCO3/m
2
/year. Most aggregations, however, show areas (~30%) 

which are not occupied by living serpulids. As a result, the majority of these aggregations 

may only produce perhaps ~6.0-8.5 kg CaCO3/m
2
/year. 

 

With a maximal thickness of about 45 cm for S. cariniferus aggregations (Knox, 1949) and 

an average annual tube growth of ~1.7 cm for specimens in Otago Harbour it may take at 

least 26 years for an old, healthy aggregation to form at Sumner Beach. Assuming a mean 

length of 5.0 cm for tubes in these aggregations which are ~1.7 years of age such an 

aggregation could involve ~15 generations of worms. 

 

In contrast to the high maximal calcification rates of G. hystrix and S. cariniferus 

aggregations (6.75-12.75 kg CaCO3/m
2
/year, 9.0-12.0 kg CaCO3/m

2
/year) typical 

populations of these serpulids in Otago Harbour produce negligible amounts of carbonate. 

With estimated population densities at Harington Point of 2-5 and 5-20 worms/m
2
 for G. 

hystrix and S. cariniferus respectively typical populations of these two serpulids produce 

less than 0.01 kg/m
2
/year in Otago Harbour.  
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Assuming a density of 0.6 g/cm
3
 for skeletal carbonate (Smith & Nelson, 1994) and 

maximal calcification rates of 6.75-12.75 kg CaCO3/m
2
/year for G. hystrix and 9.0-12.0 kg 

CaCO3/m
2
/year for S. cariniferus both serpulids could produce a 1 to 2 cm thick sediment 

layer every year in areas where healthy aggregations occur. Aggregated serpulids can 

therefore locally be an important sediment source or even act as an efficient carbonate sink 

(Vinn et al., 2008). 

 

Carbonate production rates reported for other serpulid aggregations are similar to the rates 

determined for G. hystrix and S. cariniferus aggregations in this study. Calcification rates of 

the two New Zealand serpulids are higher than the ones of most other marine calcifiers and 

are about a third of the carbonate production reported for tropical coral reefs. Serpulid 

aggregations in New Zealand can therefore be seen as temperate reefs, the counterpart of 

tropical coral reefs. 

 

Subtidal G. hystrix aggregations in Big Glory Bay can be seen as so called biodiversity 

hotspots (Haanes & Gulliksen, 2011) by increasing local biodiversity (Elliot, 1995). While it 

may take up to 50 years for such aggregations to form they can be destroyed in only a few 

seconds through physical impacts. Hence, establishment of a special conservation area in 

Big Glory Bay where anchoring and dredging is prohibited is suggested. 

 

This chapter has provided important knowledge about tube growth and calcification of two 

common New Zealand serpulids, G. hystrix and S. cariniferus. This growth study is the first 

of its kind completed for these two serpulids. From today, age, longevity, annual tube 

growth, ontogenetic and seasonal changes in tube growth and calcification rates are known 

for G. hystrix and S. cariniferus individuals in southern New Zealand. Furthermore, the 

approximate age and calcification rates of typical serpulid aggregations in Big Glory Bay, 
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Stewart Island and at Sumner Beach, Canterbury are known. Knowledge about age, 

longevity, growth and calcification is essential in order to understand the serpulids’ life 

history and their importance for the local environment (e.g. their impact on benthic 

communities and sediments). The high annual calcification rates of G. hystrix reefs in Big 

Glory Bay and S. cariniferus aggregations at Sumner Beach highlight their significance for 

the particular environment. There they not only provide habitat for a rich and diverse flora 

and fauna (Knox, 1949; Elliot, 1995) but also produce significant amounts of sediments. 

The subtidal G. hystrix aggregations in Big Glory Bay are very delicate structures, which 

are easily destroyed through physical impacts. These habitat-forming biodiversity hotspots 

and their associated flora and fauna can only be protected by establishing a special 

protection area in Big Glory Bay. This chapter has illustrated the importance of G. hystrix 

and S. cariniferus aggregations for both biodiversity and sediments. Serpulid aggregations 

in New Zealand can therefore be seen as temperate reefs, the counterpart of tropical coral 

reefs. 
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Appendices 

 

 

A.1 Skeletal Allometry 

 

Table A.1.1 Allometric measurements of G. hystrix tubes attached to hard substrate in Otago Harbour. HP: 

Harington Point. PP: Portobello Peninsula. GI: Goat Island. WR: Wellers Rock. PVC: Polyvinyl chloride 

plate. L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior end. 

Sample Site Collection Date Substrate 
L   

(cm) 

D  

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

OH_HP G1 HP 22/03/2011 Rock 4.7 4.73 0.45 0.3100 1.11 

OH_HP G2 HP 22/03/2011 Rock 3.6 2.78 0.33 0.1115 0.91 

OH_HP G3 HP 22/03/2011 Rock 3.4 2.61 0.30 0.0629 0.89 

OH_HP G4 HP 22/03/2011 Shell 2.5 2.89 0.37 0.0849 1.22 

OH_HP G5 HP 22/03/2011 Shell 4.5 4.33 0.55 0.3152 1.87 

OH_HP G6 HP 22/03/2011 Rock 3.0 3.77 0.51 0.1610 0.66 

OH_HP G7 HP 22/03/2011 Rock 6.1 5.09 0.52 0.4748 0.79 

OH_HP G8 HP 22/03/2011 Rock 9.5 7.63 0.78 1.7011 1.72 

OH_HP G9 HP 22/03/2011 Rock 5.6 5.04 0.45 0.4730 0.80 

OH_HP G10 HP 22/03/2011 Steel 4.7 4.33 0.47 0.3070 0.73 

OH_HP G11 HP 22/03/2011 Rock 4.4 3.64 0.45 0.1856 0.95 

OH_HP G12 HP 22/03/2011 Rock 4.5 4.45 0.48 0.2844 1.10 

OH_HP G13 HP 22/03/2011 Rock 5.0 5.03 0.49 0.2954 0.95 

OH_HP G14 HP 22/03/2011 Rock 5.1 4.35 0.47 0.2172 0.55 

OH_HP G15 HP 22/03/2011 Rock 5.8 4.44 0.45 0.2869 0.70 

OH_HP G16 HP 22/03/2011 Rock 4.7 4.47 0.40 0.2105 0.58 

OH_HP G17 HP 22/03/2011 Rock 5.2 4.70 0.60 0.3162 0.70 

OH_HP G18 HP 22/03/2011 Rock 3.8 3.18 0.40 0.1007 0.55 

OH_HP G19 HP 22/03/2011 Rock 19.4 10.54 1.40 8.5286 4.20 

OH_HP G20 HP 30/03/2011 Shell 3.9 3.75 0.45 0.1238 0.49 

OH_HP G21 HP 12/2010 Rock 5.9 5.38 0.57 0.4769 0.64 

OH_HP G22 HP 12/2010 Rock 5.4 4.92 0.58 0.4422 1.50 

OH_HP G23 HP 12/2010 Rock 5.0 4.26 0.64 0.2544 1.27 

OH_HP G24 HP 12/2010 Rock 6.4 5.17 0.70 0.5855 1.75 

OH_HP G25 HP 3/05/2011 Rock 8.2 6.57 0.80 1.1831 1.98 

OH_HP G26 HP 3/05/2011 Rock 2.1 2.02 0.35 0.0265 0.49 

OH_HP G27 HP 20/08/2011 Rock 18.0 9.00 0.60 6.5456 2.10 

OH_HP G28 HP 20/08/2011 Rock 14.6 9.20 1.35 4.8795 2.80 

OH_HP G29 HP 20/08/2011 Rock 17.7 11.55 1.97 8.9349 2.20 

OH_HP G30 HP 20/08/2011 Rock 13.3 8.79 1.20 4.2880 2.04 

OH_HP G31 HP 20/08/2011 Rock 12.6 10.63 1.50 6.3394 2.83 

OH_PP G1 PP 11/2010 PVC 9.2 7.42 0.75 2.0346 1.98 
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OH_PP G2 PP 11/2010 PVC 8.2 7.71 0.98 2.2849 1.73 

OH_PP G3 PP 11/2010 PVC 5.6 5.20 0.75 0.4349 1.86 

OH_PP G4 PP 11/2010 PVC 7.8 5.44 0.45 0.8974 2.00 

OH_PP G5 PP 11/2010 Slate 6.6 6.61 0.61 0.8514 1.85 

OH_PP G6 PP 11/2010 PVC 9.5 6.18 0.70 1.3950 1.55 

OH_PP G7 PP 11/2010 PVC 8.1 7.22 0.80 1.8091 1.66 

OH_PP G8 PP 11/2010 PVC 7.7 7.26 0.78 1.5244 1.52 

OH_PP G9 PP 11/2010 PVC 3.7 4.37 0.65 0.2597 1.54 

OH_PP G10 PP 11/2010 PVC 1.9 2.44 0.38 0.0519 1.50 

OH_PP G11 PP 11/2010 PVC 7.7 5.05 0.40 0.6626 1.59 

OH_PP G12 PP 11/2010 PVC 6.7 7.29 0.91 1.4464 1.32 

OH_PP G13 PP 11/2010 PVC 5.0 4.98 0.52 0.4144 1.97 

OH_PP G14 PP 11/2010 PVC 1.9 2.42 0.34 0.0317 0.90 

OH_PP G15 PP 11/2010 PVC 1.8 2.40 0.31 0.0294 0.80 

OH_PP G16 PP 11/2010 PVC 2.5 3.34 0.45 0.0964 1.63 

OH_PP G17 PP 11/2010 PVC 1.9 2.78 0.38 0.0488 1.58 

OH_PP G18 PP 11/2010 PVC 1.8 2.55 0.28 0.0415 1.26 

OH_PP G19 PP 11/2010 PVC 2.0 2.65 0.35 0.0384 0.60 

OH_PP G20 PP 11/2010 PVC 6.0 5.75 0.35 0.7795 1.80 

OH_PP G21 PP 11/2010 PVC 7.2 7.08 0.70 1.7528 1.36 

OH_PP G22 PP 11/2010 PVC 2.6 3.27 0.35 0.0816 0.80 

OH_PP G23 PP 14/05/2011 PVC 0.9 0.93 0.12 0.0009 0.10 

OH_PP G24 PP 14/05/2011 PVC 2.5 3.90 0.42 0.1172 1.30 

OH_PP G25 PP 14/05/2011 PVC 1.9 2.75 0.30 0.0506 1.24 

OH_PP G26 PP 14/05/2011 PVC 2.7 3.84 0.33 0.1156 1.30 

OH_PP G27 PP 14/05/2011 PVC 3.1 4.09 0.38 0.1751 1.76 

OH_PP G28 PP 14/05/2011 PVC 2.5 3.83 0.40 0.1562 1.97 

OH_PP G29 PP 12/2010 Rock 7.9 5.51 0.70 0.8066 0.77 

OH_PP G30 PP 12/2010 Rock 8.4 6.76 1.10 0.9858 1.75 

OH_PP G31 PP 12/2010 Rock 9.0 7.38 0.75 1.1668 1.64 

OH_PP G32 PP 12/2010 Rock 14.4 8.92 1.50 4.3350 4.09 

OH_PP G33 PP 12/2010 Rock 7.7 6.84 0.93 1.2876 1.27 

OH_PP G34 PP 12/2010 Rock 8.1 6.51 0.68 1.0440 2.97 

OH_GI G1 GI 30/03/2011 Rock 8.9 6.89 0.90 1.5503 1.53 

OH_GI G2 GI 30/03/2011 Rock 2.4 2.33 0.40 0.0340 0.64 

OH_GI G3 GI 12/2010 Rock 7.6 5.34 0.74 0.7353 1.73 

OH_GI G4 GI 12/2010 Rock 2.1 2.19 0.35 0.0230 0.41 

OH_GI G5 GI 12/2010 Rock 1.5 1.55 0.29 0.0095 0.38 

OH_WR G1 WR 20/08/2011 Rock 6.7 5.40 0.62 0.6040 1.05 

OH_WR G2 WR 20/08/2011 Rock 3.2 3.19 0.40 0.0961 1.05 

OH_WR G3 WR 20/08/2011 Rock 4.9 5.04 0.66 0.4562 1.10 

OH_WR G4 WR 20/08/2011 Rock 4.1 3.61 0.52 0.2446 1.42 

OH_WR G5 WR 20/08/2011 Rock 4.0 4.06 0.55 0.2516 0.48 

OH_WR G6 WR 20/08/2011 Rock 5.1 4.24 0.50 0.2313 1.09 
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Table A.1.2: Allometric measurements of G. hystrix tubes attached to hard substrate in Doubtful Sound. EP: 

Espinosa Point. TC: Tricky Cove. DC: Deep Cove. FI: Fergusson Island. DR: Diamond Rock. ukw: unknown. 

L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior end. 

Sample Site Collection Date Substrate 
L 

(cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

DS_ES G1 EP 7-8/03/2011 Wood 9.3 7.44 0.80 1.2729 1.20 

DS_ES G2 EP 7-8/03/2011 Wood 6.2 7.21 0.82 1.3561 1.80 

DS_ES G3 EP 7-8/03/2011 Wood 8.3 6.24 0.65 1.1263 1.39 

DS_ES G4 EP 7-8/03/2011 Wood 7.5 7.63 1.00 1.4503 1.57 

DS_ES G5 EP 7-8/03/2011 Wood 6.4 5.43 0.62 0.5356 1.70 

DS_ES G6 EP 7-8/03/2011 Wood 8.7 6.50 0.55 1.1713 1.90 

DS_ES G7 EP 7-8/03/2011 Wood 10.0 7.45 0.58 1.7319 2.40 

DS_ES G8 EP 7-8/03/2011 Wood 12.0 9.20 0.93 3.3844 1.15 

DS_ES G9 EP 7-8/03/2011 Wood 9.1 8.25 0.89 1.8952 1.30 

DS_ES G10 EP 7-8/03/2011 Wood 6.1 5.80 0.52 0.7952 1.82 

DS_ES G11 EP 7-8/03/2011 Wood 6.2 6.57 0.75 1.2098 1.90 

DS_ES G12 EP 7-8/03/2011 Wood 7.5 6.80 0.60 1.1161 1.62 

DS_ES G13 EP 7-8/03/2011 Wood 6.1 6.39 0.57 0.7850 1.40 

DS_ES G14 EP 7-8/03/2011 Wood 5.4 5.32 0.40 0.4509 1.55 

DS_ES G15 EP 7-8/03/2011 Wood 7.3 6.75 0.63 1.0300 1.30 

DS_ES G16 EP 7-8/03/2011 Wood 6.7 5.80 0.50 0.7455 1.75 

DS_ES G17 EP 7-8/03/2011 Wood 6.5 7.04 0.55 0.9507 1.77 

DS_ES G18 EP 7-8/03/2011 Wood 7.3 6.70 0.55 1.0497 1.80 

DS_ES G19 EP 7-8/03/2011 Wood 4.6 4.87 0.38 0.5420 1.79 

DS_ES G20 EP 7-8/03/2011 Wood 7.2 5.93 0.52 1.4146 1.82 

DS_ES G21 EP 7-8/03/2011 Wood 3.7 3.06 0.33 0.1164 1.30 

DS_ES G22 EP 7-8/03/2011 Wood 4.2 4.30 0.47 0.2932 2.00 

DS_ES G23 EP 7-8/03/2011 Wood 9.5 7.68 0.96 2.2906 1.91 

DS_ES G24 EP 7-8/03/2011 Wood 11.6 7.97 0.73 2.5891 1.50 

DS_ES G25 EP 7-8/03/2011 Wood 7.3 6.27 0.58 1.2373 1.90 

DS_ES G26 EP 7-8/03/2011 Wood 1.5 2.15 0.35 0.0150 0.46 

DS_ES G27 EP 7-8/03/2011 Wood 9.4 6.80 0.75 1.5928 1.15 

DS_ES G28 EP 7-8/03/2011 Wood 3.3 3.64 0.55 0.1954 1.65 

DS_ES G29 EP 7-8/03/2011 Shell 6.0 5.95 0.56 0.8229 1.10 

DS_ES G30 EP 7-8/03/2011 Shell 2.7 3.89 0.52 0.1079 1.42 

DS_ES G31 EP 7-8/03/2011 Shell 5.4 5.50 0.50 0.5346 0.85 

DS_ES G32 EP 7-8/03/2011 Shell 4.5 4.58 0.40 0.2116 1.20 

DS_ES G33 EP 7-8/03/2011 Shell 4.0 4.99 0.41 0.3739 1.55 

DS_ES G34 EP 7-8/03/2011 Shell 1.7 2.26 0.34 0.0341 1.15 

DS_ES G35 EP 7-8/03/2011 Shell 1.8 2.65 0.40 0.0398 0.85 

DS_ES G36 EP 7-8/03/2011 Shell 2.9 2.44 0.35 0.0648 0.65 

DS_ES G37 EP 7-8/03/2011 Shell 5.1 5.09 0.60 0.5659 1.45 

DS_ES G38 EP 7-8/03/2011 Shell 4.3 4.55 0.40 0.2643 1.05 

DS_ES G39 EP 29/05/2011 Wood 12.0 8.87 0.90 3.7325 2.73 

DS_ES G40 EP 29/05/2011 Wood 11.4 8.95 0.85 3.5221 2.49 

DS_PVC G1 ukw 24/01/2011 PVC 3.2 3.22 0.36 0.0786 0.95 

DS_PVC G2 ukw 24/01/2011 PVC 3.1 3.21 0.29 0.0816 1.43 
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DS_PVC G3 ukw 24/01/2011 PVC 2.2 2.48 0.22 0.0319 1.32 

DS_PVC G4 ukw 24/01/2011 PVC 6.2 6.45 0.55 0.7709 1.66 

DS_PVC G5 ukw 24/01/2011 PVC 3.0 3.73 0.36 0.0987 1.51 

DS_PVC G6 ukw 24/01/2011 PVC 7.6 6.29 0.50 0.9799 1.71 

DS_PVC G7 ukw 24/01/2011 PVC 1.4 2.17 0.28 0.0170 0.94 

DS_PVC G8 ukw 6/03/2011 PVC 3.5 4.33 0.45 0.2113 1.85 

DS_PVC G9 ukw 6/03/2011 PVC 2.8 4.02 0.37 0.1361 1.40 

DS_PVC G10 ukw 6/03/2011 PVC 1.2 2.10 0.25 0.0155 1.04 

DS_PVC G11 ukw 6/03/2011 PVC 5.9 4.51 0.27 0.3083 0.65 

DS_TC G1 TC 7/03/2011 Rock 4.7 3.84 0.47 0.1454 1.10 

DS_TC G2 TC 7/03/2011 Rock 5.6 5.05 0.55 0.4280 0.63 

DS_TC G3 TC 7/03/2011 Rock 11.5 7.41 0.66 2.0548 1.15 

DS_TC G4 TC 7/03/2011 Rock 12.3 7.48 0.92 1.7555 0.50 

DS_TC G5 TC 7/03/2011 Rock 3.2 2.86 0.30 0.0474 0.45 

DS_TC G6 TC 7/03/2011 Rock 2.1 1.80 0.35 0.0184 0.00 

DS_TC G7 TC 7/03/2011 Rock 2.1 2.61 0.36 0.0311 0.65 

DS_TC G8 TC 7/03/2011 Rock 3.0 3.05 0.32 0.0703 0.55 

DS_TC G9 TC 7/03/2011 Rock 1.6 1.45 0.25 0.0037 0.00 

DS_TC G10 TC 19/04/2011 Wood 5.2 5.48 0.67 0.6364 1.51 

DS_TC G11 TC 19/04/2011 Wood 8.0 6.81 0.70 1.0670 1.85 

DS_TC G12 TC 19/04/2011 Rock 7.4 5.54 0.55 0.7645 0.90 

DS_TC G13 TC 19/04/2011 Rock 7.6 5.80 0.55 0.6888 0.80 

DS_TC G14 TC 19/04/2011 Rock 5.7 4.60 0.45 0.3128 0.55 

DS_TC G15 TC 19/04/2011 Rock 8.8 5.52 0.60 0.6369 1.55 

DS_TC G16 TC 19/04/2011 Rock 7.0 4.42 0.40 0.3306 1.26 

DS_TC G17 TC 19/04/2011 Rock 7.9 5.23 0.60 0.6405 0.60 

DS_TC G18 TC 19/04/2011 Wood 7.9 6.79 0.59 1.2062 1.51 

DS_TC G19 TC 19/04/2011 Rock 10.5 5.75 0.45 1.4401 0.98 

DS_TC G20 TC 19/04/2011 Rock 9.2 5.52 0.55 0.5360 0.59 

DS_TC G21 TC 19/04/2011 Rock 7.0 5.46 0.50 0.4637 0.45 

DS_TC G22 TC 19/04/2011 Rock 8.9 6.00 0.55 0.8257 1.37 

DS_TC G23 TC 19/04/2011 Rock 9.5 5.61 0.40 0.6774 1.71 

DS_TC G24 TC 19/04/2011 Rock 10.2 6.65 0.63 0.9601 1.25 

DS_TC G25 TC 19/04/2011 Rock 9.6 5.83 0.65 0.9871 0.78 

DS_TC G26 TC 19/04/2011 Rock 6.7 4.77 0.45 0.3553 1.20 

DS_TC G27 TC 19/04/2011 Rock 7.0 5.58 0.60 0.7208 2.00 

DS_TC G28 TC 29/05/2011 Rock 10.0 8.48 0.90 2.4929 1.73 

DS_DC G1 DC 7/03/2011 Rock 16.7 10.16 1.20 6.2700 1.75 

DS_DC G2 DC 7/03/2011 Rock 20.2 13.04 1.50 10.1471 3.04 

DS_DC G3 DC 7/03/2011 Rock 12.6 9.50 0.95 2.7296 1.24 

DS_EI G1 FI 19/04/2011 Wood 2.0 2.00 0.26 0.0151 0.73 

DS_EI G2 FI 19/04/2011 Wood 2.0 2.61 0.21 0.0407 1.40 

DS_EI G3 FI 19/04/2011 Wood 3.0 2.67 0.24 0.0583 0.80 

DS_EI G4 FI 19/04/2011 Wood 2.5 2.70 0.23 0.0472 1.89 

DS_DR G1 DR 29/05/2011 Rock 18.8 9.91 1.10 6.5344 0.55 

DS_DR G2 DR 29/05/2011 Rock 18.2 10.90 1.20 6.6562 1.50 

 



 

151 
 

Table A.1.3: Allometric measurements of G. hystrix tubes attached to hard substrate in Big Glory Bay. BI: 

Bravo Island. SR: Sailors Rest. L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior end. 

Sample Site 
Collection 

Date 
Substrate 

L 

(cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

BGB_BI_R G1 BI 1 13/03/2011 Rock 13.0 7.99 0.90 3.9429 2.70 

BGB_BI_R G2 BI 1 13/03/2011 Rock 9.4 7.04 0.80 1.5706 0.92 

BGB_BI_R G3 BI 1 13/03/2011 Rock 3.2 3.42 0.40 0.1085 0.61 

BGB_BI_R G4 BI 1 13/03/2011 Rock 3.8 3.41 0.35 0.0996 0.50 

BGB_BI_R G5 BI 1 13/03/2011 Rock 14.6 9.54 1.01 5.3923 2.06 

BGB_BI_R G6 BI 1 13/03/2011 Rock 7.9 5.84 0.50 0.7955 1.17 

BGB_BI_R G7 BI 1 13/03/2011 Rock 8.0 6.33 0.55 1.1504 1.41 

BGB_BI_R G8 BI 1 13/03/2011 Rock 14.2 9.64 1.10 4.7355 0.72 

BGB_BI_R G9 BI 1 13/03/2011 Rock 15.0 9.29 1.05 5.3929 0.77 

BGB_BI_R G10 BI 1 13/03/2011 Rock 15.8 9.15 1.06 4.3196 1.20 

BGB_BI_R G11 BI 1 13/03/2011 Rock 3.2 3.42 0.32 0.1245 1.40 

BGB_BI_R G12 BI 1 13/03/2011 Rock 2.3 2.60 0.22 0.0461 1.10 

BGB_BI_R G13 BI 1 13/03/2011 Rock 10.1 7.07 0.82 1.8162 2.15 

BGB_BI_R G14 BI 1 12/03/2011 Rock 14.6 8.70 0.82 3.9501 2.45 

BGB_BI_R G15 BI 1 12/03/2011 Rock 8.1 5.70 0.48 0.7560 1.51 

BGB_BI_R G16 BI 1 12/03/2011 Rock 12.8 9.42 0.80 5.5326 2.68 

BGB_BI_R G17 BI 1 12/03/2011 Rock 10.7 7.52 0.75 2.5393 1.49 

BGB_BI_R G18 BI 1 12/03/2011 Rock 4.4 4.32 0.55 0.2131 0.67 

BGB_BI_R G19 BI 1 12/03/2011 Rock 3.5 3.99 0.48 0.2015 1.12 

BGB_BI_R G20 BI 1 12/03/2011 Rock 10.7 7.49 0.65 2.6353 3.01 

BGB_BI_R G21 BI 1 12/03/2011 Rock 4.7 4.16 0.40 0.2718 0.45 

BGB_BI_R G22 BI 1 12/03/2011 Rock 18.7 9.92 0.81 6.0106 0.95 

BGB_BI_R G23 BI 1 12/03/2011 Rock 3.8 3.06 0.33 0.0761 0.31 

BGB_BI_R G24 BI 1 12/03/2011 Rock 3.8 3.81 0.38 0.1381 0.38 

BGB_BI_R G25 BI 1 12/03/2011 Rock 18.3 9.67 0.95 5.6659 1.95 

BGB_BI_R G26 BI 1 12/03/2011 Rock 8.5 6.47 0.45 1.3175 1.95 

BGB_BI_R G27 BI 1 12/03/2011 Rock 15.5 10.60 1.32 8.4617 3.25 

BGB_BI_R G28 BI 1 12/03/2011 Rock 7.5 6.04 0.56 0.9710 1.12 

BGB_BI_R G29 BI 1 12/03/2011 Rock 8.7 6.90 0.95 1.7341 1.55 

BGB_BI_R G30 BI 1 12/03/2011 Rock 14.1 8.75 0.86 4.5437 1.31 

BGB_BI_R G31 BI 1 12/03/2011 Rock 3.0 3.65 0.43 0.1101 0.52 

BGB_BI_R G32 BI 1 12/03/2011 Rock 12.7 9.32 0.75 3.9876 1.32 

BGB_BI_R G33 BI 1 12/03/2011 Rock 1.8 1.92 0.20 0.0071 0.00 

BGB_BI_R G34 BI 1 11/10/2010 Rock 7.4 5.99 0.52 0.9653 0.86 

BGB_SR_R G1 SR 1 8/07/2011 Rock 6.7 6.10 0.90 0.9766 1.12 

BGB_SR_R G2 SR 1 8/07/2011 Rock 11.1 8.77 1.17 3.2533 2.40 

BGB_SR_R G3 SR 1 8/07/2011 Rock 3.2 3.59 0.50 0.1109 1.33 

BGB_SR_R G4 SR 1 8/07/2011 Rock 13.3 10.10 1.28 4.8150 2.21 

BGB_SR_R G5 SR 1 8/07/2011 Rock 12.2 7.20 0.60 1.6457 1.32 

BGB_SR_R G6 SR 1 8/07/2011 Rock 18.5 11.29 1.40 7.8890 2.88 
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Table A.1.4: Allometric measurements of G. hystrix tubes in aggregations in Big Glory Bay. BI: Bravo Island. 

L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior end. 

Sample Site 
Collection 

Date 
Substrate 

L 

(cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

BGB_BI_A G1 BI 2 13/03/2011 Aggregation 5.4 4.18 0.45 0.3130 1.68 

BGB_BI_A G2 BI 2 13/03/2011 Aggregation 1.8 2.95 0.35 0.0697 1.67 

BGB_BI_A G3 BI 2 13/03/2011 Aggregation 13.4 9.11 1.35 3.9246 3.08 

BGB_BI_A G4 BI 2 13/03/2011 Aggregation 4.2 3.36 0.34 0.1501 1.16 

BGB_BI_A G5 BI 2 13/03/2011 Aggregation 5.7 4.13 0.51 0.3341 1.04 

BGB_BI_A G6 BI 2 13/03/2011 Aggregation 6.5 4.64 0.55 0.4192 1.71 

BGB_BI_A G7 BI 2 13/03/2011 Aggregation 11.7 6.14 0.59 1.1334 0.97 

BGB_BI_A G8 BI 2 13/03/2011 Aggregation 5.4 4.13 0.48 0.2998 0.96 

BGB_BI_A G9 BI 2 10/11/2010 Aggregation 12.1 7.27 0.70 2.2230 0.65 

BGB_BI_A G10 BI 2 10/11/2010 Aggregation 3.1 2.72 0.38 0.0515 0.58 

BGB_BI_A G11 BI 2 10/11/2010 Aggregation 16.9 8.07 0.90 2.2602 0.87 

BGB_BI_A G12 BI 2 10/11/2010 Aggregation 27.6 9.24 0.80 6.1284 3.72 

BGB_BI_A G13 BI 2 10/11/2010 Aggregation 1.6 1.65 0.38 0.0143 0.74 

BGB_BI_A G14 BI 2 10/11/2010 Aggregation 8.0 5.55 0.52 0.8313 1.72 

BGB_BI_A G15 BI 2 10/11/2010 Aggregation 5.7 3.66 0.35 0.2454 0.98 

BGB_BI_A G16 BI 2 10/11/2010 Aggregation 16.9 8.83 0.70 3.7966 2.80 

BGB_BI_A G17 BI 2 10/11/2010 Aggregation 13.0 6.45 0.76 1.6076 1.95 

BGB_BI_A G18 BI 2 10/11/2010 Aggregation 17.2 6.18 0.65 2.7130 1.75 

BGB_BI_A G19 BI 2 10/11/2010 Aggregation 5.5 4.01 0.40 0.2992 1.55 

BGB_BI_A G20 BI 2 10/11/2010 Aggregation 2.6 2.70 0.40 0.0490 1.26 

BGB_BI_A G21 BI 2 10/11/2010 Aggregation 3.6 2.98 0.45 0.0811 1.42 

BGB_BI_A G22 BI 2 10/11/2010 Aggregation 7.9 6.77 0.68 1.4962 1.30 

BGB_BI_A G23 BI 2 11/11/2010 Aggregation 7.0 3.99 0.45 0.3284 0.46 

BGB_BI_A G24 BI 2 11/11/2010 Aggregation 4.8 3.89 0.42 0.2007 0.62 

BGB_BI_A G25 BI 2 11/11/2010 Aggregation 4.1 4.02 0.50 0.1965 1.01 

BGB_BI_A G26 BI 2 11/11/2010 Aggregation 4.8 3.93 0.48 0.2410 1.75 

BGB_BI_A G27 BI 2 11/11/2010 Aggregation 6.5 5.89 0.80 0.6094 1.46 

BGB_BI_A G28 BI 2 11/11/2010 Aggregation 5.7 3.67 0.47 0.2885 1.79 

BGB_BI_A G29 BI 2 30/10/2010 Aggregation 13.3 5.50 0.48 1.0077 1.77 

BGB_BI_A G30 BI 2 30/10/2010 Aggregation 11.7 7.28 0.71 1.6542 1.94 

BGB_BI_A G31 BI 2 30/10/2010 Aggregation 9.2 6.52 0.50 1.5387 1.89 

BGB_BI_A G32 BI 2 30/10/2010 Aggregation 14.5 7.56 0.75 2.8540 1.81 

BGB_BI_A G33 BI 2 30/10/2010 Aggregation 3.4 3.46 0.33 0.1054 1.03 
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Table A.1.5: Allometric measurements of G. hystrix tubes from within the red algae layer in Big Glory Bay. 

SR: Sailors Rest. BI: Bravo Island. L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior 

end. 

Sample Site 
Collection 

Date 
Substrate 

L 

(cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

BGB_SR_S G1 SR 2 13/03/2011 Red Algae 21.0 8.94 1.15 5.0205 3.15 

BGB_SR_S G2 SR 2 13/03/2011 Red Algae 17.7 7.57 0.70 2.5817 3.59 

BGB_BI_S G1 BI 2 13/03/2011 Red Algae 15.6 5.98 0.50 1.5189 2.48 

BGB_BI_S G2 BI 2 13/03/2011 Red Algae 7.7 3.81 0.33 0.3417 1.49 

BGB_BI_S G3 BI 2 13/03/2011 Red Algae 6.1 2.84 0.25 0.1100 1.48 

BGB_BI_S G4 BI 2 13/03/2011 Red Algae 18.2 5.45 0.40 1.6742 2.29 

BGB_BI_S G5 BI 2 13/03/2011 Red Algae 10.9 5.53 0.63 1.0372 2.77 

BGB_BI_S G6 BI 2 13/03/2011 Red Algae 11.5 5.55 0.50 1.1247 2.73 

BGB_BI_S G7 BI 2 13/03/2011 Red Algae 11.6 5.40 0.45 0.7567 2.05 

BGB_BI_S G8 BI 2 13/03/2011 Red Algae 13.8 5.92 0.40 1.5446 3.64 

BGB_BI_S G9 BI 2 11/11/2010 Red Algae 28.1 8.59 0.50 5.6831 3.40 

BGB_BI_S G10 BI 2 11/11/2010 Red Algae 20.4 7.57 0.63 2.9314 1.93 

BGB_BI_S G11 BI 2 8/07/2011 Red Algae 12.5 5.81 0.45 1.3762 2.41 

BGB_BI_S G12 BI 2 8/07/2011 Red Algae 20.4 7.39 0.51 3.5641 2.38 

BGB_BI_S G13 BI 2 8/07/2011 Red Algae 10.5 3.57 0.40 0.5401 2.28 

BGB_BI_S G14 BI 2 8/07/2011 Red Algae 6.7 3.54 0.38 0.3357 1.41 

BGB_BI_S G15 BI 2 8/07/2011 Red Algae 32.1 7.81 0.48 4.3370 2.56 

BGB_BI_S G16 BI 2 8/07/2011 Red Algae 13.1 5.77 0.40 1.0271 2.10 

BGB_BI_S G17 BI 2 8/07/2011 Red Algae 2.5 2.25 0.30 0.0547 1.60 

BGB_BI_S G18 BI 2 8/07/2011 Red Algae 19.2 7.77 0.87 2.5106 2.82 

BGB_BI_S G19 BI 2 8/07/2011 Red Algae 7.3 4.09 0.47 0.3628 1.42 

BGB_BI_S G20 BI 2 8/07/2011 Red Algae 9.4 5.57 0.62 0.8005 1.99 

BGB_BI_S G21 BI 2 8/07/2011 Red Algae 19.1 6.39 0.60 1.6762 1.62 

BGB_BI_S G22 BI 2 8/07/2011 Red Algae 11.7 5.41 0.57 1.1473 1.85 

BGB_BI_S G23 BI 2 8/07/2011 Red Algae 12.8 6.29 0.71 1.2725 3.31 

BGB_BI_S G24 BI 2 8/07/2011 Red Algae 12.0 4.47 0.34 0.9173 1.48 

BGB_BI_S G25 BI 2 8/07/2011 Red Algae 8.2 5.51 0.63 0.7395 2.52 

BGB_BI_S G26 BI 2 8/07/2011 Red Algae 8.4 4.26 0.49 0.4416 1.80 

BGB_BI_S G27 BI 2 8/07/2011 Red Algae 5.3 3.72 0.46 0.2990 1.90 

BGB_BI_S G28 BI 2 8/07/2011 Red Algae 2.7 2.25 0.29 0.0527 1.59 
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Table A.1.6: Allometric measurements of S. cariniferus tubes attached to hard substrate in Otago Harbour. HP: 

Harington Point. PP: Portobello Peninsula. GI: Goat Island. WR: Wellers Rock. Am: Aramoana. Ot: Otakou. 

L: Length. D: Diameter. WT: Wall thickness. D p. e.: Diameter posterior end. 

Sample Site 
Collection 

Date 
Substrate L (cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

OH_HP S1 HP 5/04/2011 Rock 7.2 3.60 0.95 0.4250 0.59 

OH_HP S2 HP 18/07/2011 Rock 8.0 4.25 0.80 0.8215 1.85 

OH_HP S3 HP 18/07/2011 Rock 6.9 4.00 1.15 0.4762 0.48 

OH_HP S4 HP 18/07/2011 Rock 3.3 1.90 0.50 0.0467 0.26 

OH_HP S5 HP 18/07/2011 Rock 5.4 5.14 1.50 0.4184 1.09 

OH_HP S6 HP 18/07/2011 Rock 6.3 4.75 1.25 0.4730 0.00 

OH_HP S7 HP 18/07/2011 Rock 6.0 4.36 1.20 0.3508 0.10 

OH_HP S8 HP 18/07/2011 Rock 4.4 2.69 0.75 0.1858 0.75 

OH_HP S9 HP 18/07/2011 Rock 5.6 5.20 1.55 0.5473 1.70 

OH_HP S10 HP Dec 2010 Rock 8.5 7.12 2.40 1.3290 1.76 

OH_HP S11 HP 12/08/2011 Rock 7.5 4.57 1.12 0.5765 1.20 

OH_HP S12 HP 12/08/2011 Rock 7.0 4.69 1.18 0.6350 1.05 

OH_HP S13 HP 12/08/2011 Rock 7.0 6.05 1.96 0.9622 1.76 

OH_HP S14 HP 26/08/2011 Rock 8.0 5.20 1.30 0.8780 1.78 

OH_HP S15 HP 26/08/2011 Rock 8.4 6.34 1.42 1.2128 1.44 

OH_HP S16 HP 1/10/2011 Rock 5.7 5.12 1.30 0.6371 1.60 

OH_PP S1 PP 19/10/2011 Rock 4.3 4.30 1.25 0.2446 0.95 

OH_PP S2 PP 1/10/2011 Rock 5.4 5.10 1.50 0.4000 1.14 

OH_PP S3 PP 1/10/2011 Rock 2.8 2.64 0.75 0.1110 1.05 

OH_PP S4 PP 1/10/2011 Rock 2.6 2.98 0.75 0.0846 0.95 

OH_PP S5 PP 1/10/2011 Rock 2.3 2.02 0.55 0.0577 0.99 

OH_PP S6 PP 4/10/2011 Rock 2.2 2.39 0.75 0.0689 0.57 

OH_PP S7 PP 4/10/2011 Rock 1.8 1.72 0.50 0.0144 0.20 

OH_PP S8 PP 4/10/2011 Rock 2.4 1.53 0.25 0.0195 0.10 

OH_PP S9 PP 4/10/2011 Rock 1.0 1.20 0.35 0.0104 0.00 

OH_PP S10 PP 4/10/2011 Rock 5.6 4.45 1.35 0.4441 0.79 

OH_PP S11 PP 4/10/2011 Rock 3.0 2.25 0.45 0.0498 0.25 

OH_GI S1 GI Dec 2010 Rock 4.8 3.18 0.90 0.2671 1.10 

OH_GI S2 GI Dec 2010 Rock 4.5 3.76 0.90 0.2653 1.28 

OH_GI S3 GI Dec 2010 Rock 1.8 1.20 0.60 0.0113 0.45 

OH_GI S4 GI Dec 2010 Rock 2.8 2.07 0.43 0.0624 0.77 

OH_GI S5 GI Dec 2010 Rock 1.9 1.06 0.26 0.0142 0.65 

OH_GI S6 GI Dec 2010 Rock 2.0 1.39 0.29 0.0193 0.42 

OH_GI S7 GI Dec 2010 Rock 5.2 3.58 0.90 0.3025 0.85 

OH_GI S8 GI Dec 2010 Rock 6.6 4.35 1.15 0.5838 0.89 

OH_GI S9 GI Dec 2010 Rock 7.0 5.05 1.40 0.9902 1.30 

OH_WR S1 WR 12/08/2011 Rock 8.7 5.54 1.50 1.1304 1.04 

OH_WR S2 WR 12/08/2011 Rock 7.3 5.21 1.40 1.0034 1.32 

OH_WR S3 WR 12/08/2011 Rock 8.4 6.04 1.75 1.1430 1.09 

OH_WR S4 WR 12/08/2011 Rock 7.5 3.85 1.00 0.4836 1.01 

OH_WR S5 WR 12/08/2011 Rock 7.5 5.81 1.85 0.9077 1.46 

OH_WR S6 WR 12/08/2011 Rock 6.9 4.72 1.19 0.6346 1.76 
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OH_WR S7 WR 12/08/2011 Rock 5.0 2.97 0.70 0.1492 0.45 

OH_WR S8 WR 12/08/2011 Rock 4.9 3.33 0.70 0.2277 0.63 

OH_WR S9 WR 12/08/2011 Rock 5.0 3.13 0.80 0.1600 0.40 

OH_AM2 S1 Am 2 1/10/2011 Rock 3.2 3.90 1.15 0.1244 0.81 

OH_AM2 S2 Am 2 1/10/2011 Rock 6.5 4.79 1.07 0.4546 0.84 

OH_AM2 S3 Am 2 1/10/2011 Rock 4.9 4.17 1.00 0.2869 1.01 

OH_AM2 S4 Am 2 1/10/2011 Rock 4.2 4.23 1.10 0.3023 1.42 

OH_AM2 S5 Am 2 1/10/2011 Rock 4.0 3.79 0.95 0.1451 1.46 

OH_AM2 S6 Am 2 1/10/2011 Rock 2.4 2.31 0.47 0.0402 0.78 

OH_AM2 S7 Am 2 1/10/2011 Rock 3.7 2.20 0.70 0.0496 0.24 

OH_AM2 S8 Am 2 1/10/2011 Rock 3.9 2.78 0.81 0.1046 0.69 

OH_AM2 S9 Am 2 1/10/2011 Rock 3.6 3.80 1.15 0.1429 1.47 

OH_AM2 S10 Am 2 1/10/2011 Rock 3.2 2.56 0.45 0.0933 0.69 

OH_AM2 S11 Am 2 1/10/2011 Rock 3.3 2.70 0.73 0.0925 0.45 

OH_AM1 S1 Am 1 1/10/2011 Rock 4.5 3.40 1.20 0.2260 0.82 

OH_AM1 S2 Am 1 1/10/2011 Rock 5.2 3.83 0.70 0.3351 1.38 

OH_AM1 S3 Am 1 1/10/2011 Rock 9.7 7.47 2.35 1.7389 0.97 

OH_AM1 S4 Am 1 1/10/2011 Rock 7.7 4.40 1.10 0.5789 0.75 

OH_Ot S1 Ot 1/10/2011 Rock 11.0 7.99 2.50 2.5942 1.75 

OH_Ot S2 Ot 1/10/2011 Rock 5.8 4.02 0.85 0.5316 0.94 

OH_Ot S3 Ot 1/10/2011 Rock 2.6 1.80 0.34 0.0370 0.30 

OH_Ot S4 Ot 1/10/2011 Rock 2.8 2.71 0.45 0.1005 1.26 

OH_Ot S5 Ot 1/10/2011 Rock 2.3 2.41 0.40 0.0651 1.44 

OH_Ot S6 Ot 1/10/2011 Rock 2.1 2.55 0.55 0.0630 1.55 

OH_Ot S7 Ot 1/10/2011 Rock 2.3 1.82 0.31 0.0308 0.75 

OH_Ot S8 Ot 1/10/2011 Rock 2.2 2.04 0.33 0.0472 0.10 

OH_Ot S9 Ot 1/10/2011 Rock 8.6 6.58 2.25 1.4889 1.23 

OH_Ot S10 Ot 1/10/2011 Rock 6.7 5.24 1.55 0.8802 1.96 

OH_Ot S11 Ot 1/10/2011 Rock 4.2 4.88 1.05 0.3016 1.04 
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Table A.1.7: Allometric measurements of S. cariniferus tubes attached to hard substrate in Doubtful Sound. 

DC: Deep Cove, DR: Diamond Rock. HA: Hall Arm. L: Length. D: Diameter. WT: Wall thickness. D p. e.: 

Diameter posterior end. 

Sample Site 
Collection 

Date 
Substrate 

L 

(cm) 

D 

(mm) 

WT 

(mm) 

Weight 

(g) 

D p. e. 

(mm) 

DS_DC S1 DC 7/03/2011 Rock 3.2 2.10 0.37 0.0591 0.32 

DS_DC S2 DC 7/03/2011 Rock 2.6 1.80 0.25 0.0413 0.44 

DS_DC S3 DC 7/03/2011 Rock 2.2 2.05 0.23 0.0231 0.34 

DS_DC S4 DC 7/03/2011 Rock 0.5 0.35 0.10 0.0002 0.08 

DS_DC S5 DC 7/03/2011 Rock 2.8 2.28 0.40 0.0511 0.51 

DS_DC S6 DC 7/03/2011 Rock 3.0 2.50 0.32 0.0401 0.40 

DS_DC S7 DC 7/03/2011 Rock 2.8 2.50 0.40 0.0424 0.30 

DS_DC S8 DC 7/03/2011 Rock 3.2 2.40 0.30 0.0319 0.40 

DS_DC S9 DC 7/03/2011 Rock 3.8 2.27 0.50 0.0919 0.60 

DS_DC S10 DC 7/03/2011 Rock 2.1 1.35 0.25 0.0084 0.10 

DS_DC S11 DC 7/03/2011 Rock 2.6 2.52 0.28 0.0504 0.40 

DS_DC S12 DC 7/03/2011 Rock 2.1 1.76 0.38 0.0402 0.45 

DS_DC S13 DC 7/03/2011 Rock 3.1 2.20 0.38 0.0915 0.50 

DS_DC S14 DC 7/03/2011 Rock 4.4 2.77 0.54 0.1370 0.49 

DS_DC S15 DC 7/03/2011 Rock 4.8 3.41 0.60 0.2807 1.00 

DS_DC S16 DC 7/03/2011 Rock 3.4 2.09 0.39 0.0499 0.00 

DS_DC S17 DC 7/03/2011 Rock 3.3 2.00 0.43 0.0441 0.10 

DS_DC S18 DC 7/03/2011 Rock 4.2 2.84 0.58 0.1115 0.77 

DS_DC S19 DC 7/03/2011 Rock 3.8 2.55 0.60 0.0616 0.50 

DS_DC S20 DC 20/04/2011 Rock 4.5 2.55 0.45 0.1763 0.37 

DS_DC S21 DC 20/04/2011 Rock 0.9 0.70 0.13 0.0011 0.21 

DS_DC S22 DC 20/04/2011 Rock 0.8 0.60 0.15 0.0008 0.10 

DS_DC S23 DC 20/04/2011 Rock 0.9 0.75 0.15 0.0014 0.05 

DS_DC S24 DC 20/04/2011 Rock 1.4 1.20 0.20 0.0015 0.00 

DS_DC S25 DC 20/04/2011 Rock 1.3 1.05 0.17 0.0014 0.00 

DS_DC S26 DC 20/04/2011 Rock 1.1 0.90 0.17 0.0026 0.20 

DS_DC S27 DC 20/04/2011 Rock 2.6 2.37 0.28 0.0570 0.72 

DS_DC S28 DC 20/04/2011 Wood 2.9 2.12 0.30 0.0901 1.35 

DS_DC S29 DC 20/04/2011 Rock 3.6 2.24 0.36 0.0730 1.16 

DS_DC S30 DC 20/04/2011 Rock 0.9 0.60 0.10 0.0009 0.23 

DS_DC S31 DC 20/04/2011 Rock 3.0 2.03 0.50 0.0535 0.48 

DS_DC S32 DC 20/04/2011 Rock 2.6 1.82 0.30 0.0360 0.60 

DS_DC S33 DC 20/04/2011 Rock 4.2 2.99 0.63 0.1205 0.72 

DS_DC S34 DC 20/04/2011 Rock 1.1 0.65 0.15 0.0010 0.20 

DS_DC S35 DC 20/04/2011 Rock 1.0 1.08 0.15 0.0068 0.49 

DS_DC S36 DC 20/04/2011 Rock 1.9 1.40 0.22 0.0153 0.57 

DS_DC S37 DC 20/04/2011 Rock 2.2 1.50 0.25 0.0201 0.46 

DS_DC S38 DC 7/03/2011 Rock 8.1 4.67 1.20 0.6168 0.45 

DS_DC S39 DC 29/07/2011 Rock 7.6 3.82 0.80 0.8314 1.93 

DS_DC S40 DC 29/07/2011 Rock 5.3 3.15 0.68 0.2229 0.70 

DS_DC S41 DC 7/03/2011 Rock 8.2 4.35 0.95 0.8027 2.20 

DS_DC S42 DC 7/03/2011 Rock 6.7 3.70 0.73 0.3995 0.80 
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DS_DR S1 DR 29/05/2011 Rock 6.3 3.10 0.60 0.3791 1.31 

DS_DR S2 DR 29/05/2011 Rock 4.5 3.35 0.62 0.3355 1.31 

DS_DR S3 DR 29/05/2011 Rock 6.7 4.20 0.85 0.8403 1.45 

DS_DR S4 DR 29/05/2011 Rock 1.0 0.80 0.16 0.0010 0.00 

DS_DR S5 DR 29/05/2011 Rock 7.2 4.60 0.90 0.7806 1.64 

DS_DR S6 DR 29/05/2011 Rock 3.2 2.65 0.61 0.0815 0.89 

DS_DR S7 DR 29/05/2011 Rock 2.7 1.91 0.40 0.0316 0.76 

DS_DR S8 DR 29/05/2011 Rock 2.3 1.99 0.45 0.0307 0.48 

DS_DR S9 DR 29/05/2011 Rock 6.4 3.30 0.60 0.3223 0.51 

DS_DR S10 DR 29/05/2011 Rock 6.3 3.11 0.60 0.2543 0.40 

DS_DR S11 DR 29/05/2011 Rock 1.5 1.00 0.20 0.0033 0.20 

DS_DR S12 DR 29/05/2011 Rock 1.2 0.80 0.17 0.0017 0.20 

DS_DR S13 DR 29/05/2011 Rock 2.7 2.39 0.40 0.0333 0.44 

DS_DR S14 DR 29/05/2011 Rock 3.0 2.42 0.35 0.0675 0.94 

DS_DR S15 DR 29/05/2011 Rock 1.0 0.90 0.15 0.0030 0.30 

DS_DR S16 DR 29/05/2011 Rock 6.8 4.35 1.05 0.7260 1.15 

DS_DR S17 DR 29/05/2011 Rock 5.5 4.38 1.05 0.4764 1.05 

DS_DR S18 DR 29/05/2011 Rock 4.1 2.47 0.40 0.0829 0.70 

DS_DR S19 DR 29/05/2011 Rock 6.8 4.17 0.90 0.6211 1.44 

DS_DR S20 DR 29/05/2011 Rock 5.0 4.02 0.90 0.3281 1.27 

DS_DR S21 DR 29/05/2011 Rock 5.9 3.62 0.75 0.4505 1.10 

DS_DR S22 DR 29/05/2011 Rock 7.5 4.91 1.30 0.5695 1.26 

DS_DR S23 DR 29/05/2011 Rock 5.5 3.82 0.85 0.4031 1.00 

DS_HA S1 HA 29/05/2011 Rock 5.4 2.85 0.60 0.2246 0.54 

DS_HA S2 HA 29/05/2011 Rock 4.0 2.56 0.45 0.1337 0.93 

DS_HA S3 HA 29/05/2011 Rock 4.2 2.80 0.65 0.1205 0.65 

DS_HA S4 HA 29/05/2011 Rock 3.9 2.56 0.50 0.1088 0.80 
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A.2 Skeletal Carbonate Mineralogy 

 

Table A.2.1: Weight percentage (wt%) MgCO3 in the calcite and weight percentage aragonite for all analysed 

tubes and opercula composites of Galeolaria hystrix.  

Location Part (substrate) 
Wt% MgCO3 

in calcite 

Wt% 

Aragonite 
Coordinates 

Wellington Tube (rock) 9.9 0 41°14.791'S/174°53.943'E 

Otago Harbour 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 
 

Opercula (rock) 

9.6 

10.7 

9.5 

7.6 

11.1 
 

14.8 

0 

0 

0 

0 

0 
 

0 

45°47.083’S/170°43.440’E 

45°47.083’S/170°43.440’E 

45°49.683’S/170°38.400’E 

45°49.683’S/170°38.400’E 

45°47.867’S/170°42.900’E 
 

45°47.083’S/170°43.440’E 

Otago Shelf 

Tube (steel frame) 

Tube (steel frame) 

Tube (steel frame) 

Tube (steel frame) 

Tube (steel frame) 

9.2 

8.1 

7.5 

8.3 

8.4 

0 

0 

0 

0 

0 

45°49.304'S/170°53.302'E 

45°49.304'S/170°53.302'E 

45°49.304'S/170°53.302'E 

45°49.304'S/170°53.302'E 

45°49.304'S/170°53.302'E 

Doubtful Sound 

Tube (wood) 

Tube (wood) 

Tube (wood) 

Tube (rock) 

Tube (rock) 
 

Opercula (wood) 

9.4 

9.4 

9.5 

8.7 

9.3 
 

15.4 

0 

0 

0 

0 

0 
 

0 

45°18.733’S/167°00.917’E 

45°18.733’S/167°00.917’E 

45°18.733’S/167°00.917’E 

45°20.840’S/167°02.790’E 

45°20.840’S/167°02.790’E 
 

45°18.733’S/167°00.917’E 

North of 

Stewart Island 

Tube (unknown) 
 

Operculum (unknown) 

9.5 
 

15.4 

0 
 

0 

46°42.153S/167°58.428E 
 

46°42.153S/167°58.428E 

Big Glory Bay 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 
 

Opercula (rock) 

Opercula (rock) 

9.2 

9.8 

10.3 

10.3 

10.3 
 

15.1 

14.6 

0 

0 

2 

0 

0 
 

0 

0 

46°57.817’S/168°08.367’E 

46°57.817’S/168°08.367’E 

46°58.145’S/168°08.720’E 

46°58.145’S/168°08.720’E 

46°58.145’S/168°08.720’E 
 

46°57.817’S/168°08.367’E 

46°58.145’S/168°08.720’E 

Big Glory Bay 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 

9.7 

9.6 

10.2 

10.5 

10.3 

0 

0 

2 

2 

0 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 
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Big Glory Bay 

Tube (red algae) 

Tube (red algae) 

Tube (red algae) 

Tube (red algae) 

Tube (red algae) 

10.2 

10.0 

9.3 

10.6 

9.0 

0 

0 

0 

0 

0 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

46°57.940’S/168°07.890’E 

Port Pegasus 

Tube (rock) 

Tube (rock) 

Tube (rock) 

9.0 

8.4 

9.9 

0 

0 

0 

47°12.157'S/167°38.198'E 

47°12.157'S/167°38.198'E 

47°12.157'S/167°38.198'E 

South of 

Stewart Island 
Tube (unknown) 9.3 0 48°02.787S/166°33.018E 

 

 

Table A.2.2: Weight percentage (wt%) MgCO3 in the calcite and weight percentage aragonite for all analysed 

tubes and opercula composites of Spirobranchus cariniferus.  

Location Part (substrate) 
Wt% MgCO3 

in calcite 

Wt% 

Aragonite 
Coordinates 

Auckland 

Tube (rock) 

Tube (rock) 

Tube (rock) 

11.9 

12.1 

11.1 

12 

3 

5 

36°34’S /174°42’E 

36°34’S /174°42’E 

36°34’S /174°42’E 

Christchurch 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 

Tube (aggregation) 
 

Opercula (aggregation) 

11.5 

12.0 

10.5 

12.0 

11.6 
 

0.0 

11 

1 

0 

2 

2 
 

100 

43°34’S/172°45’E 

43°34’S/172°45’E 

43°34’S/172°45’E 

43°34’S/172°45’E 

43°34’S/172°45’E 
 

43°34’S/172°45’E 

Wellington 

Tube (rock) 

Tube (rock) 

Tube (rock) 

10.2 

9.6 

10.8 

2 

0 

0 

41°14.791'S/174°53.943'E 

41°14.791'S/174°53.943'E 

41°14.791'S/174°53.943'E 

Otago 

Harbour 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 
 

Opercula (rock) 

Opercula (rock) 

11.0 

10.0 

10.7 

9.2 

11.4 

 

0.0 

0.0 

0 

0 

0 

0 

0 
 

100 

100 

45°47.083’S/170°43.440’E 

45°47.083’S/170°43.440’E 

45°49.683’S/170°38.400’E 

45°49.683’S/170°38.400’E 

45°47.867’S/170°42.900’E 
 

45°47.083’S/170°43.440’E 

45°47.083’S/170°43.440’E 

Doubtful 

Sound 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 

Tube (rock) 
 

Opercula (rock) 

Opercula (rock) 

10.9 

9.2 

9.3 

10.5 

10.9 
 

9.2 

10.0 

0 

0 

3 

0 

0 
 

92 

99 

45°27.800’S/167°09.255’E 

45°27.800’S/167°09.255’E 

45°25.517’S/167°07.650’E 

45°25.517’S/167°07.650’E 

45°25.517’S/167°07.650’E 
 

45°27.800’S/167°09.255’E 

45°27.800’S/167°09.255’E 
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Fig. A.2.1: Two-Sample T-Test (One Way ANOVA) for the Mg-content in the calcite between tubes of 

G. hystrix and S. cariniferus. Included are quantiles, means, standard deviations, tests for equal 

variances and a normal quantile plot. 
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Fig. A.2.2: Wilcoxon/Kruskal-Wallis Test for the aragonite content between tubes of G. hystrix and S. 

cariniferus. Included are quantiles, means, standard deviations, tests for equal variances and a normal 

quantile plot. 
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Fig. A.2.3: One Way ANOVA and Tukey-Kramer HSD Test for 

the Mg-content in the calcite of G. hystrix tubes from the seven 

different locations. Included are quantiles, means, standard 

deviations, tests for equal variances and a normal quantile plot. 
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Fig. A.2.4: Wilcoxon/Kruskal-Wallis Test for the aragonite content of G. hystrix tubes from the seven 

different locations. Included are quantiles, means, standard deviations, tests for equal variances and a 

normal quantile plot. 
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Fig. A.2.5: One Way ANOVA and Tukey-Kramer 

HSD Test for the Mg-content in the calcite of S. 

cariniferus tubes from the five different locations. 

Included are quantiles, means, standard deviations, 

tests for equal variances and a normal quantile plot. 
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Fig. A.2.6: Wilcoxon/Kruskal-Wallis and Tukey-Kramer HSD Test for the aragonite content of S. 

cariniferus tubes from the five different locations. Included are quantiles, means, standard deviations, 

tests for equal variances and a normal quantile plot. 



 

166 
 

Table A.2.3: Weight percentage (wt%) MgCO3 in the calcite and weight percentage aragonite for all sections 

analysed along the tubes of G. hystrix and S. cariniferus. Posterior tube ending is at 0 cm while the tube 

aperture is at the largest distance.  

Location  

(substrate) 
Species 

Distance 

(cm) 

Wt% MgCO3 

in calcite 

Wt% 

Aragonite 
Coordinates 

Otago 

Harbour  

(rock) 

G. hystrix 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

8-9 

9-10 

10-11 

11-12 

9.5 

9.0 

9.5 

10.5 

9.1 

8.9 

10.5 

8.8 

8.8 

8.7 

9.8 

10.0 

7 

8 

11 

11 

6 

3 

2 

3 

0 

0 

0 

0 

45°47.083’S/170°43.440’E 

Big Glory Bay  

(red algae) 
G. hystrix 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

8-9 

9-10 

10-11 

11-12 

12-13 

13-14 

14-15 

15-16 

16-17 

17-18 

18-19 

19-20 

20-21 

21-22 

22-23 

11.3 

11.0 

10.9 

10.8 

10.2 

9.8 

11.0 

10.6 

10.7 

11.2 

10.0 

10.3 

10.5 

10.4 

11.5 

9.5 

11.1 

10.9 

10.8 

12.2 

11.1 

10.3 

9.9 

4 

2 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

46°57.940’S/168°07.890’E 

Otago 

Harbour  

(rock) 

S. cariniferus 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

9.2 

10.6 

10.8 

9.6 

9.1 

10.0 

9.2 

2 

3 

2 

2 

2 

3 

1 

45°49.683’S/170°38.400’E 

Doubtful 

Sound  

(rock) 

S. cariniferus 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

8-9 

9.9 

10.1 

10.5 

10.6 

10.2 

9.9 

10.0 

9.9 

10.3 

7 

7 

20 

10 

7 

7 

3 

2 

0 

45°27.800’S/167°09.255’E 
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A.3 Age, Growth and Calcification 

 

Table A.3.1: Initial length, growth since previous monitoring event and standard error (SE) for each growth 

measurement for G. hystrix tubes studied along the subtidal transect at Harington Point, Otago Harbour 

between December 2010 and December 2011.  

  G1_T_HP          G2_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 8.523     1.911     

11/02/2011 9.334 0.811 0.052 3.557 1.646 0.007 

22/03/2011       4.898 1.341 0.017 

3/05/2011 9.603 0.269 0.027 5.308 0.410 0.009 

26/05/2011 9.811 0.208 0.010 5.474 0.167 0.009 

30/06/2011 10.146 0.335 0.000 5.710 0.235 0.013 

10/08/2011 10.299 0.153 0.019 6.523 0.814 0.012 

20/09/2011 10.714 0.415 0.007 7.039 0.516 0.020 

17/10/2011 10.983 0.268 0.010 7.105 0.065 0.008 

15/11/2011 11.510 0.527 0.008 7.415 0.310 0.006 

5/12/2011 11.643 0.133 0.005 7.595 0.180 0.006 

              

  G3_T_HP          G4_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 7.290     1.051     

11/02/2011 8.195 0.905 0.048 2.787 1.735 0.013 

22/03/2011 8.516 0.321 0.002 3.313 0.527 0.028 

3/05/2011 9.026 0.510 0.011 3.949 0.636 0.019 

26/05/2011 9.318 0.292 0.011 4.404 0.455 0.009 

30/06/2011 9.542 0.223 0.019 4.502 0.098 0.010 

10/08/2011 9.795 0.254 0.025 4.721 0.220 0.012 

20/09/2011       5.067 0.346 0.019 

17/10/2011             

15/11/2011             

5/12/2011             
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  G5_T_HP          G6_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 1.760     0.430     

11/02/2011 3.205 1.445 0.016 2.154 1.724 0.022 

22/03/2011 4.195 0.990 0.001 3.564 1.410 0.008 

3/05/2011 4.545 0.350 0.009 3.883 0.319 0.010 

26/05/2011 4.841 0.296 0.013 4.213 0.329 0.012 

30/06/2011 5.279 0.439 0.015 4.378 0.165 0.011 

10/08/2011 5.503 0.224 0.015       

20/09/2011             

17/10/2011             

15/11/2011             

5/12/2011             

       
  G7_T_HP          G8_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 1.350     0.000     

11/02/2011 3.206 1.856 0.018 1.989 1.989 0.061 

22/03/2011 4.425 1.219 0.013 2.465 0.476 0.021 

3/05/2011 5.191 0.766 0.005 2.629 0.164 0.008 

26/05/2011 5.685 0.494 0.015 2.932 0.303 0.008 

30/06/2011 6.321 0.637 0.028 3.114 0.182 0.007 

10/08/2011 6.473 0.152 0.009 3.229 0.115 0.002 

20/09/2011 6.819 0.346 0.016 3.978 0.748 0.029 

17/10/2011 7.248 0.430 0.013 4.306 0.329 0.015 

15/11/2011 7.659 0.411 0.029 4.402 0.096 0.012 

5/12/2011 7.943 0.284 0.002 5.214 0.812 0.025 

       
  G9_T_HP          G10_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 0.000     7.730     

11/02/2011 2.101 2.101 0.038 8.732 1.003 0.010 

22/03/2011 2.625 0.524 0.022 9.124 0.392 0.010 

3/05/2011 2.965 0.341 0.020 9.604 0.480 0.016 

26/05/2011 3.249 0.283 0.018 9.716 0.112 0.010 

30/06/2011 3.487 0.238 0.010 9.838 0.122 0.007 

10/08/2011 3.831 0.344 0.011       

20/09/2011 4.529 0.698 0.023       

17/10/2011 5.150 0.622 0.018 10.420 0.582 0.016 

15/11/2011 5.628 0.478 0.016 10.777 0.357 0.015 

5/12/2011 6.036 0.408 0.017 11.036 0.259 
0.010 
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  G11_T_HP          G12_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010 6.568     5.595     

11/02/2011 7.504 0.936 0.031 6.250 0.655 0.019 

22/03/2011 7.761 0.257 0.034 6.552 0.302 0.013 

3/05/2011             

26/05/2011       6.875 0.323 0.024 

30/06/2011 8.800 1.039 0.018 6.971 0.096 0.016 

10/08/2011 8.918 0.118 0.004 7.025 0.054 0.005 

20/09/2011 9.189 0.271 0.010 7.405 0.381 0.019 

17/10/2011       7.517 0.112 0.009 

15/11/2011       7.917 0.400 0.015 

5/12/2011       8.056 0.139 0.004 

       
  G13_T_HP          G14_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial Length 

(cm) 

Growth 

(cm) 
SE (cm) 

6/12/2010             

11/02/2011             

22/03/2011 14.624     14.774     

3/05/2011             

26/05/2011 14.728 0.104 0.013       

30/06/2011       15.305 0.531 0.021 

10/08/2011 14.816 0.088 0.003       

20/09/2011       15.722 0.417 0.023 

17/10/2011 15.210 0.395 0.015       

15/11/2011 15.344 0.133 0.012       

5/12/2011 15.512 0.168 0.005 16.416 0.693 0.016 
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Table A.3.2: Initial length, growth since previous monitoring event and standard error (SE) for each growth 

measurement for S. cariniferus tubes studied along the intertidal transect at Harington Point, Otago Harbour 

between December 2010 and December 2011.  

  S1_T_HP          S2_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

5/12/2010 8.334     5.850     

22/02/2011 8.510 0.176 0.035 6.559 0.709 0.034 

5/04/2011 8.567 0.057 0.012 6.673 0.114 0.015 

10/05/2011 8.608 0.040 0.004 6.872 0.198 0.002 

17/06/2011 8.694 0.087 0.007 7.109 0.238 0.021 

18/07/2011 8.819 0.125 0.005       

26/08/2011 8.915 0.096 0.004       

1/10/2011 9.031 0.116 0.009 7.546 0.437 0.012 

31/10/2011 9.126 0.095 0.016 7.644 0.098 0.008 

5/12/2011 9.203 0.076 0.008 7.874 0.230 0.012 

              

  S3_T_HP          S4_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

5/12/2010 5.029     2.358     

22/02/2011 5.454 0.425 0.008 3.080 0.722 0.012 

5/04/2011 5.808 0.354 0.012 3.309 0.229 0.019 

10/05/2011 5.859 0.051 0.003 3.532 0.224 0.010 

17/06/2011 5.904 0.045 0.007 3.677 0.145 0.006 

18/07/2011 6.040 0.137 0.008 3.785 0.108 0.005 

26/08/2011 6.179 0.139 0.002 3.899 0.114 0.003 

1/10/2011 6.242 0.063 0.010 4.111 0.212 0.014 

31/10/2011 6.277 0.035 0.004 4.318 0.207 0.013 

5/12/2011 6.302 0.025 0.007 4.473 0.155 0.009 
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  S5_T_HP          S6_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

5/12/2010 2.508     4.767     

22/02/2011 3.757 1.249 0.017 4.855 0.087 0.011 

5/04/2011 4.265 0.507 0.002 5.032 0.178 0.012 

10/05/2011 4.379 0.114 0.009 5.346 0.314 0.017 

17/06/2011 4.420 0.040 0.003 5.558 0.212 0.009 

18/07/2011 4.569 0.150 0.012 5.710 0.151 0.006 

26/08/2011 4.680 0.110 0.008 5.807 0.098 0.016 

1/10/2011 4.956 0.276 0.016 5.907 0.100 0.013 

31/10/2011 5.077 0.122 0.012 6.075 0.168 0.007 

5/12/2011 5.241 0.164 0.002 6.259 0.184 0.012 

       
  S7_T_HP          S8_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

5/12/2010 6.709     1.604     

22/02/2011 7.483 0.774 0.013 2.697 1.093 0.012 

5/04/2011 7.706 0.223 0.014 3.199 0.502 0.013 

10/05/2011 7.935 0.229 0.014 3.497 0.298 0.015 

17/06/2011 8.181 0.246 0.006 3.717 0.220 0.004 

18/07/2011 8.386 0.205 0.006 3.924 0.207 0.007 

26/08/2011 8.550 0.164 0.008 4.108 0.184 0.015 

1/10/2011 8.686 0.136 0.011 4.384 0.276 0.010 

31/10/2011 8.861 0.175 0.012 4.709 0.325 0.013 

5/12/2011 9.056 0.195 0.011 4.966 0.257 0.005 

       
  S9_T_HP          S10_T_HP 

Date 
Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

Initial 

Length (cm) 

Growth 

(cm) 
SE (cm) 

5/12/2010 1.398     10.136     

22/02/2011 2.272 0.874 0.014       

5/04/2011 2.599 0.327 0.015       

10/05/2011 2.880 0.281 0.011 10.389 0.253 0.146 

17/06/2011 3.106 0.226 0.007       

18/07/2011 3.303 0.196 0.012       

26/08/2011 3.526 0.223 0.009 10.445 0.056 0.032 

1/10/2011 3.730 0.204 0.005       

31/10/2011 3.952 0.223 0.017       

5/12/2011 4.160 0.208 0.010 10.548 0.102 0.012 
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Fig. A.3.1: T-Test for summer versus winter growth of G. hystrix tubes studied between 6
th

 December 

2010 and 5
th

 December 2011 along the subtidal transect at Harington Point, Otago Harbour. Included are 

quantiles, means, standard deviations, tests for equal variances and a normal quantile plot. 
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Fig. A.3.2: Two-Sample T-Test (One way ANOVA) for summer versus winter growth of S. cariniferus tubes 

studied between 5
th

 December 2010 and 5
th

 December 2011 along the intertidal transect at Harington Point, 

Otago Harbour. Included are quantiles, means, standard deviations, tests for equal variances and a normal 

quantile plot. 
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Fig. A.3.3: Walford plot of tube length changes of G. hystrix over a 1-year period at Harington Point, Otago 

Harbour, New Zealand. Included are the slope (m), intercept (c), growth constant (K) and the maximum tube 

length (L∞). 

 

 

 

Fig. A.3.4: Walford plot of tube length changes of S. cariniferus over a 1-year period at Harington Point, 

Otago Harbour, New Zealand. Included are the slope (m), intercept (c), growth constant (K) and the maximum 

tube length (L∞). 
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