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Abstract 

Sponges are highly plastic animals, capable of adapting their morphology, reproduction 

and recruitment to suit environmental conditions. The intertidal environment is one of 

extremes and these conditions directly influence the population ecology of the resident 

organisms. In addition intertidal reefs are also often situated adjacent to coastal 

developments and may be subject not only to natural but anthropogenic disturbance. As a 

consequence sponge communities in shallow and intertidal waters are often more dynamic 

than their sub-tidal counterparts. This thesis examines the population ecology of 

Cinachyrella australiensis, a Spongia sp. and a newly identified Haliclona (Reniera) rom. from 

intertidal reefs within Darwin Harbour, Northern Territory, Australia. It also examines the 

effect of disturbance has upon the growth and recruitment of these sponge populations. 

Cinachyrella australiensis is slow growing and believed to be very long lived. It had a 

distinct robust spherical form, flask shaped porocalyces and pronounced tracts of 

megascleres radiating from the basal portion of the sponge. Within Darwin Harbour 

however, both spherical and hemi-spherical forms were identified. Spherical forms were 

from sites with high water flow rates and had high proportions of structural silica and 

relatively low organic content. Conversely, individuals from sites with lower flow rates 

had a hemi-spherical form, lower proportions of silica and higher organic content. Spongia 

sp. was slow growing and is believed to be long lived. This species lacked any 

silicification and instead had a robust skeleton comprised of anastomising spongin fibres. 

Spongia sp. was highly plastic with encrusting, massive, vasiform and digitate forms 

identified. Yet despite this morphological plasticity there were no site related differences 

identified in this species. Haliclona (Reniera) rom. was a fast growing ephemeral species. It 

had highly variable tubular, lobate and laterally coalescent forms. The skeleton had 

regular unispicular tangential isodictyal reticulation, with tracts of longitudinally running 

oxeas. This species was very fragile and easily damaged by water flow or suspended 

particulate matter, and was only located at one of the study sites. 

Both C. australiensis and Spongia sp. produced reproductive material throughout the year 

with distinct peaks in reproductive activity during November to February. Unfortunately, 

reproductive periodicity was unable to be determined for Haliclona (Reniera) rom. 

C. australiensis produced asexual buds that formed as protrusions on the surface of the 

parent sponge and migrated down the sheltered side of the adult onto the substratum. 

Haliclona (R.) rom. also reproduced asexually, however produced large numbers of 

gemmules which persisted on the substratum after the parent tissue had died off. Asexual 

reproduction may be an adaptation to overcome potential difficulties of sexual 

fertilisation in intertidal environs. In contrast, Spongia sp. had vivipurous reproduction, 
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producing large numbers of larvae within brood chambers. Vivipary with 

hermaphroditism may overcome the risks of gamete loss potentially associated with a 

highly variable habitat. 

C. australiensis had the greatest number of individuals per m2 in comparison to the other 

two species despite producing fewer young per individual. The success of C. australiensis 

may have been due to asexual budding, bud sheltering and occupation of sheltered 

microhabitats. Asexual reproduction may be regarded as a conservative mechanism 

directed towards conservation of resources. Budding reduces the dependence upon water 

borne fertilisation and thus the potential for gamete loss. 

C. australiensis displayed a distinct small-scale clumped pattern of recruitment, occupying 

sheltered microhabitats. Individuals recruited in depressions or adjacent to ridges. These 

microstructures, like the sheltering mechanism, may have provided young with a degree of 

protection from water flow. Despite the large numbers of larvae produced by Spongia sp. 

there was limited successful recruitment. Spongia species had an apparent random 

pattern of distribution. Low numbers of recruits prevented definitive conclusions about 

microhabitat occupation being made. Haliclona (R.) rom. had no distinct peaks in 

reproductive activity and like Spongia sp. recruits were randomly distributed. 

Even after recruitment, population dynamics can be highly variable, particularly in the 

intertidal region. Much of this variability is due to disturbance events, such as scouring, 

which can influence growth and recruitment. Disturbance through algae and/ or sponge 

clearance significantly influenced both growth and recruitment in C. australiensis and 

Spongia sp. Disturbance also influenced growth rates, disturbed individuals growing 

slower than their non-disturbed counterparts. However, the same did not apply to 

recruitment, C. australiensis in disturbed areas had significantly higher recruitment than in 

non-disturbed areas. The creation of cleared areas of substratum through disturbance had 

a positive effect on C. australiensis recruitment. The influence of disturbance on Spongia sp. 

recruitment was not as clear due to the low numbers of recruits. 

This research has provided new information on the population ecology of three tropical 

intertidal sponge species. Despite inhabiting the same intertidal location, all three species 

had very different morphologies, modes of reproduction, patterns in recruitment and 

growth. 
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Chapter 1. General Introduction 

Chapter 1. General Introduction 

This thesis examines the population ecology of three tropical intertidal sponge species 

within Darwin Harbour, Northern Territory, Australia. Specifically it will investigate 

features of morphology, reproduction, recruitment and growth of these species which 

enable them to persist in the variable inter-tidal reef environment. 

Reefs are generally tropical shallow water ecosystems that are highly productive, and 

have been argued to be the most taxonomically diverse ecosystems on earth (Connell, 

1978}. These systems provide a home for many marine organisms, protect shorelines, 

prevent erosion, provide nursery grounds for fish and invertebrate species and are a 

source of raw materials and natural products. The extant coral reefs are dominated by the 

Scleractinea and the vast majority of ecological research has focussed on these organisms. 

On many reefs sponges are often only second to the Scleractinea in terms of biomass 

(Wilkinson, 1983). On some Caribbean reefs sponges even exceed the biomass, abundance 

and diversity of corals (Reiswig, 1971; Ri.itzler, 1978). Sponges are important in reef 

consolidation (Goreau & Hartman, 1966; Wulff & Buss, 1979), control and regulation of 

space (Davis et al., 1991; Sullivan et al., 1983), cycling of nutrients (Reiswig, 1974; 

Reiswig, 1981; Schubauer et al., 1985; Vacelet, 1981; Wilkinson & Garrone, 1980; 

Wilkinson, 1978a; Wilkinson, 1983), and as potential hie-indicators (Patel et al., 1985; 

Roberts, 1996; Roberts et al., 1998; Verdenal et al., 1985). 

The Demospongiae are the most diverse of the Porifera, containing over 95% of all extant 

sponge species (Bergquist, 1978). The Demospongiae are highly plastic in form and are 

frequently influenced by prevailing environmental conditions (Trammer, 1983). These 

sponges also display an incredible array of colours. They are predominantly marine, with 

the exception of the family Spongillidae, and can be found in almost every aquatic habitat 

from upper intertidal regions down to depths of over 8000 m (Bergquist, 1978). 

Demospongiae can colonise rock, shell, sand, mud, mangrove prop roots and even 

seagrass. Adult sponges are generally sessile, although research has shown that some 

species are capable of movement (Bond, 1999; Bond & Harris, 1988). Currently there are 

about 7000 species described, however it is estimated that at least three times this 

number remain undescribed (Hooper et al., 1999). There are approximately 1400 species 

from Australian waters, however it is estimated that as many as 5000 species live in 

continental and territorial waters (Hooper et al., 1999). Yet despite the abundance, 

diversity and complexity of sponges, little is known about the population ecology of 

many species, particularly those in shallow water or intertidal regions. 
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Chapter 1. General Introduction 

Sponges are an important component of the benthic community in Darwin Harbour. The 

sponge fauna of Darwin Harbour is represented by a dominant Indo-Pacific element 

(approximately 46%). Only 33% of the sponge fauna in Darwin Harbour is endemic to 

Australia (Hooper et al., 1991). There is also a significant number of North

Australian/Malayan species (16%). The remaining 5% are described by Bergquist (1967) 

as indeterminate in distribution since many of the earlier identifications are yet to be 

verified. Most of these sponges are shallow water or inter-tidal forms. The ecological 

dominance of the Demospongiae in Darwin Harbour may be a reflection of their form, 

reproductive and recruitment capabilities, and their ability to recover from disturbance. 

The habitat occupied by sponges is reported to influence their growth form, reproduction 

and their recruitment (Bergquist, 1978). Most studies on sponge ecology have examined 

sub-tidal communities often in temperate or sub-tropical regions. Recent studies have 

shown that biological communities in shallow and intertidal waters are often more 

dynamic than their sub-tidal counterparts (Kennelly & Underwood, 1992; Roberts & 

Davis, 1996). Furthermore, the location of many intertidal reefs adjacent to coastal cities 

means that they are often subject to damage from both natural and anthropogenic 

disturbance (Bell et al., 1989; Hunte & Wittenberg, 1992; Tomascik, 1991; Wilkinson & 

Cheshire, 1990; Zea, 1994). Given the spatial and temporal variability inherent in many 

marine organisms identifying a disturbance is often problematic. The most commonly used 

indicators are abundances of key organisms, size frequencies and species composition 

(Hughes & Connell, 1999). However, the problem with many disturbance studies is that 

they often lack baseline values for the indicator species and cannot differentiate between 

natural and disturbed communities. 

Purpose and structure of this research 

This thesis describes the population ecology of Cinachyrella australiensis, a Spongia species, 

and the newly identified species Haliclona (Reniera) rom. Over a two year period the 

population ecology of these species was monitored on inter-tidal reefs at two study sites 

within Darwin Harbour, Northern Territory, Australia (Chapter 2). This research provides 

detailed descriptions of the morphology, reproduction, recruitment and growth of 

sponges, identifying aspects that are important to their existence in the inter-tidal 

environment. 

Morphology in the Porifera is highly plastic, often differing with changes in environmental 

conditions. Due to this plasticity detailed descriptions of the gross morphological 

characteristics of each species were conducted (Chapter 3). This also involved the 

complete taxonomic description of the new species Haliclona (Reniera) rom.: (currently in 
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Chapter 1. General Introduction 

review McDonald & Hooper 2002). Populations were examined from two sites to 

determine if there was any spatial variability in morphological characters (the 
morphological variability of C. australiensis has been published McDonald et al., 2002). 

The Porifera are known to exhibit both sexual and asexual modes of reproduction often 

influenced by their habitat. Reproductive mode and periodicity was identified to illustrate 

how these characteristics aid in the persistence and regeneration of each species within 

the inter-tidal system (Chapter 4). (Manuscript on budding mechanisms in C. australiensis, 

McDonald & Hooper 2002, is currently in review). 

Site and microhabitat scale patterns in recruitment were studied in populations of each 

species to determine if any spatial or temporal patterns were evident (Chapter 5). A 

small-scale experiment was also established to investigate how disturbance through 

clearing influenced recruitment in C. australiensis and Spongia sp. Investigation of 

recruitment and the influence of disturbance contributes to our understanding of how 

these species persist in the inter-tidal zone. 

Patterns and rates of growth were investigated in the populations of each species 

(Chapter 6). Spatial and temporal variations in growth were studied to determine 

whether location or seasons influenced growth. The influence disturbance has upon 

growth of C. australiensis and Spongia sp. was also investigated using the same 

disturbance experiment established in Chapter 5. A further disturbance experiment was 

established to investigate the effect of re-orientation, to prevailing water flow, upon the 

growth of Spongia sp. (Manuscript on Spongia sp. re-orientation is awaiting publication in 

the Journal of Experimental Marine Biology and Ecology (McDonald & Hooper, 2002). 

Investigations of the scientific literature prior to the commencement of this study revealed 

that there were often considerable conflicting ideas on sponge ecology, particularly for 

intertidal populations. To date there have been few published studies on sponge ecology, 

and of those that do exist, most are focussed on sub-tidal temperate species. This study 

represents a significant undertaking as it examines how clonal organisms, such as 

sponges, are able to persist in the tropical intertidal environment, normally dominated by 

solitary organisms. This study will provide data on the morphology, reproduction, 

recruitment and growth of these tropical species and identify how these characteristics 

may enable these species to persist on the intertidal reefs of Darwin harbour. 
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Chapter 2. Study sites within Darwin harbour, Northern 
Territory. 

Introduction 

In comparison with reef systems in many other parts of Australia, knowledge of reefs in 

the Northern Territory is very limited. Most reefs in the Northern Territory are fringing 

reefs. Of those in the Darwin harbour region, the most prominent and best studied are at 

Lee Point, Nightcliff, East Point and Channel Island (Bergquist & Tizard, 1967; Ferns, 

1995; Hooper et al., 1991; Pope, 1967). These fringing reefs are predominantly intertidal 

and, as such, are subjected to extreme variability in climatic and hydrodynamic 

conditions. Consequently, the species that live on these reefs must be well adapted to the 

harsh conditions they experience during long periods of exposure with large temperature 

fluctuations and sedimentation. Ferns (1995) concluded that the coral communities of the 

Northern Territory were relatively depauperate when compared to Western Australian 

and Queensland reef systems. The same cannot be said of the sponge communities, which 

have been described as some of the most diverse and species rich anywhere in Australia 

(Hooper pers. comm.). 

Darwin Harbour 

Darwin Harbour is a large estuarine system of approximately 450 km2 (Figure 2.1). 

Geomorphologically the harbour is a relatively shallow tropical system formed by the 

post-glacial filling of a dissected plateau (Michie, 1987). Subsequent sedimentary infill 

has resulted in the formation of oceanic embayments and riverine channels. The harbour 

experiences large semi-diurnal tides (Collins, 1994), ranging from a low of 0.00 m to 8 m 

maximum tidal range. 

Tidal currents are generally very strong throughout the harbour (ranging from 0.25 to 

2m/ sec"1
) where as bays can be quite calm. Many rivers, streams and creeks flow into the 

harbour, each with accompanying discharge and strong tidal movement. The harbour 

experiences high rates of tidal scouring, sediment transport and deposition, and large 

volumes of fresh water flow into the system from the Elizabeth River and other major 

drainage channels, particularly during the wet season (Larson et al., 1988). The above 

regimes correspond to seasonal fluctuations in salinity and turbidity within many parts of 

the harbour (Michie, 198~). Darwin harbour differs from many other tropical systems in 

that the tidal range is significantly higher. A consequence of large tidal range with a semi-
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Chapter 2. Study sites within Darwin Harbour, Northern Territory 

diurnal inequality is that a larger region of the inter-tidal, and consequently more 

organisms, are exposed during the hottest part of the day (1-2 p.m.). 

Monitoring sites 

Two sites differing in their environmental and geomorphological characteristics were 

selected within Darwin Harbour: East Point (latitude 12°24'3"5, longitude 130°49'2"E) 

and Channel Island (latitude 12°33'17"5, longitude 130°51'58"E). The reefs studied were 

all fringing ferricrete laterite with phyllite/ siltstone. In addition to sponges, each reef had 

large numbers of hard and soft coral. 

East Point 

This was the main site and the focus of all manipulative experiments (Figure 2.1). This site 

is also the location for many sponge type specimens and has been registered as a 

protected area. It is situated within a coastal reserve approximately 8 km northwest of 

Darwin city. 

This region had both rocky shore and fringing laterite I coral reef. The reef extended for 

approximately 400 metres offshore at lowest spring tides. It was a veneer class laterite 

and coral platform with numerous plateaus and rock pools. The reef was bordered on the 

landward edge by a short stretch of beach consisting of coarse sand and shell debris. The 

beach extended for approximately 10m before giving way to the back reef flat (Figure 2.2) 

This region stretched for approximately 50 m and was relatively devoid of any fauna 

with only fine filamentous algae in small isolated patches. The back reef flat was exposed 

for large periods of time during most low tides. A transition zone extended from the back 

reef flat to the reef flat proper. This zone extended for up to 200m with an increasing 

abundance and diversity of flora and fauna seaward. 

Finally there was the reef flat proper, separated from the transition zone by a shallow 

channel which retained water even at low tides. This region was only exposed by sub-2m 

tides, and has the greatest diversity and abundance of flora and fauna. This region was 

characterised by highly variable micro-topographic changes in the substratum {vertical 

range up to 75 mm above mean level; Figure 2.3). A large number of pools, rifts and ridges 

occurred in this section providing a diverse range of habitats. The reef flat proper was the 

location of the sponges examined in this study. 
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Figure 2.1 Map of Darwin Harbour with insets of infra-red aerial photographs illustrating 

East Point and Channel Island study sites (arrows indicate area studied, * denotes 

Fannie Bay site). 
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transition zone channel reef flat proper 
transition to 

subtidal zone 

Figure 2.2 Schematic cross section of East Point reef, from beach to reef flat proper (note not to 

scale). Dashed line indicates areas of reef exposed at 2m tides. Solid arrow 

indicates relative location of sponges studied in this study. 

100 

50 

mean level 

Figure 2.3 Schematic representation of micro-topography at East Point site (horizontal scale 

approximately lm). Representative of areas inhabited by sponges and examined in 

this study (mean height above substratum in mm). 

Channel Island 

The Channel Island (CI) site was located on a small reef between Channel Island and the 

mainland (Figure 2.1). The reef extended all the way between the island and the 

mainland. Like East Point, this reef was also a veneer class laterite and coral platform 

with numerous plateaus and rock pools. This site had a short stretch of mud leading from 

mangrove forests down to the reef itself (Figure 2.4). This mud platform extended for 
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approximately 4 m before giving way to the back reef flat (Figure 2.4). The back reef flat 

stretched for approximately 5 m and, unlike the East Point reef, had abundant fauna, 

although often there were only fine filamentous algae in small isolated patches. A 

transition zone extended from the back reef flat to the reef flat proper (Figure 2.4). This 

transitional zone extended for up to 20 m with increasing abundance and diversity o£ 

flora and fauna seaward. This transition zone was the location of the sponges examined 

in this study (Figure 2.4). 

Finally, there was the reef flat proper. The reef proper was topographically heterogeneous, 

consisting of relatively large ridges and small pools. Like the East Point site, this region 

was also characterised by highly variable micro-topographic changes in the substratum. 

There was a much greater range in topography at this site, with vertical changes of up to 

150 mm (above mean substratum level) in some locations (Figure 2.5). This region was 

only exposed by sub-2 m tides and has the greatest diversity and abundance of flora and 

fauna. Again like the East Point reef, a large number of pools, rifts and ridges occurred in 

this section providing a highly diverse range of habitats. 

back reef flat transition zone reef flat proper 
transition to subtidal 

zone 

····-····-·::::----·····-·--

............. 

Figure 2.4 Schematic cross section of Channel Island study site from mangroves to reef proper 

(Note not to scale). Dashed line indicates areas of reef exposed at 2m tides. Shaded 

arrow indicates relative location of sponges studied in this study. 
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100 

50 

mean level 

Figure 2.5 Schematic representation of micro-topography at Channel Island site (horizontal 

scale approximately 1m). Representative of areas inhabited by sponges and 

examined in this study (mean height above substratum in mm). 

Fannie Bay 

The Fannie Bay (FB) site was only used in the study of C. australiensis morphological 

variability, and as such is only briefly mentioned in this chapter (Figure 2.1). This site was 

in a relatively sheltered part of the harbour, and had very fine, silty sediments (< 0.53 

mm) covering much of the reef flat. This site experienced very little disturbance from 

water flow (0.5 m s-1
) and had relatively uniform and calm conditions throughout the 

year. 

Atmospheric variables 

A range of atmospheric data, including air temperature, rainfall, relative humidity, 

evaporation rates, mean number of cloudy days and mean number of hours of sunshine 

were obtained from the Bureau of Meteorology Darwin office. Data were collected at 

monthly intervals, however only data corresponding to the sampling periods used in this 

study are reported. Due to the relatively close proximity of sites to each other, there was 

no difference in atmospheric variables, with the exception of rainfall. As such, data 

presented in this chapter are representative of both sites. 

Darwin is situated in the wet-dry tropics of Australia, and experiences a highly seasonal 

climate. Darwin experiences a mean annual rainfall of 1500 mm. Rainfall is strongly 

seasonal, the majority falling between November and March. Rainfall is highest in the 

month of February (400 mm mean) and lowest in July (0 mm mean) (Figure 2.6). As may 

be expected, humidity follows the seasonal pattern of rainfall, highest in February (mean 
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value 82% at 9 am; 72 % at 3 pm) and lowest in June (mean value 63 % at 9 am; 39 % at 

3 pm) (Figure 2.7) . 

Despite highly variable rainfall and humidity, air temperatures are relatively stable 

throughout the year. Mean monthly air temperatures range from 22.4 to 33 °( in the dry 

season (May to September) and from 25 to 33 °C in the wet season (October to April) 

(Figure 2.8). Other seasonal variables that are strongly linked to rainfall and temperature 

are evaporation rates (Figure 2.9), mean number of hours of direct sunlight (Figure 2.10) 

and mean number of cloudy days (Figure 2.11). These variables all display similar wet 

and dry seasonal cycles. 
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Figure 2.6 Rainfall at East Point (EP) & Channel Island (CI) study sites (Monthly figures for 

1999 -2001, & mean values from 1932- 2001). 
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Figure 2.7 Relative humidity (%) at East Point & Channel Island study sites (Monthly figures 

for 1999 -2001, & mean values from 1941- 2001). 
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Figure 2.8 Temperature (0 C) at East Point & Channel Island study si tes (Monthly figures for 

1999 -2001, & mean values from 1941 - 2001). 
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Figure 2.9 Evaporation (mm) at East Point & Channel Island study sites (Monthly figures for 

1999 -2001, & mean values from 1941- 2001). 
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Figure 2.10 Daily bright sunshine (hours) at East Point and Channel Island study sites (Monthly 

figures for 1999 -2001, and mean values from 1951 - 2001). 
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Figure 2.11 Number of cloudy and partly cloudy days at East Point and Channel Island study 

sites (Monthly figures for 1999 -2001, and mean values from 1941- 2001). 

Hydrodynamic variables 

Initially, seven hydrodynamic variables were measured at each site on a monthly basis . 

These were conductivity, pH, turbidity, dissolved oxygen, water temperature, salinity and 

water flow. The first six variables were measured using a Horiba water checker U-10. 

Water flow was measured using a Schiltknecht Mini Air 2 flow meter. However due to 

difficulty accessing this equipment on a regular basis, hydrodynamic data collected by the 

author were replaced with more comprehensive data provided by the Department of 

Lands, Planning and the Environment (Water Resources Division; Padovan, 1997). 

In total thirteen hydrological variables were examined at each site for one year. Data were 

collected at monthly intervals, however only data corresponding to the sampling periods 

used in this study are reported. These variables were water flow rates, water temperature, 

salinity, pH, dissolved 0 21 total nitrogen, organic nitrogen, total phosphorus, turbidity, 

gilvin, total suspended solids, mean euphotic depth and silica content. As different water 

samples were measured at each time, the data can be considered independent. 

Water temperature varied seasonally. Lowest temperatures were in the dry season Ouly) 

at 24.9°C rising to a peak of 31.6°C in the wet season (December)(Figure 2.12). There was 

a steady decline from December to April in temperature, corresponding to periods of high 

rainfall and high cloud cover, effectively reducing the amount of solar radiation reaching 

the earth's surface. During the wet season, water temperatures in rock pools increased 

significantly (recorded at 38.4 °C, McDonald unpublished) subjecting sponges to higher 
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than average temperatures. The tide floods the sponge habitat with water that may be up 

to 10-15 oc cooler, subjecting sponges in the intertidal zone to great changes in 

temperature. 

Salinity also varied seasonally, reaching a maximum value of 36 ppt at the end of the dry 

season, and a minimum of 30 ppt during periods of high rainfall (Figure 2.12). As changes 

in pH are often associated with changes in salinity it was not unexpected that pH 

followed a similar seasonal pattern (Figure 2.12). 

Turbidity, total suspended solids and euphotic depth (depth at which light intensity is 

1% of the surface value) are inter-related and influenced by material suspended in the 

water column, from the substratum and surrounding mangroves and mud flats. 

Interestingly, turbidity (Figure 2.12) did not vary with season as may have been expected 

given the periods of high rainfall. However there were site differences with Channel Island 

experiencing significantly higher values than East Point (df =1,8 F =36.43, P <0.05). Total 

suspended solids (TSS) (Figure 2.12) were also significantly different between sites with 

Channel Island recording higher values than East Point (df =1,8 F =5.93; P <0.05). TSS 

increased during the dry season declining during the wet season. Euphotic depth varied 

throughout the year however at East Point it tended to increase during the wet season 

(Figure 2.12). As would be expected, given previous results, Channel Island had 

significantly lower euphotic depth values than East Point (df =1,8 F =10.94, P <0.05). 

Silica is used in the production of spicules that provide structural support as sponges 

grow. This element had the highest concentrations in February (Figure 2.13). This variable 

was also significantly different between sites with Channel Island recording higher values 

than East Point (df =1,8 F =6.00, P <0.05). 

The remaining variables (total nitrogen (Figure 2.13) and organic nitrogen (Figure 2.13), 

gilvin (Figure 2.13), total P (Figure 2.13) and dissolved oxygen (Figure 2.13) remained 

relatively stable throughout the year with no distinct seasonal patterns. 

The area around the Channel island study site was subject to extreme water flow 

(2.2 m/ s'1). Flows generated in this region have been observed to move coral bommies (up 

to 1m in diameter) considerable distances (pers. obs). The East Point (EP) site 

experiences considerable water flow (1.4 m/ s·1
), albeit less than the CI site. The EP reef 

was, however, subjected to greater wave action (pers. obs.). Extreme flow caused by 

storm activity dislodged large coral bommies, deposited excess sediment, debris and even 

scoured the reef surface of most flora and fauna present (Figure 2.14). 
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Figure 2.12 Hydrodynamic parameters measured at East Point and Channel Island sites. 

Parameters include temperature (°C); salinity (ppt); pH; dissolved cY (% satn); 

total suspended solids (mg/L); turbidity (NTU). (Data courtesy of Padovan, 1997). 
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Figure 2.14 Evidence of scouring at East Point reef (December 2000). 

Sediment 

At both sites there was a highly mobile and variable layer of silt and fine muddy sands 

with some coarse sand and shell debris. Ten sediment samples were collected at random 

locations from each reef in both the wet (n=20) and the dry season (n=20), to determine 

how the sediment composition changed over time. Samples were dried for 48 hours at 

100 oc to determine dry weight (DW) and then passed through a series of sieves to 

determine the relative grain size distribution. 

At East Point the majority of the sediment was 0.53 mm or smaller. This site was also 

subjected to smothering by a highly mobile sediment sheet that extended from the beach 

out to the transition zone. This sediment sheet developed predominantly during the wet 

season and was associated with high amounts of surface run-off. During the period of 

this study, the sediment sheet has become progressively larger, migrating from the north 
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western portion of the site spreading east, smothering more and more of the transition reef 

area. 
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Figure 2.15 Sediment size (mm) at East Point for both wet & dry seasons (Mean values ± SD, 

n=10 ). 

At Channel Island site the sediments had a relatively large grain size (>0.9 mm). This site 

was subject to smothering by highly mobile sediment that accumulated in rock pools and 

depressions. This sediment build up occurred predominantly during the wet season and 

was linked to high amounts of surface run-off. 
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This study was designed to identify and characterise the population dynamics of three 

tropical sponge species at two different sites within Darwin Harbour. The study sites 
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used in this study differ in environmental and geomorphological characteristics and as 

such, represent two completely different habitats inhabited by the same species. It is 

important to note that while results in the following chapters show correlations between 

sponge attributes and environmental variables measured they do not infer causality as 

differences may be due to the different populations or a reflection of the habitat studied. 

This chapter has documented the sites inhabited by these species. The next chapter will 

discuss the morphology of these species and how they are suited to this inter-tidal 

habitat. The next chapters will document the modes and periodicity of reproduction, 

recruitment patterns and microhabitat use and finally the growth of these three species. 
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Chapter 3. Morphology of three inter-tidal sponge 
species 

Introduction 

The Porifera are a morphologically diverse group of metazoa, however, unlike most other 

metazoans, they have a cellular grade of construction, lacking any true organs, 

musculature or nervous tissue (Simpson, 1984). Structurally, the poriferan body wall has 

two main layers: an external pinacoderm, formed by epithelial cells; and an inner layer of 

choanocytes, forming the choanoderrn. Between these two layers is a gelatinous mesohyl 

in which the skeletal elements are found. The body surface is perforated by numerous 

inhalant ostia and fewer, but often larger, exhalent oscula. The ostia and oscula are 

connected within the sponge by a series of canals and chambers. Water is circulated 

throughout these canals and chambers by choanocytes, flagellated cells that beat to create 

and direct water currents. 

Poriferan body plans differ in complexity, due to different degrees of infolding, from the 

simple asconoid and synconoid forms to the leuconoid form (Figure 3.1). The asconoid 

type is the simplest, consisting of a vase like body with a thin wall enclosing a central 

spongocoel. The wall is composed of an ectoderm covered with a thin layer of flat cells, 

an inner endoderm loosely lined in choanocytes, and separated by the mesenchyme. The 

mesenchyme is composed of skeletal spicules and archaeocytes in a gelatinous matrix that 

provides the sponge with its structure. Synconoid sponges retain the radial vase shape of 

the asconoids, however they have thick outfoldings of the walls containing alternating 

inhalent and exhalent canals, the choanocyte layer is limited to elongated choanocyte 

chambers. Leuconoid forms have even greater outfolding of the choanocyte layer. 

Choanocytes are completely limited to choanocyte chambers. These chambers develop 

into round or oval shaped clusters that differ from the elongated chambers of the 

synconoid form. There is also greater development of the mesenchyme, with the increased 

complexity of the inhalent and exhalent water passages. Most Demospongiae produce 

rigid skeletons composed of siliceous spicules (mainly megascleres that are monaxonid, 

triaxonid or tetraxonid), and/ or spongin fibres, to support the soft tissue, although a few 

have no rigid skeleton at all (Simpson, 1984). 

Demospongiae morphology is extremely plastic, and may also vary in time and space 

(Palurnbi, 1986). Variability in body form and structure is reputedly influenced by 

physical and biotic factors, such as substratum shape and stability, water movement, 
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light penetration or spatial competition. This is particularly evident in populations living 

in shallow marine and inter-tidal habitats (Barthel et al., 1991; Barthel & Theede, 1986; 

Bavestrello & Sara, 1992; Gaino et al., 1992; Geister, 1977; Palumbi, 1986; Pronzato et al., 

1998; Wilkinson & Cheshire, 1989; Wilkinson & Evans, 1989; Wilkinson & Trott, 1985; 

Wulff, 1985; Zea, 1993). Of all these factors, water motion and substratum suitability are 

thought to be the primary determinants of sponge morphology and distribution (Denny et 

al., 1985; Gerrodette & Flechsig, 1979; Palumbi, 1984b; Vogel, 1974; Vogel, 1981; 

Wilkinson & Vacelet, 1979). 

The gross morphological and structural adaptations that sponges display in response to 

environmental conditions (Calera et al., 2000; Hartman & Goreau, 1970; Kaandorp, 1999; 

McDonald et al., 2002; Pronzato et al., 1998; Trammer, 1983; Wulff, 1985) means that 

shape is generally not a reliable or constant descriptive character for many species. 

Sponges that recruit in environments with high water velocity and large sediment size may 

devote additional energy to constructing a more robust inorganic frame at the expense of 

softer organic tissue. The form a sponge develops may also determine the structural 

contribution the species can make to its environment. Erect forms have the potential to 

increase the structural complexity of the environment. This is particularly the case in inter

tidal reef systems. However, regardless of habitat, certain structural elements are more 

stable than others, and it is these features that are generally used as the basis for sponge 

classifications. 

Structurally, a sponge can be divided into three general regions. These divisions are based 

upon the distribution of the epithelial cells and the secreted inorganic (spicules) and 

organic (spongin) skeletons. Taxonomic classification in this phylum is based upon the 

composition of the skeletal elements, the size and shape of the structures (fibres, 

megascleres or microscleres), the number of branches and branching forms of fibres, the 

rays or axes of the spicules and their shape and distribution in the sponge body. 

Traditionally, spicules are classed as: (1) megascleres, which are involved in main skeletal 

architecture; and (2) microscleres, which are highly variable in shape and often with no 

known function (Bavestrello, 2000). Both the mega- and microscleres have a diverse 

geometry and it is their relative size and functional morphology that differentiate the two. 

Similarly, the distribution of spicules within the skeleton- the skeletal structure - can vary 

between taxa. Given the huge diversity of spicule forms, only those identified in the 

species examined are discussed here. 
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8 c 

flagellated 
chamber 

Figure 3.1. Schematic representation of sponge growth forms: a) asconoid form, b) syconoid form, 

c) leuconoid form. (Note. Small arrows indicate inhalent canals, large arrows 

represent exhalent canals (oscula)) (Adapted from Kershaw (1983). 

Many studies have described the morphology of sponge species and many of these 

descriptions are being revised or updated. However, the fact that environmental variables 

can have such a huge influence upon sponge form and structure means that the ecology of 

a species also needs to be considered. Sponge morphology can be very plastic, 

particularly in intertidal species. Knowledge of the extent and causes of this plasticity is, 

therefore, important for sponge ecology and taxonomy. Sponges inhabiting intertidal 

regions may be subject to extreme water flow froin tidal movement. They are also at risk 

of desiccation during periods of low tide. When exposed by the retreating tide, inter-tidal 

sponges may experience four major adverse conditions: 1) loss of oxygen and food supply 

provided by the flow of water; 2) increased salinity by evaporation of interstitial pore 

water retained within the animal; 3) increased exposure to ambient solar energy; and 

finally 4) loss of water as dehydration occurs. These conditions may be enhanced, or even 

accelerated, by the degree of tidal exposure and the ambient weather conditions. As such, 

sponges in inter-tidal regions may develop special structural or ecological adaptations 

that distinguish them from their sub-tidal counterparts. Several studies have examined 

the morphological diversity of sub-tidal sponge species in different water-flow regimes (eg 

Alvarez et al., 1985; Diaz, 1990; Wilkinson & Evans, 1989), but none has focused on the 

same inter-tidal species under varied wave or water-flow conditions. This chapter 

describes the morphology of each species and then seeks to determine the influence 

environmental factors may have on sponge morphology. 
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Methods 

Pilot study 

Prior to the commencement of this study, a small-scale pilot study was conducted at 

Channel Island to determine the relative abundance of the intertidal sponge species. 1hree 

20 m long transect lines were established parallel to the shoreline. At the beginning of each 

transect a 50 an2 quadrat was placed onto the substratum and the total number of 

sponge individuals present were recorded, this was then repeated at each metre 

increment. 

Main study 

Ten specimens of Cinachyrella australiensis and Spongia sp. were collected from the 

intertidal zone at East Point (EP) and Channel Island (CI). To determine any variability in 

C. australiensis form, which may be attributable to environmental conditions, a third site, 

with different hydrodynamic and geomorphic conditions, was also included (note Spongia 

sp. did not occur at this third site). This site (Fannie Bay (FB)) is in a relatively sheltered 

part of the harbour, and has very fine, silty sediments ( < 0.53 mm) covering much of the 

reef flat. This site experiences very little disturbance from water flow (0.5 m s-1
) and has 

relatively uniform and calm conditions throughout the year. 

Haliclona (Reniera) rom. only occurred in a small part of the reef adjacent to the bridge at 

Channel Island. This location is relatively sheltered from the high water flow of this region 

and the substratum is generally devoid of the larger sediment (> 0.53 mm) that 

characterises this site. The bridge also provides a degree of shade from the sun. 

Morphological characteristics 

Specific attributes of the sponges were recorded to test their correlation with particular 

environmental variables. Individuals of different size, and consequently different age 

classes, were collected at haphazard points along the length of each reef. Haphazard 

sampling was adopted to prevent collection of similar morphotypes and I or age 

groupings, which may have biased the data. 

Morphological attributes were measured in-situ from the selected individuals at each site: 

height, length and width/ diameter, oscule and porocalyx diameter. Height was measured 

from the highest point of the sponge, perpendicular to the substratum, length measured 

across the longest point of the sponge and width/ diameter measured across the widest 

23 



Chapter 3. Morphology of three inter-tidal sponge species 

point of the sponge. Measurements were made prior to removal of specimens. Means were 

compared using a one factor ANOV A at a 0.05 significance level. 

For each species, several haphazardly sized and distributed sponges were removed from 

each site for the study of the skeletal architecture. Fixation, embedding, sectioning and 

mounting of sponge tissue was carried out according to the methodologies outlined in 

Worheide & Hooper (1999). 

Tissue variability 

For C. australiensis, ten randomly sized and distributed sponges were removed from each 

site at low tide, ensuring that all of the anchoring tufts were collected. In the laboratory, 

sponges were washed free of any foreign matter prior to further examination. Sponge wet 

weight (WW) was determined by allowing each sponge to drip dry for 1 hour then 

recording its weight. Sponges were then dried to a constant weight in a drying oven for 24 

hrs at 100° C to determine dry weight (DW). Ash-free dry weight (AFDW) was 

determined after burning the material in a furnace for 24 hrs at 500° C. 

The proportions of organic matter (DW-AFDW) and inorganic matter (AFDW) were then 

determined. Proportions of structural silica (AFDW) were plotted relative to those 

observed at CI, the site with the largest structural component. 

Spicule morphology 

Spicule preparations were made for C. australiensis and H. (Reniera) rom. a by boiling small 

pieces of sponge, including ectosome and choanosome, in concentrated nitric acid (100%). 

The solution was centrifuged through distilled water then absolute alcohol twice. Spicule 

extracts were air dried then mounted on aluminium stubs, sputter-coated with gold and 

examined using a JEOL JSM-T330 scanning electron microscope (SEM). Spicule 

dimensions (length and width) were measured using a digital measurement device 

attached to the SEM and are based upon examination of 20 fully developed spicules from 

3 different individuals (total n=60 spicules for each species). 

In C. australiensis, oxea were the most abundant spicule type, as such oxea were examined 

to determine any site related differences evident in the spicules. The width and length 

from East Point and Fannie Bay were plotted relative to individuals from Channel Island, 

where individuals had the largest oxea. Differences in oxea size were compared using a 

one factor ANOV A at a 0.05 significance level. 
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Results 

Pilot study 

In total 12 different species were recorded with a purple encrusting species (as yet 

unidentified) having the highest number of individuals present across all three transects 

(mean 6.66 ± 1.33 SE)(Figure 3.2). However many of the sponge species were very small 

and were often highly cryptic. For example the "fawn velvety feeling" species (fawn 

velvet), although having a mean of 6 individuals (± 1.15 SE) per transect was relatively 

small ( <2 cm2
) and was very cryptic always located at the base of rocks, often under a 

layer of sediment. 

The large tidal range meant that these individuals were exposed at low tides, as such this 

was when recording took place. However dangers such as crocodiles, box jellyfish and the 

speed at which the tides came in limited the amount of time available to search for and 

measure sponge individuals in these low tide periods. For the purpose of this study 

sponges had to be relatively abundant, easily observable and preferably be from different 

genera. This was the justification for selecting the three species studied here. 
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Figure 3.2. Frequency histogram of intertidal sponge species present along three 20 m transect 

lines. Species recorded are average number (± SE) within 50 an2 quadrat positioned 

at 1 m intervals over the three transects. 
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Cinachyrella australiensis 

Systematics 

Order: Spirophorida Bergquist & Hogg 

Family: Tetillidae Sallas, 1886 

The family Tetillidae comprises more than one hundred species distributed throughout the 

worlds oceans. Of the Tetillidae only eight of the twenty-six nominal genera are 

considered valid, these include Acanthotetilla, Amphitethya, Cinacyhra, Cinachyrella, 

Craniella, Fangophilina, Paratetilla, and Tetilla. They are differentiated on gross 

morphological structure and spicular compliment (Hooper & Van Soest, 2002). Sponges 

are typically spherical in form often with characteristic porocalices containing the inhalant 

and occasionally exhalant orifices. Cortical region may be strengthened with colagen fibres 

or have specialised cortical megascleres, but this may be thin or absent in some genera. 

Skeleton has megasclere bundles radiating from the centre of the sponge. Oxeas, 

protriaenes and anatriaenes are most common and often protrude from the sponge 

surface. Microscleres are contorted micro-spined sigmaspires. These sponges inhabit 

depths from the intertidal to 2000 m. They characteristically occur on soft bottom 

deposits, which they are able to inhabit through the burial of a mat of anatriaene spicules 

(Hartman, 1982). Species also inhabit reef and softer rock substrates where they persist 

by penetrating the substratum with anchoring roots of anatriaene spicules bound with 

spongin. 

(Hooper & Van Soest, 2002). 

Genus: Cinachyrella Wilson, 1925 

Cinachyrella is one of the most under-studied genera, with most studies conducted on 

preserved specimens. However, once preserved, many of the characters used to identify 

species (eg. colouration, consistency, porocalyx shape) are lost leaving only a few spicular 

characters. Cinachyrella has great variation in external characters and spiculation with 

different habitat, and fixation methods. In many, the size of spicules varies enourmously, 

from microscleres measured in micrometres, to megascleres several millimetres long. 

Another problem in the identification of the Cinachyrella is that many spicule types differ 

between individuals, or spicules may be malformed or lost altogether (Ri.itzler & Smith, 

1992). Cinachyrella are globular sponges with numerous porocalices scattered across a 
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hispid-bristly surface. Skeleton is radiate with bundles of oxea radiating out from the 

centre. There is no cortical specialisation. Megascleres include protriaenes, anatriaenes, 

plagiotriaenes and oxeas. Microscleres are c- or s-shaped sigrnaspires (Hooper & Van 

Soest, 2002). 

Cinachyrella australiensis 

Distribution: 

Cinachyrella australiensis is one of the most common inter-tidal sponge species in the 

tropical west Indo-Pacific and is relatively abundant in many inter-tidal lateritic reefs 

throughout Darwin Harbour. 

Description 

Shape: The form of the sponge is basically globular, however hemispherical specimens can 

occur in high-energy environments, whilst flattened morphs occurred in calmer waters 

(McDonald et al., 2002)(Figure 3.3). Large inter-tidal specimens can reach up to 150 mm 

in diameter while subtidal individuals may exceed this size. Sponges in the study sites 

averaged 40 mm in diameter and 30 mm in height. Individual specimens of C. australiensis 

from Channel Island (CI) were significantly taller than those from Fannie Bay (FB)(df 

=2,27, F = 3.44, P <0.05) (Figure 3.4 a). There was a trend towards an increase in sponge 

height at sites with greater water flow. 

Colour: The internal part of the sponge varied in colour from yellow to yellow orange. 

However this colour was often not visible as the sponge was generally covered in 

sediment and algae. Preserved specimens tum cream-grey in alcohol. 

Consistency: Sponge was compressible but firm. 

Surface: The sponge surface was hispid and pitted with numerous porocalyces. 

Porocalyces were poriferous depressions in the ectosome, appearing as distinctive pits or 

flask-shaped structures (Figure 3.5 b). They were scattered over the lower two thirds of 

the sponge body and new ones were easily formed where needed. In Cinachyrella the 

development of stable inhalant porocalyces represented the closest move to organ 

formation to be found in the Porifera. The ectosomal skeleton had a stratified appearance 

due to the layering of spongin (Figure 3.5 c). 

Oscula were few (three to five), and were often raised above the sponge surface (Figure 

3.5 a). They had an average diameter of 4 rnm. Oscula often contracted fully during 

fixation. Oscula size (mean± SE) was inversely correlated with water flow. Sponges in 
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areas with greater water flow (CI and EastPoint (EP)) had smaller oscula diameter (4.90 

± 0.05 mm and 5.31 ± 0.06 mm respectively) than those in areas with less flow (FB, 12 ± 

0.18 mm)(R = -0.58, P < 0.001) (Figure 3.4 b). 

Skeleton: Cinachyrella australiensis had a pronounced radial megasclere orientation (Figure 

3.5 d). It had a small basal attachment and was almost a solid mass of spicules at its 

centre. The ectosomal cortex was usually packed with microscleres and contained tracts 

of megascleres that were orientated radially with respect to the basal portion of the 

sponge. Bergquist (1978) notes that in species where components of the spicule skeleton 

were diversified and organised both regularly and in terms of orientation, the result was 

to emphasise the cortex as a distinct region from the choanosome. This form of radial 

construction has become extremely pronounced and characterises all regions of the 

Cinachyrella. 

Spicules: The most abundant spicules were oxeas, although individuals of C. australiensis 

also contained many forms of megascleres: anatriaenes, plagiotrianes, protriaenes, 

promonaenes, monactinal megascleres (style), stronglyoxeas, and the characteristic 

sigmaspire microsclere (Figure 3.6). Microscleres were sigmaspires, C- or S-shaped 

spicules, often twisted to varying degrees. Sigmaspires were bare fine thorn like spines, 

which pointed away from the tips towards the center of the spicule. Tracts of megascleres 

may be bound together with spongin, and protrude from the base of the sponge, 

apparently anchoring it to the substratum. Oxea in sponges from higher energy sites were 

significantly thicker than those from lower energy sites (df =2,57, F =11.60, P < 

0.001)(Figure 3.7), however, there was no significant difference in oxea length between 

sites. There was a clear relationship between oxea size (length and width) (relative to the 

Channel Island site (CI)), and structural content (Figure 3.7). Oxea width closely followed 

changes in structural silica; 0 has highest silica content and thickest oxea, EP followed 

and FB had thinnest oxea and lowest structural content (Figure 3.7). Oxea dimensions 

ranged from 2318-2395.5 !J.m long (mean 2354.3 ± 38.9 SD) and 23.8-28.3 /.lm wide (mean 

26.1 ± 2.2 SD)(total n= 60). 

Tissue analysis revealed that the majority of sponge tissue (as a percentage of dry weight) 

was inorganic, ie structural silica (structural silica is equal to the AFDW). This structural 

content was significantly correlated with water flow (R =0.70, P <0.0001)(Figure 3.7). 

Individuals from Channel Island had the highest proportion of structural silica, (78.2% ± 

1.3 SE), East Point had less (73.6 % ± 3.3 SE), and Fannie Bay had the lowest proportion 

(62.9% ± 2.7 SE)(Table 3.1, Figure 3.7). Organic content of sponges showed the reciprocal 

pattern; Fannie Bay specimens had the highest proportion of organic tissue (Figure 3.7). 
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The amount of structural tissue was positively correlated with sponge height (R =0.43, 

P <0.05), while structural content was negatively correlated with oscula size (R = -0.42, 

p <0.05). 

Spicules also protrude for relatively long distances from the surface of the sponge (Figure 

3.5 c). If damaged, or incised, there was a tendency for the sponge to split very easily 

exposing the internal structure. Tears often followed the rays of spicules that radiated out 

from the centre of the sponge. 

An unusual feature of C. australiensis was the formation of granules/ structures inside the 

tissue (Figure 3.6). These granules/ structures were relatively common in this species and 

have even been found enveloping the structural silica spicules. Rutzler & Smith (1992) also 

described a similar feature occurring in other Cinachyrella species, however they were 

unable to determine the purpose of these formations. 
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~I 
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Figure 3.3. Illustration of Cinachyrella australiensis (a) flattened morph of Fannie Bay and (b) 

more common spherical morph of Channel Island and East Point. Scale bar= 50 mm. 
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Figure3.4. (a) Mean height (mm) and (b) mean oscula diameter (mm) of Cinachyrella 

australiensis from Channel Island (Cl), East Point (EP) and Fannie Bay (FB) (+ SE). 
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Figure 3.5. Cinachyrella australiensis showing : a) oscule, b) porocalyces, c) ectosome with 

protruding spicules, and d) radial spicule arrangement. 
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Figure 3.6. Spicules of Cinachyrella australiensis a) anatriaene, b) anatriaene with modified 

clad, c, d) protriaene, e) orthotriaene, f) close up of orthotriaene, g) hetero

protriaene, h) fractured plagiotriaene showing prominent axial filament, i) cross 

section through oxea bundle, j) amphiaster, k) close up of sigrnaspire, l,m,n) 

sigrnaspires within sponge tissue, o,p) selanaster. 
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Figure 3.7. Proportion of structural silica, oxea width and oxea length at East Point (EP) and 

Fannie Bay (FB) relative to Channel Island (CI). 
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Spongia sp. 

Systematics 

Order: Dictyoceratida Minchin, 1900 

Family: Spongiidae Gray, 1867 

The genera of the Spongiidae represent a wide range of morphologies, from low encrusting 

to upright and massive. They all possess a well-developed skeleton of homogenous, 

unpithed primary and secondary fibres. This fibre skeleton is universally present and is 

based on an anastomising plan. Some species of Spongia and Hyattella may have a 

superficial fibre net supporting the pinacoderm. The surface may be heavily armoured 

with an organised dermal crust of sand or detritus. Unarmoured genera generally have a 

conulose surface. Sponge texture is characteristically compressible and tough. There is 

always a marked differential pigmentation, with a darker surface layer and a lighter 

interior ranging from white through cream to pale brown or pale to bright yellow (Hooper 

& Van Soest, 2002). 

Genus: Spongia Linnaeus,1759 

Spongia are often massive spherical, lamellate, low lying or digitate. Sponges in this genus 

are unarmoured and are highly conulose. They have no mineral skeleton, instead 

exceedingly large amounts of spongin are secreted in the form of fibres. These sponges 

have a meshwork of anastomosing spongin fibres. Two types of fibres can generally be 

distinguished: a reduced number of cored primary fibres, which are larger and contain 

varying amounts of sand grains and detritus; and highly develop uncored secondary 

fibres, which lack any foreign material. There are very few primary fibres with the 

reticulate network formed by primarily and secondary fibres. The mesh of fibres is created 

by the intersection and joining of fibres, with each fibre intersection always having three 

fibres leading away from it. A small amount of sand and shell debris is often 

incorporated into the dermis, however this is often dependent upon conditions present at 

site. 

Spongia sp. (accession number: QM G319187; species number: 1983) 
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Distribution 

The genus Spongia inhabits shallow waters in tropical, temperate and polar-regions (Sara 

et al., 1992; Vincente, 1978). In the Darwin region this species was found exclusively in the 

inter-tidal zone. This species has been observed throughout much of the Northern 

Territory and through to Townsville, Queensland (pers. obs.). 

Description 

Shape: This species was most commonly found as an encrusting to massive form (Figure 

3.8 a), however both vasiform and digitate forms have been observed (Figure 3.8 b). Mean 

sizes were 62.10 (± 4.18 SE) mm in length, 27.63 (± 2.7 SE) mm wide and 16.36 (± 0.98 

SE) rnm high. 

Colour: The surface layer or dermis was darkly pigmented, black or very dark grey. It is 

believed that this colouration may be due to the presence of melanocytes within the 

dermal tissue (Figure 3.8 c). The dark colouration of the sponge surface was contrasted 

with a lighter creamy or beige interior (Figure 3.8 d). Live specimens often released a 

purple dye when handled or disturbed. Colour was retained when frozen, but was alcohol 

soluble. 

Consistency: The sponge was easily compressible, and may be described as springy, or 

elastic with a spongy texture. Once preserved specimens became difficult to tear or cut 

and lost some elasticity. 

Surface: The surface was never armoured: instead it was covered with low even and 

regular conules. Many of the conules had fine terminal emergent fibres (Figure 3.8 e). 

Oscula were numerous, 1-4 rnm in diameter, and were often raised on ridges or fistules. 

Oscula contracted fully during fixation. There was no significant difference in oscula size 

between East Point and Channel Island individuals (df =1,58, F = 3.14, P >0.05). 

Skeleton: Structural support was maintained by a series of anastomising fibres. (Figure 

3.8 f,g,h). This meshwork was created by the intersection and joining of fibres and each 

intersection always had three fibres leading away from it (Figure 3.8 f). The skeleton was 

mostly reticulate, though the fibres at times became bunched around canal spaces (Figure 

3.8 h). The sponge skeleton was dominated by secondary fibres. Fibres were homogenous 

and lacked pith. Fibre diameters had a mean of 17.70 11m± 0.36 J.lm (n=20). Although 

lacking a mineral skeleton, detritus and contaminating spicules may be incorporated into 

the skeleton. 
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Figure 3.8. a) massive and b) digitate morphs of Spongia sp., c) melanocytes present in 

ectosome, d) contrasting exterior and interior tissues, e) emergent fibres, f) fibre 

arrangement within sponge, g) close up of individual fibre, and h) arrangement of 

fibres around canal spaces. In-situ sponge photographs by Grey T. Coupland. 
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Haliclona (Reniera) 

Systematics 

Order: Haploscerida Topsent 

Family: Chalinidae Gray, 1867 

Sponges can be thickly encrusting, cushion shaped, ramose or tubular. Cushion shaped 

forms often having oscular chimneys or mounds. Sponges have a reticulate choanosomal 

skeleton of uni-, pauci- or multi-spicular primary lines, which are connected by 

unispicular secondary lines. The ectosomal skeleton, if present, consists of a regular 

hexagonal, unispicular, tangential reticulation. Megascleres are smooth diactines, 

microscleres, if present, are sigmas, rhaphides or microxeas (Hooper & Van Soest, 2002). 

Of the twenty-seven nominal genera are currently assigned to this family only four are 

considered valid: Chalinula, Cladocroce, Dendroxea and Haliclona (with the subgenera 

Haliclona, Reniera, Halichoclona, Soestella, Gellius and Rhizoniera). 

Genus Haliclona Grant, 1835 

Haliclona: Cushion shaped, frequently with oscular mounds or chimneys, branching, tube

shaped, repent ramose, rarely thin encrusting sponges. Colour can be purple, violet, pink, 

brown, yellowish, green, blue, black, white, orange or red (Hooper & Van Soest, 2002). 

Sponges have a delicate skeleton of reticulate uni-, pauci-spicular primary lines that are 

regularly connected by uni-spicular secondary lines. The ectosomal skeleton, if present, 

consists of uni-spicular, tangential reticulation. Spongin always present at the nodes of 

spicules. Oxeas are usually short and relatively thick, microscleres, if present, are toxas 

(de Weerdt, 1986). 

Sub-genus: Haliclona (Reniera) Schmidt, 1862 

Sponges are cushion-shaped or encrusting, with a laterally spreading growth form. May 

consist of masses of anastomising slender branches, which are intermittently attached to 

the substratum. Sponges are soft and fragile, having a choanosomal skeleton with a 

delicate, regular unispicular, isotropic reticulation. The ectosomal skeleton if present, also 

has a tangential, unispicular, isotropic reticulation. Spongin is present at the nodes of the 

spicules, but never abundant. Oscula are at the end of the chimneys or are flush with the 

surface. Oxea are frequently blunt-pointed or strongylote. Microscleres, if present, are 
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toxas and/ or sigmas (de Weerdt, 2000). Consistency varies from soft, compressible but 

fragile to moderately firm. Some species produce slime strands when pulled apart. Colour 

is commonly bright, varying from purple, violet to pink, orange and yellow (Hooper & Van 

Soest, 2002). 

Haliclona (Reniera) rom. 

Distribution 

This species is so far only known from the Darwin Harbour, Northern Territory, 

Australia. Specimens have been observed at three sites within Darwin Harbour: Channel 

Island, East Point and Cullen Bay (see Chapter 2). 

Description 

Shape: This species had highly variable tubular and lobate forms (Figure 3.9 a) occurring 

in the same location. Larger specimens at Channel Island reached up to 134 rnm in length, 

117 mm wide and 111 rnm high, however larger specimens have been observed at Cullen 

Bay Marina. Forms with laterally coalescent lobes were also recorded, resembling a 

baseball glove (Figure 3.9 b,c). Lobes of the sponge were smooth and rounded or clavate 

bearing relatively large terminal oscula (Figure 3.9 d). 

Colour: Internal and external regions of the sponge were consistently pink when alive. 

Colour was retained when specimens were frozen, but was alcohol soluble with 

individuals turning white. 

Consistency: Sponges were soft, friable, crumbly and easily tom. Basal portions of the 

sponge were more robust than tubular lobes, and were less easily tom. Specimens became 

extremely fragile once preserved. 

Surface: The sponge surface was smooth, without any visible ostia or skeletal projections. 

Oscula were numerous, with up to 84 recorded on one individual (length 154 rnm; width 

94 rnm; height 50 rnm). Oscula had a relatively consistent diameter (average 4 rnm) and 

were generally confined to the distal portions of the lobes (mean 30 mm high). Oscula 

were occasionally recorded at base of lobes. It is believed that these areas could possibly 

produce new tubular projections. 

Skeleton: The ectosomal skeleton of H. (Reniera) rom. had a regular unispicular tangential 

isodictyal reticulation (Figure 3.9 f, g). Mesh sizes and shapes were relatively consistent 

throughout the sponge. The shape of the reticulation is best described as cartwheel like 

with spokes radiating from the centre. Spicules forming the mesh were bound at their 

nodes by spongin. 
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The choanosomal skeleton has tracts of oxeas (up to 9 spicules thick) running 

longitudinally (Figure 3.9 h). These spicule tracts often bordered the larger canal spaces, 

providing structural re-enforcement to the fragile mesohyl. 

Spicules: Oxeas were the only spicule present in this species (Figure 3.9 e). These spicules 

were relatively uniform, in size and shape, throughout all specimens examined. Oxeas 

were generally short, straight and wide with abrupt points. Dimensions ranged from 127-

142j.tm long (mean 132.5 ± 4.7 SD) and 6.3-10.2 11m wide (mean 7.5 ± 0.6 SD)(total n= 

60). Microscleres were absent. 
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Figure 3.9. a) Haliclona (Reniera) rom. showing lobate form with large terminal oscula; b & c) 

laterally coalescent forms; d) digitate form with terminally clavate lobes; e) SEM 

photograph of oxea; f) skeletal arrangement around canal space; g) ectosomal 

skeleton illustrating regular unispicular tangential isodictyal reticulation of oxea; 

h) tracts of logitudinally orientated oxea present in tissue. In-situ sponge 

photographs by Grey T. Coupland. 
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Discussion 

Structural analysis revealed that C. australiensis is a morphologically plastic species 

capable of adapting to a range of water velocities, with changes in gross morphology 

significantly correlated with water flow. The more common spherical shape of this species 

occurred at Channel Island (CI) and East Point (EP), sites with the highest velocity of 

water and largest sediment particle sizes, while a more flattened morphotype occurred in 

the calmer conditions of Fannie Bay (FB). 

The influences of water flow on sponge form identified in C. australiensis have also been 

reported for other species of sponges (Hill, 1999; Laubenfels, 1936; Laubenfels, 1954; 

Nestler, 1961; Reidl, 1971; Reiswig, 1973; Trammer, 1983; Ulbrich, 1974; Wagner, 1963; 

Zea, 1993). The relationship evident between sponge form and water flow may be linked 

to the necessity for greater structural support through spicule reinforcement in sponges in 

areas of high water flow. Spicules act like re-inforcing fibres, and stress experienced by 

the sponge is transferred from pliable organic matter to the spicules (Koehl, 1982). As 

expected, sponge stiffness increases with the total proportion of sponge dry mass 

devoted to spicules (Palumbi, 1986), as a greater proportion of spicules provides a more 

rigid and robust form (spherical as opposed to ovular). 

Consistent with previous research by Palumbi (1986), this study reported wider spicules 

in C. australiensis from the high-energy environments at 0 and EP sites. The thicker oxea 

evident in CI and EP individuals may, in part, account for the relatively higher structural 

content of sponges at these sites compared to FB. Changes in thickness of the oxea 

followed changes in structural content, indicating that differences in spicule size are 

largely responsible for changes in structural content. Thicker spicules are stronger and 

have a larger surface area, providing greater support and structural integrity within the 

sponge (Koehl, 1982; Payne, 1966). A larger surface area in a high-energy environment 

increases the tissue area over which tensile loads are distributed (Palumbi, 1986), and, as 

a consequence, makes the sponge more robust. The same principal of spreading tensile 

load may apply to the tracts of oxea present in H. (Reniera) rom. As this species does not 

have the robust structure of C. australiensis, it is possible that the orientation of these 

tracts allows the sponge to bend with flow, rather than forming a rigid structure. 

However, less is known about environmentally influenced changes in spongin content 

(Palumbi, 1986). There was no difference in tissue structure between populations of 

Spongia sp. from East Point and Channel Island. It may be that due to the flexible nature 

of the fibres, thickening in diameter or increasing the number of fibres present may confer 

no advantage on the sponge,_ regardless of environmental conditions. 
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Heavily spiculated individuals of C. australiensis, such as those at 0 and EP sites, were 

very robust and as a consequence appeared to experience little deformation despite the 

high water velocity induced stress at these sites. The Spongia species may also be 

regarded as a relatively stable and robust species. Spongia sp. had relatively low height, a 

highly plastic form and tissue that was extremely tough. This type of stress softening is 

biologically important in terms of the magnitude and frequency of stresses these sponges 

experience, particularly at 0 and EP sites. At these sites, larger sediment particles were 

often suspended in the fast flowing waters and as such had the capacity to severely 

damage softer organisms. The robust structure of these species in such habitats makes 

them a valuable and relatively constant complex microhabitat in what is often regarded 

as an unstable and unpredictable environment. There were many correlation's recorded 

between environmental variables and the morphological variability in C. australiensis, 

however in the absence of direct experimental data, ie transplant experiments, it is not 

possible to infer causality. Rather these results indicate a relationship between the 

morphological changes and the environmental variables. 

Cinachyrella australiensis and Spongia sp. occupy exposed regions of the reef. It is believed 

that both species persist in this habitat due to their unique structures and morphology. 

C. australiensis stands relatively high, anchoring itself to the substratum with penetrating 

tufts of spicules. Spongia sp. is structurally much lower, anchoring itself to the substratum 

with a membrane. Observations made in-situ revealed that, although the anchoring 

membrane of Spongia sp. was not as strong as the anchoring tufts of C. australiensis, the 

low lying nature of Spongia species enabled it to receive protection from the ridges present 

in the substratum. Relative to both C. australiensis and the Spongia sp., Haliclona (Reniera) 

rom. had fragile tissue, and portions were observed as easily dislodged or damaged by 

water flow. The capacity of this species to persist in this habitat may be more due to 

selective microhabitat choice than structural adaptations. However, the orientation of 

spicule tracts that are positioned vertically throughout the body may confer a degree of 

flexibility in this species. 

Solid sponges, such as Cinachyrella and Spongia sp., may be better suited to areas with 

high water flow as they require continuous water movement due to the very small 

diameter of their oscules (Trammer, 1983). A small oscule diameter equates to the 

aperture of a hosepipe, the smaller the opening the greater the potential pressure that can 

be created by the sponge. Haliclona (Reniera) rom. also had small oscula diameter (albeit 

larger than Spongia species). The relatively sheltered microhabitat occupied by this species 

(situated adjacent to the Channel Island bridge pylons) may provide protection from 

extremes of flow whilst still providing continuous water movement. Smaller pipes have 

higher resistance to water flow and as such require higher energy expenditure for the same 
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flow rate (Vogel, 1981). This variation in oscule size may be an adaptive response to 

water flow and has been reported for many species of sponges (Bidder, 1923; Hartman, 

1958; Palurnbi, 1986; Vogel, 1974; Vogel, 1981; Wilkinson, 1979). 

When exposed, these sponges are forced to cease all pumping and close oscula. Both 

Spongia sp. and C. australiensis have been observed in this study to close their oscules 

when exposed for extended periods. However, it is uncertain whether this oscula closure 

is an adaptive response or an artifact of reduced water content causing the sponge 

structure to reduce in size. Haliclona (Reniera) rom. did not appear to have any protective 

mechanisms to reduce water loss other than its sheltered location adjacent to the bridge. 

Unlike C. australiensis and Spongia sp. that inhabited the more exposed and stressful areas 

of the reef, H. (Reniera) rom. inhabited a relatively sheltered and shaded area. A bridge 

that connects the Channel Island to the mainland provides shade and protection from 

water flow. This shade may have reduced the effects of desiccation experienced by the 

more exposed C. australiensis and the Spongia species. H. (Reniera) rom. was also found 

most commonly in rock pools that were rarely empty of water, even at extremely low 

tides. 

Sponges in high energy environments may have higher metabolic costs associated with 

pumping water into and out of siphons, and in C. australiensis this may possibly reduce 

the energy that can be put into the production of organic tissue. To effectively remove 

waste products these sponges must actively pump them out of their body. It thus seems 

logical that the energetic cost associated with pumping waste products out against high 

water flow will be higher than pumping against low flow rates. The pumping action 

created by the sponges does not preclude the notion of these animals using passive 

ventilation to enhance feeding in fact the current created by the animals may actually 

enhance the passive water flow through the animals body. Greater water movement is 

also associated with increased sediment suspension, a feature that has the capacity to 

smother or inhibit sponge metabolic activity (Gerrodette & Flechsig, 1979; Wilkinson & 

Vacelet, 1979). During periods of high sedimentation, the form and height of 

C. australiensis inhibited burial of the sponge, limiting the extent of smothering. However, 

this was not the case in Spongia sp. This species was low lying and was often covered by 

sediment. The form of H. (Reniera) rom. would raise this species above most 

sedimentation events, however the microhabitat occupied by this species was rarely 

influenced by sediment. 

There are no obvious protective features in these inter-tidal sponge species to protect 

them from damage or desiccation, and, unlike more mobile organisms, they are unable to 

migrate large distances to more favourable habitats. When exp_osed by the retreating tide, 
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the most important defence for these sponges is to reduce water loss. 

Cinachyrella australiensis has numerous protruding spicules that are said to provide a form 

of protective armour, preventing settling of detritus, larvae and epiphytic organisms 

(Chen et al., 1997). However in the inter-tidal populations studied these spicules seemed 

to serve the opposite purpose; sediment and algae were always observed on the sponge 

surface. Thus, these spicules served to trap and hold sediment and algae. It may be 

possible that this covering of sediment may serve to reduce desiccation. The low-lying 

nature of many Spongia individuals may expose them to sediment coverage, which may 

serve to reduce desiccation. These individuals are often covered with a fine layer of silt, 

with only their raised oscula protruding. Spongia that are exposed to direct sunlight for 

extended periods have been observed to shrivel and dry out, effectively reducing their 

volume to a fraction of the original state. Observations from this study indicate that the 

capacity to recover is dependent upon the exposure period and the degree of desiccation. 

The ability to shrivel and recover from desiccation may be a result of the elasticity and 

flexibility of the spongin fibres. The presence of melanocyte like structures in the ectosome 

of Spongia may provide this species a degree of protection from sunlight and hence 

desiccation. However at this stage the protective value of these structures is purely 

speculative and requires further research into the melanocytes themselves and their 

possible ecological benefits. 

Structurally firm, robust sponges such as C. australiensis and Spongia sp. from 0 and EP 

can be regarded as relatively resistant to current-induced damage. In high-energy 

environments, the associated energetic cost of pumping may promote growth of 

C. australiensis with a lower organic content. In regions of extreme water movement, the 

requirement for high concentrations of structural silica may advantage robust sponges, 

consequently providing that habitat with an organism that has the capacity to make a 

pronounced structural contribution. However, the same cannot be said about Spongia sp. 

This species although having a robust structure did not exhibit any environmentally 

induced variability in its morphology. It may be that this species, due to its low height, 

may not be as influenced by factors such as water flow as C. australiensis. Alternately the 

spongin fibres in Spongia sp. may provide a degree of flexibility allowing the structure to 

absorb and dissipate any impacts. 

Despite their morphological differences these species all occupy the same inter-tidal 

environment, a habitat that experiences extremely variable conditions. It is the inherent 

morphological plasticity of the Porifera and their capacity to adapt to macro or 

microhabitat variability that enables these species to persist. This chapter has 

documented the morphology of three tropical sponge species in the highly variable inter-
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tidal region of the wet-dry tropics. The next chapter will discuss modes and periodicity of 

reproduction and how they are suited to the inter-tidal habitat. 
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Chapter 4. Reproductive strategies of three inter-tidal 
sponge species. 

Introduction 

Most studies of reproduction in the Porifera have focused on subtidal sponge species. 

They have generally examined histological characteristics or phases of the reproductive 

process, such as gametogenesis, fertilisation, embryonic development and sexual 

development eg (Amano, 1986; Amano, 1988; Benfrey & Reiswig, 1982; Maldonado & 

Young, 1999; Mariani et al., 2000; Pawlik, 1992; Reiswig, 1970; Reiswig, 1976; Tuzet & 

Pavans de Ceccatty, 1958). Of those authors examining reproduction in an ecological 

context, most have focused on one of two isolated hydrodynamic variables: most 

commonly water temperature and salinity. Numerous studies have reported correlations 

between water temperature and sponge gametogenesis (Corriero et al., 1998; Fromont, 

1988; Fromont & Bergquist, 1994; Lepore et al., 2000; Simpson, 1968). Other exogenous 

factors examined are salinity (Witte et al., 1994) and solar and lunar cycles {Amano, 

1986; Amano, 1988; Fromont, 1994; Hoppe & Reichert, 1987). Only a few studies have 

examined the relationship of sponge reproduction to a broader array of environmental 

factors (Benfrey & Reiswig, 1982; Maldonado & Young, 1996). 

Much discussion has centred on how oviparity or viviparity is determined in sponges, and 

if this reproductive mode can be used as a defining taxonomic character. Levi (1953) 

stated ovipary and vivipary could be used as taxonomic characters and, based upon this 

hypothesis, divided the Demospongiae into two sub-classes: Tetractinomorpha 

(oviparity) and Ceractinomorpha (viviparity). However, more recent studies have 

identified exceptions to this classification, for example, the occurrence of ovipary in the 

order Verongida (Bergquist, 1978) and in Neofibularia nolitangere (order Poecilosclerida) 

(Hoppe & Reichert, 1987), both of which are in the supposedly viviparous subclass 

Ceractinomorpha. More recently Hooper and Van Soest (2002), have questioned the 

validity and phylogenetic basis of this sub-division. 

Reiswig (1973), supported by Hoppe (1988), stated that the reproductive mode (ovipary 

or vivipary) is a life history strategy. Reiswig (1973) proposed that large, long-lived 

sponge species are selective in habitat choice and are oviparous. Conversely, small, short

lived species, with rapid population turnover and broader habitat choice, are viviparous. 
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Van Soest (1991) supports the initial life-history argument proposed by Reiswig (1973). 

However, van Soest notes that ovipary and vivipary have not been used as taxonomic 

characters in other invertebrate phyla, such as the Cnidaria, Mollusca or Chordata 

(Ascidiacea). Van Soest (1991) suggests was that vivipary has probably evolved several 

times as a life history strategy, and that ovipary was the ancestral state and therefore 

ovipary cannot be used as a taxonomic character. 

These hypotheses are, however, based on studies of subtidal sponges. Sponges display a 

remarkable plasticity in reproductive modes, with many species reproducing both 

sexually and asexually. The mode of reproduction exhibited is often influenced by 

environmental factors - such as temperature, hydrodynamics and light - acting 

individually or in combination (Amano, 1986; Amano, 1988; Fell et al., 1979; Kaye & 

Reiswig, 1991c; Maldonado & Young, 1996; Maldonado & Young, 1999; Simpson, 1968; 

Storr, 1964; Uriz et al., 1998; Witte et al., 1994; Witte & Graf, 1996). This is particularly 

the case in intertidal regions where sponges are subject to considerable physical 

disturbance, which may affect their patterns of settlement, growth and reproduction 

(Ayling, 1980). Ayling (1980) proposed that reproductive strategies are influenced by the 

level of disturbance experienced by a sponge. It should be noted that this study does not 

intend to prove or disprove these hypotheses nor does it intend to raise one idea above 

the other, rather it is stating the current theories regarding reproduction in sponges. 

However if the claims of Ayling (1980) are correct, then the hypotheses proposed by Levi 

(1953) and Reiswig (1973) may not hold true for intertidal sponge species. If the 

reproductive strategies of intertidal sponges do not conform to the patterns predicted by 

these hypotheses then they may have to be re-evaluated or discarded, alternately they 

may not applicable to sponges as a whole. 

Sponge species of the orders Spirophorida, Dictyoceratida and Haplosclerida are 

distributed globally throughout most oceans from the Antarctic depths to the intertidal 

reefs of the tropics. In contrast to the order Haplosclerida and many other orders, 

reproduction in the Spirophorida and Dictyoceratida is poorly documented. The only 

species that have been studied are Tetilla sp. (Scalera-Liaci et al., 1976), Tetilla serica and 

T. japonica (Watanabe, 1978), Cinachyra tarentina (Lepore et al., 2000) and 

Cinachyra australiensis (Chen et al., 1997). An examination of the reproductive behaviour of 

the species examined in this study will allow the two hypotheses to be tested and provide 

information on poorly studied intertidal sponges. 

This study examines the reproductive ecology of three tropical intertidal sponge species 

from the orders Spirophorida, Dictyoceratida and Haplosclerida. Despite the relative 

abundance of these ~ponges very little is known of the reproductive strategies of these 
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species. This chapter does not attempt to present a- detailed histological description of 

reproduction in these species, but identifies, within an ecological context, the reproductive 

mode and periodicity of each species over a two-year period. It will relate this 

information to other published studies and the current theories dominating the field of 

sponge reproduction. These strategies will be put into perspective by relating them to 

reproductive strategies present in the dominant reef organisms, the scleractinean corals. 

Methods 

Reproductive periodicity 

Reproductive studies of Cinachyrella australiensis and Spongia sp. were conducted at East 

Point over a two-year period. Every 3 months ten haphazardly selected individuals of 

each species were examined for the presence or absence of reproductive material (note: 3 

monthly sampling may not be the best sampling protocol. However given the time taken to 

conduct this monitoring and the need for suitable tidal regimes this was the best possible 

outcome). The length, width and height of each individual were recorded to test for 

correlations between size and reproductive status. Volume was estimated from length, 

width and height. Due to the amount of sediment and algae frequently occurring on 

C. australiensis, both visual and physical examirlations of these individuals were 

conducted. This involved carefully running the fingers over the surface of the sponge 

feeling for any protrusions. Any protrusions were examined in detail to determine if they 

were actually buds. 

Initially, sampling of the Spongia sp. was destructive, requiring that the entire sponge be 

removed from the reef for examination in the laboratory. This was due to early difficulties 

in determining the reproductively condition of individuals. Subsequent examinations were 

conducted in-situ. In-situ examination required a small incision in the tissue, which was 

opened to check if any reproductive matter was present. Observations made over the 

study period revealed that animals recovered quickly, closing the cut tissue within days. 

In ten randomly selected Spongia individuals, 5 brood chambers were examined and the 

number of eggs present within each brood chamber was recorded. 

Haliclona (Reniera) rom. was studied at Channel Island. H. (R.) rom. was an ephemeral 

species. At each census a different number of individuals were examined due to the 

fluctuation in population size. The length, width and height of each individual were 

recorded with the aim of testing for any correlations between size and reproductive 

status. Reproductive status was determined by removing small sections of sponge and 
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examining them under a light microscope in the laboratory. Volume was estimated from 

length, width and height. 

To test for any relationship between growth and environmental variables (outlined in 

chapter 2), variables were analysed using correlation analysis. All analyses were done 

with the Statview software package Version 4.5 (Abacus Concepts). It should be noted 

that given the large number of correlations conducted some may be statistically significant 

through chance alone. · 

Bud placement and migration in C. australiensis 

Once reproductive periodicity had been established, individuals of C. australiensis were 

monitored intensively over the 4-month peak reproductive period. Ten budding 

individuals were haphazardly selected for monitoring. All specimens examined were 

located in areas where they were subjected to typical water flow regimes, that is, they 

were not confined by the surrounding microtopography in terms of where buds could 

potentially be placed. In addition, ten young buds, not associated with adults, were 

randomly selected and monitored over the same time period. This allowed comparison of 

survival rates between buds associated with adult sponges (sheltered) and those exposed 

alone on the reef substratum (non-sheltered). Sheltered and non-sheltered buds were 

within the same size range, if size is related to age then these individuals were 

approximately the same age. Compass bearings were taken to determine the placement of 

buds on adults relative to the prevailing water current direction (ie. buds at 180° are away 

from the prevailing water flow and therefore occupying a relatively sheltered position). 

Adult and bud diameter and movement of buds away from adult animals were measured 

using vernier callipers (± 0.05 mm). 

Rayleigh's uniformity test was used to calculate the distribution of the observed 

directional data from C. australiensis and Spongia sp. relative to that of a random 

distribution. These data was analysed using the circular statistics package Oriana. 
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Results. 

Cinachyrella australiensis 

Mode of reproduction 

Populations of Cinachyrella australiensis from Darwin Harbour appeared to reproduce 

asexually via budding Buds were stalked and formed as protrusions on the adult surface 

(Figure 4.1). Buds varied in shape, from round to oval, and in size, from 503 J..lm to 962 

J!m in diameter. Buds, like adults, contained both megascleres and microscleres. The oxea 

was the most common megasclere found within the buds. Buds were attached to the adult 

by longitudinally orientated megascleres that penetrated the cortex of both bud and adult 

(Figure 4.1). (Note: while this study cannot prove that this species only used asexual 

reproduction, only asexually produced material was found. This may however be a 

consequence of sampling or a lack of expertise on behalf of the researcher). 

Periodicity 

C. australiensis produced buds throughout the year. However, there was a strong seasonal 

signal with a peak period of reproductive activity occurring between November and 

February (Figure 4.2). In February 1999, a maximum of 70% of adult sponges had buds 

present, decreasing to 20% in August. This seasonal pattern was repeated in 2000-2001; 

70% in February 2001 dropping to only 10% in August 2001. There was a significant 

relationship between periodicity and water temperature (r = 0.897, P <0.05)(Figure 4.3), 

rainfall (r = 0.976, P <0.05), humidity (r = 0.915, P <0.05), cloud cover (r = 0.950, 

P <0.05), and hours of sunshine (r = -0.966, P <0.05). 

The C. australiensis individuals monitored in this study appear to be reproductively active 

throughout much of their life. Individuals produced buds when they were as small as 18 

mm in diameter to 79 mm (mean =49.00 mm, n=49, Figure 4.4). However, size did 

influence reproductive activity with two distinct peaks in activity observed: the first at 

about 25 mm, and the second at about 65 mm in diameter (Figure 4.4). 
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Figure 4.1 Cinachyrella australiensis adults with buds. Top image shows newly formed bud 

still attached to adult arrow indicates megascleres anchoring bud to adult surface. 

Bottom image arrow shows larger bud now separate from adult. 

Bud placement and migration 

Buds developed almost exclusively on the down current surface of adult C. australiensis 

(Figure 4.5) and a significant directional bias was present (Rayleigh's test of uniformity 

P = 0.00 < 0.05, n=30). Location of buds ranged from 150 to 245°, with 65% of the 

individuals monitored 10° either side of 180° (Figure 4.5). Developed buds, instead of 

detaching, migrated down the landward side of the adults, sheltered from the prevailing 
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currents, onto the substratum. After a six-month period, a greater percentage of the buds 

associated with adult sponges remained attached to the substratum compared to those 

buds not associated with adults (Figure 4.6). Over a 6-month period 50% of buds 

sheltered from water flow by adult sponges remained attached to the substratum 

compared to only 10% of buds not associated with adults and thus not sheltered (Figure 

4.6). 

Buds that became attached to the substratum adjacent to the adult sponge, migrated 

relatively large distances away (mean distance 6.4 mm month.1
) with one bud moving 

almost 150 mm over 24 months (monthly migratory rate of 6.2 mm month.1)(Figure 4.7). 
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Figure 4.2 Periodicity of budding in C. australiensis over a twenty-four month period (n=lOO). 
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Figure 4.6 Relative survival rates (%) of sheltered and non-sheltered C. australiensis buds 

over a six month period (n=20). 
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Spongia sp. 

Mode of reproduction 

Examination of tissue from Spongia sp. revealed that this species was a brooder and, 

produced large yolky eggs. These eggs and subsequent larvae developed in brood 

chambers within the choanosome (Figure 4.8). 

Periodicity 

Spongia sp. had individuals that were reproductively active at all times sampled. 

However, Spongia sp. had less variation between peaks and troughs (compared to 

C. australiensis) and the peaks were broader. Reproductive activity in this species 

increased constantly from July through to February, after which it declined (Figure 4.9). 

This pattern was constant throughout both 1999 and 2000, however there was an increase 

in the number of reproductively active animals in 2000. 

Of the thirteen hydrodynamic variables measured in this study reproductive periodicity in 

Spongia sp. was only correlated with pH (r= -0.905, P <0.05)(Appendix 4.). 

There was no significant relationship between reproductive status and sponge length 

(r = 0.008, P >0.05), width (r = 0.062, P >0.05), height (r = -0.322, P >0.05) or volume 

(r = -0.036, P >0.05). Both large and small sponge individuals produced reproductive 

material (reproductive material relates to both eggs and larvae present in the tissue) 

(Figure 4.10). Nor was there any relationship between sponge size and the amount of 

reproductive material produced (r = -0.220, P >0.05). The amount of reproductive 

material produced varied considerably between individuals, ranging from 5 to 99 

eggs/larvae in a brood chamber (Figure 4.11). 
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Figure 4.8 Reproductive material present in brood chambers of Spongia sp. a) brood chamber 

(arrow indicates location of eggs), b) eggs clustered around internal canal opening, c) 

close up of larvae and d) close up of pigment cells on larvae. 
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Haliclona (Reniera) rom. 

Mode of reproduction 

Haliclona (Reniera) rom. from Darwin Harbour formed asexual gemmules (Figure 4.12). 

Gernrnules found in sponge tissue varied in shape (from round to oval) and in size (round 

42.61 ± 1.59 11m; oval length 99.23 ± 5.09, width 39.81 ± 1.36)(mean ± SE). The ephemeral 

nature of this species meant that its reproductive periodicity could not be determined. 

Also, correlations between environmental variables and periodicity could not be made. 

Figure 4.12 Gemmules present within tissue of Haliclona (Reniera) rom . 
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Discussion 

In Cinachyrella australiensis, and Spongia sp. reproductive material was produced 

continuously throughout the year. Both species exhibited pronounced seasonal peaks, 

with reproductive activity increasing during the wet season. Similar reproductive patterns 

have been reported in corals. Species from the Red Sea develop gametes throughout the 

year then spawn over a period of several months (Shlesinger & Loya, 1985). In species 

that exhibit strong repetitive seasonal cycles in their pattern of reproduction, it is often 

exogenous factors, such as water temperature, that are the major controls (Benfrey & 

Reiswig, 1982; Corriero et al., 1998; Fromont, 1988; Hoppe & Reichert, 1987). 

Of the thirteen hydrodynamic variables measured in this study (Chapter 2, Appendix 4), 

reproductive periodicity in C. australiensis was only correlated with water temperature. 

Temperature is reported to be a major environmental factor influencing reproductive 

periodicity, particularly in temperate species (Fell & Lewandrowski, 1983). In tropical 

species, where water temperature differences may be relatively small, correlations have 

also been reported between water temperature and reproductive activity (Hoppe, 1988; 

Hoppe & Reichert, 1987; Reiswig, 1976). Kaye and Reiswig (1991a; 1991b; 1991c) 

conducted a study on the reproductive cycles in related Spongia species from the 

Caribbean, Spongia graminea and S. cheri. These species displayed distinct seasonal cycles 

coinciding with increases in water temperature. Correlations between water temperature 

and reproductive activity have been established for the Caribbean sponge Hippospongia 

lachne (DeLaubenfels). In sub-tropical upwelling areas, larval production in this species 

only occurs once water temperatures are above 22.8 oc. In warmer areas, where the 

temperature seldom falls below this level, no correlations were apparent (Storr, 1964). 

Ilan and Loya {1988) report that reproductive activity in Niphates sp. is associated with 

increases in water temperature, however they suggest that it may also be linked to a 

decrease in algal cover. 

Of all the environmental variables measured, reproduction in Spongia sp. was only 

correlated with pH. Changes in pH are generally associated with changes in other 

hydrodynamic variables, such as salinity levels. As no associations were established 

between the other variables measured and reproductive activity, correlations between pH 

and reproductive periodicity in this study may represent a chance occurrence. Spongia sp. 

is a brooding species harbouring larva within the sponge. Brooding sponges can contain 

larva for considerable periods of time and often release larva over a longer period than 

species that exhibit br()adcast spawning (Maldonado & Young, 1996). Kaye and Reiswig 
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(1991a; 1991b; 1991c) conducted a study on the reproductive cycles in related Spongia 

species from the Caribbean, Spongia graminea and S. cheri, and also reported distinct 

seasonal patterns. This same pattern was found in Pocilloporid corals that brood larva, 

releasing them throughout the year (Harrison & Wallace, 1990). 

While temperature is reported as the most common cue for reproductive activity, several 

studies have identified relationships between reproduction and other exogenous factors. 

For example Elvin (1976) identified a correlation between the initiation of reproductive 

activity and the increase in incident light. In C. australiensis, the production of asexual 

buds was also correlated with changes in the amount of incidental light (hours of direct 

sunshine), rainfall, relative humidity and number of cloudy days. Given that these 

sponges are often exposed out of the water for many hours it is possible that stress, 

arising from such factors, could influence reproductive activity. Studies on other sponge 

species have also identified reproductive activity that is related to light availability and 

periodicity (Amano, 1986; Amano, 1988; Benfrey & Reiswig, 1982; Fromont, 1994; Hoppe 

& Reichert, 1987). This reaction to light, or lack of, has also been well documented in both 

brooding (Richmond & Jokiel, 1984; Rinkevich & Loya, 1979), and in gamete releasing 

corals (Babcock, 1984; Babcock et al., 1986; Harriot, 1983; Harrison et al., 1984; Kojis & 

Quinn, 1982). 

While there were many correlations between environmental variables and periodicity in 

reproduction, in the absence of direct experimental data, eg temperature manipulation, it 

is not possible to infer causality. Rather these results indicate a relationship between the 

periodicity and the environmental variables. 

There are numerous studies that have discussed the many factors influencing reproductive 

mode and periodicity in Porifera, however, the vast majority of these studies have been 

conducted on subtidal animals. We may expect that as intertidal animals experience a 

different range of environmental influences than their sub-tidal counterparts, these 

animals would exhibit modifications, or adaptations, to standard reproductive cycles. 

Intertidal sponges are not only subjected to tidal flow and sediment inundation, but once 

the tides recede, they are subjected to at times lengthy periods of exposure and potential 

desiccation. Thus modification or adaptation to these environs may be directed towards 

that conservation of resources by reducing the dependence upon water-borne fertilisation 

or by reducing the length of the larval free swimming phase. In intertidal environs, 

particularly those with high tidal variability, environmental factors such as water flow, 

periods of exposure and temperature fluctuations are particularly extreme. 
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Size/reproductive maturity relationships 

Several studies have documented the potential influence of sponge size on gametogenesis, 

(Fell et al., 1979; Reiswig, 1973; Storr, 1964). However, until this study, it was not 

conclusively known whether as sponges age their reproductive potential declines. Results 

revealed that C. australiensis produced buds from the relatively small size of 18 mm 

through to 60 + mm in diameter. Peaks of reproductive activity were at 25 mm and 65 

mm. Chen et al., (1997), in their study on C. australiensis, reported that budding occurred 

in individuals from 13 - 40 mm in diameter, with a mean size of 26 mm. It may be 

possible that the difference in size of individuals budding in Darwin is related to the 

environmental conditions at each site. The most likely factor may be related to sediment 

covering of the sponges. C. australiensis in Taiwan is reported to be clean, often only 

covered with a layer of sand grains, the megascleres still visibly protruding from the 

surface. A layer of sediment and silt always covers C. australiensis in Darwin, often with 

fine filamentous algae growing in the sediment. These protruding megascleres are rarely 

visible through the sediment and algae. It could be possible therefore that individuals are 

budding at a smaller size, but it was not detected or that the covering may inhibit budding 

in smaller animals. 

In Spongia sp. there was no significant correlation between sponge size and the ability to 

produce reproductive material, potentially indicating that this species does not display 

any environmentally influenced reproductive cues. However despite no significant 

relationship a trend was evident (figure 4.9) with a decrease in reproductive periodicity in 

the month of May. It is possible that the variables measured in this study were not the 

causative factors, were not measured often enough or they were not recorded at a fine 

enough scale. That is reproduction may be triggered by small scale environmental cues and 

not the larger site scale at which these measures were taken. 

Bud sheltering & migration in Cinachyrella australiensis 

This study identified that Cinachyrella australiensis had another distinct budding 

mechanism to the one in which buds detached into the water column inferred by Chen 

(1997), one in which buds migrated down the side of the adult sponge. Budding 

C. australiensis individuals favoured the landward side for bud detachment, with buds 

migrating down this side of the adult sponge. This position allowed sheltering of buds 

directly behind the established adult sponge, away from the prevailing water current. This 

presumably reduced the potential for buds to be washed away and minimised the risk of 

physical damage from debris carried along in the water column. This may be particularly 
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~ 

important as buds of C. australiensis lack the protective walls of buds from other genera 

(Chen et al., 1997). 

Examination of long term data (> six months) revealed that buds sheltered by the adult 

persisted much longer than non-sheltered animals. Over a seven month period sheltered 

buds had a 50% survival rate compared to only 10% of non-sheltered buds. Bud 

migration down the sheltered side of the adult sponge may protect new recruits to some 

extent from the harsh intertidal environs, including the high water flow experienced in 

these regions. Buds sheltered behind adults would have a decreased chance of being 

washed away compared with buds in exposed areas and may thus have a better chance 

of developing a strong attachment to the substratum. In addition, by buds separating 

from the adult in this manner, as opposed to releasing buds in to the water column, the 

bud may have a greater chance of recruiting into a suitable habitat, given the adults' 

survival and capacity for reproduction. This does not mean that buds released into the 

water column can be regarded as lost, rather it suggests that once released these buds may 

be unable to settle in 'favourable' habitats. 

The movement of C. australiensis buds away from established sponges onto the substratum 

recorded in this study has been reported in several other sponge species. For example, 

Tethya species, instead of releasing larvae, either as a result of incubation or external 

development, incubate complete young sponges that then simply slide down the adult 

body and move onto the rooting stolons. In the case of Tetillid species, it is believed that 

young sponges are ensured suitable living space by utilising the same mechanisms as 

Tethya and occupying adjacent vacant surfaces near the adult sponge (Bergquist, 1978). In 

a study on recruitment and survivorship of sponges after storms, buds of Polymastia 

granulosa were reported to move short distances (up to 10 mm in 24 hours) (Battershill & 

Bergquist, 1985). 

The response of buds moving away from the adult sponge identified in this study suggests 

that C. australiensis may exhibit signs of self-recognition, an idea originally proposed by 

Bergquist (1978). As C. australiensis is one of the dominant filter feeding organisms 

present on Darwin inter-tidal reefs, recognition of self may limit intra-specific competition 

for space and food. 

Viviparous larvae of Spongia sp. 

In Spongia sp., reproduction is viviparous with free swimming larvae produced. Kaye & 

Reiswig (1991a; 1991b; 1991c) report vivipary with gonochorism in four species of 

Dictyoceratid. However, the studies of Kaye and Reiswig examined subtidal animals 

where the use of gonochorism and water borne gametes may be more plausible. It may be 
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suggested that intertidal species of Spongia in this study utilise vivipary with 

hermaphroditism as a measure to overcome the inherent risks of gamete loss that is 

potentially associated with intertidal habitats. It is hypothesised that the high-energy 

environments could cause larvae suspended in the water column for long periods to be 

swept away from suitable habitats. Where as larvae that settle out of the water column 

more quickly may recruit in a more favourable environment. Viviparous larva may be 

better adapted for rapid settlement in fast flowing waters than other larvae, and on 

release, many viviparous larvae, particularly those of other Spongia species do not 

disperse widely but display negative phototaxis, quickly settling close to the parent 

sponge. Kaye & Reiswig (1991a; 1991b; 1991c) reported negative phototaxis in three 

species of Spongia larva. Negative phototaxis could be particularly important in intertidal 

environments ensuri.li.g Spongia larvae do not remain in the water column for too long, 

increasing chances of successful settlement on adjacent substratum occupied by the 

parent sponge. Production of larvae that settle out of the water column quickly can thus 

be thought of as a mechanism to conserve valuable resources. The presence of pigment 

granules in the larvae may be responsible for this photo-response, an idea also supported 

by Maldonado and Young (1996). The presence of pigment cells and their known photo

response has been documented in other invertebrates eg (Wolken, 1971). However this 

idea has still to be tested in Spongia species and is an area that requires further research. 

Observations made by the author on the close proximity of Spongia sp. larvae to adult 

sponges suggests that the larva of this species exhibit a clumping pattern around the 

parent sponge and potentially use negative phototaxis with a short swimming phase. 

These strategies are comparable with those used by many species of Scleractinean corals. 

Smith (1992) documents the dominance of brooding coral species in high latitude regions 

with cold water where corals were previously thought to be reliant on sporadic dispersal 

events from tropical regions. Harriot and Banks (1995) state that the dominance of 

brooding in corals in areas regarded as unfavourable may be due to the more robust 

nature of brooded larva, which settle rapidly and are more likely to be retained upon the 

reef once established. Harriot (1992) states that many brooded larva exhibit a clumped 

pattern of recruitment indicative of dispersal over relatively short distances. The patterns 

of brooding and larval dispersal evident in many corals inhabiting unfavourable areas are 

comparable to the mechanisms used by the intertidal sponge species in this study. 

Reproductive theories 

According to the results from this chapter, reproductive modes of the three species 

examined (Cinachyrella australiensis, a Spongia species, and Haliclona (Reniera) rom.) are not 

compatable with either the taxonomic nor life history strategy hypotheses. 
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According to Levi's (1953) taxonomic hypothesis, oviparity and viviparity are considered 

rigid features of sponges. Under this theory C. australiensis belongs to the oviparous 

subclass Tetractinomorpha. As such, this species should produce eggs in which the 

embryo develops outside the parent sponge after release. Based on the results from this 

study, populations of C. australiensis from Darwin Harbour utilise asexual reproduction in 

the form of budding. These are stalked surface buds, formed as protrusions on the adult 

surface. Under Levi's theory the only way for C. australiensis to be identified as oviparous 

would be if mechanisms of reproduction such as asexual budding equate to a form of 

ovipary. If asexual budding is equated with ovipary, then surely asexual gemmule 

formation is a form of ovipary also. H. (R.) rom. From this study only produced asexual 

gemmules and as such would be excluded from Levi's theory. H. (R.) rom., according to 

Levi's theory, should be viviparous, producing young that develop within the parent 

sponge and are born live rather than hatching from an egg. This study does not state that 

H. (R.) rom., does not reproduce sexually rather it states that no evidence of sexual 

reproduction was found. Therefore while not conclusively disproving Levi's theory the 

results from this study suggest that alternate states may be possible, particularly in high 

energy intertidal environments. 

Spongia sp. is a brooding species and, as in many other viviparous sponges, produces 

large yolky eggs. These eggs and subsequent larvae develop in brood chambers within the 

endosomal tissue, thus confirming its phylogenetic relationship to the viviparous 

Ceractinomorpha. 

The hypothesis proposed by Reiswig (1973) is based upon the assumption that oviparous 

species are large, long lived, with narrow habitat requirements. Viviparous species are 

proposed to be small, short lived, with broader habitat requirements. However Reiswig 

fails to define what is meant by "broad habitat requirements" or "long lived". C. australiensis 

may be regarded as a large species and is long lived, however it has relatively broad 

habitat requirements (based upon Reiswig's identification of Tethya crypta as a large 

species and definitions of habitat requirements). Spongia sp. is a mid sized species, 

growth rates are highly variable, but it may be classified as slow growing. It is relatively 

long lived and has narrow habitat requirements. H. (R.) rom. is comparable to, and often 

exceeds, the size of many C. australiensis, and based upon Reiswig's classifications, should 

be classified as a large species, and is fast growing, short lived with narrow habitat 

requirements. 

Ayling's (1980) hypothesis states that reproductive strategies appear to be related to the 

level of disturbance experienced by a sponge. Intertidal sponges are not only subjected to 

tidal flow and sediment inundation, but once the tides recede they are subjected to 
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extreme periods of exposure and potential desiccation. Thus, modification or adaptation 

of reproductive strategies to these environs may be directed towards the conservation of 

resources. This could be achieved by reducing the dependence upon water borne 

fertilisation and I or by reducing the length of the larval free swimming phase. In intertidal 

environs, particularly those with high tidal variability, environmental factors such as 

water flow, periods of exposure and temperature fluctuations are particularly extreme. 

The use of asexual budding by C. australiensis and gemmule formation in H. (R.) rom. may 

be related to the difficulties of sexual fertilisation in intertidal environs. Fremont {1994) 

also proposes that use of asexual reproduction may be a response to the conditions 

experienced in these environs. Studies by Battershill & Bergquist (1985) and Wulff {1990) 

have demonstrated that asexual reproduction has a significant role in many species. 

Van Soests (1991) suggestion that ovipary is ancestral to vivipary could be correct. This 

study produced no data that could either support or refute his conclusions. 

In an intertidal environment oviparity may be regarded as a potentially expensive and 

uncertain reproductive mode in terms of loss to disturbance. Viviparity and asexual 

reproduction may be thought of as more conservative modes as they effectively reduce the 

uncertainty associated with gamete transfer. Zea (1993) identifies that many intertidal 

sponge species are viviparous, instead of oviparous, releasing swimming and/ or crawling 

larva which may be better able to avoid being washed away from the intertidal region. It 

may be proposed that reproductive mode is more likely to be influenced by environmental 

factors such as exposure and water flow rates, and that asexual reproductive strategies 

are a sound and energy efficient means of persisting in these environs. 

This chapter has documented the modes and periodicity of reproduction of three tropical 

sponge species. The next chapter will discuss the patterns of recruitment and 

microhabitat use and how they are suited to the inter-tidal habitat. 
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Chapter 5. Patterns of recruitment in three inter-tidal 
sponge species. 

Introduction 

The large scale distribution patterns evident in many species of sessile benthic filter 

feeders are often determined by abiotic factors such as water temperature (Warner, 1977; 

Young & Braithwaite, 1980; Pawlik & Butman, 1993). These abiotic factors influence the 

large-scale distribution patterns of many sponge species, since they have an effect on the 

physiological processes of the animal (Reid, 1968; Sara & Vacelet, 1973; Vacelet, 1988). 

For most species variations in recruitment and mortality will lead to variations in 

abundances from one site to another, ie at scales of kilometres. However, smaller scale 

patterns of distribution within these species, eg within a section of reef (metre scale), may 

be a consequence of habitat specific features, including small-scale changes in micro

topography, space availability, competition and larval choice (Hooper & Kennedy, 2002; 

Hooper et al., 2002). 

At smaller scales habitat structure can often influence the diversity and abundance of 

species within a system (Connell, 1961; Kohn & Leviten, 1976; Menge & Lubchenco, 1981; 

Leber, 1985; Underwood & Chapman, 1989; Beck, 2000). To date most studies of 

recruitment in benthic invertebrates are based on ideas of space limitation (Roughgarden 

et al., 1985; Roughgarden & Iwasa, 1986; Roughgarden et al., 1988). However, these 

studies often do not recognise that the abundance of free space may not be the only 

driving factor influencing recruitment. Residents within a community can affect the 

recruitment dynamics of both their own and other species (Osman & Whitlatch, 1995 ). 

Established animals can remove or add space for new larvae to settle (Stebbing, 1972; 

Moyse & Hui, 1981; Jensen & Morse, 1984), they can stimulate or prohibit larvae from 

settling (Grosberg, 1981; Kent & Day, 1983; Bingham & Young, 1991), they can also 

decrease post-settlement mortality by providing structural support or camouflage from 

predators (Osman & Haugsness, 1981; Osman, 1987). Many studies also often fail to 

incorporate the effects of larval choice during the settling phase (Jeffrey, 2000). It has been 

widely reported that many sponge larvae are active in their choice of settlement location 

by exhibiting a crawling behaviour, which can last for minutes to hours after initial 

settlement (Maldonado & Young, 1996) Many sponge larvae are also negatively buoyant 

or photo-responsive (Bergquist & Sinclair, 1968; Fry, 1971; Woollacott, 1993), or become 

photonegative during settlement (Bergquist et al., 1970; Wapstra & Soest, 1987; 
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Maldonado & Young, 1996) further enhancing the chances of successful settlement, and 

influencing the small-scale distribution patterns of sponges. 

However even after a population is established within a region, the composition and 

abundance of the population can be highly variable, both in time and space, particularly 

in intertidal and sub-littoral communities. Many studies have shown that much of this 

variability is due to the disturbance regime a community is exposed to and to the modes 

of re-colonisation of the disturbed areas (Dayton, 1971; Sousa, 1979; Paine & Levin, 

1981; Dethier, 1984; Sousa, 1984; Pickett & White, 1985). These disturbance events are 

widely reported to influence sponge abundance and recruitment patterns (Wilkinson & 

Cheshire, 1988; Diaz, 1990; Wulff, 1995; Dunlap & Pawlik, 1996; Roberts, 1996; Hill, 

1998; Roberts et al., 1998; Cropper & DiResta, 1999). There are however, very few studies 

that can accurately report on impacts on sponge communities, as they often lack prior 

data. One study that had prior data, Wulff (1995), reported that Hurricane Joan removed 

nearly 50% of sponge biomass on reefs in Panama, indicating the impact episodic 

disturbance events may have upon these communities. Cropper and DiResta (1999) also 

reported that these periodic natural events may be particularly threatening to sponge 

communities that are already under pressure, eg due to trawling and commercial 

harvesting of bath sponges. 

The population dynamics of intertidal sponges, particularly in the tropics are relatively 

unknown. In the tropical Indo-West Pacific shallow water sponges are both much more 

diverse, and more poorly documented than their deep-water counterparts. Our 

understanding of the recruitment patterns and response to disturbance of this fauna is 

largely speculative. This chapter seeks to address this gap by documenting the spatial 

and temporal patterns of recruitment in three tropical intertidal sponge species. It will 

also examine the patterns of recruitment and the influence disturbance has upon sponge 

recruits will be investigated in an ecological context. This information will be related to 

other published studies on sponge recruitment. 
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5.2. Methods 

5.2.1. Recruitment 

To determine recruitment patterns in Cinachyrella australiensis and Spongia sp., three 

permanent quadrats, each measuring 9 m2
, were established at East Point and Channel 

Island. Quadrats were haphazardly placed at different locations on the reef platform. At 

the time of this study Haliclona (Reniera) rom. was restricted to a small area of the Channel 

Island reef, so only one quadrat could be established. Once a quadrat was positioned, 

nails with attached flagging tape were hammered into the substratum at each of the four 

corners. Marker nails at the corners allowed the quadrat to be removed after each census, 

so that it did not interfere with growth or recruitment processes of the sponges. Marker 

nails also enabled the quadrat area to be relocated at the next census. Each quadrat, 

measuring 9m2
, was divided into 1 m sections forming a grid (Figure 5.1). 

Once quadrats were established, all sponge individuals present within each quadrat were 

recorded. Sponges were recorded by taking their X and Y coordinates relative to the 

framework of the quadrat. Recording the X and Y coordinates of each individual meant 

that new individuals could be identified, measured and mapped. The largest axis of each 

individual was measured to determine the amount of space occupied. Due to the amount 

of sediment and algae on these reefs a physical, as well as a visual examination, was 

required. This involved carefully running the fingers over the substratum surface and 

through the sediment feeling for any sponges. 

Tides that receded below the 2 metre mark were required for each census, and this, 

coupled with the time required to conduct each census, meant that recruitment quadrats 

could only be examined at three monthly intervals. These data, sketches and photographs 

were used to construct detailed maps of each quadrat. 
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Figure 5.1 Rope quadrat used in recruitment study showing marker nails and 100 em divisions. 

Disturbance experiment 

A set of experimental treatments were established at East Point to determine the effects 

of disturbance on recruitment of C. australiensis and Spongia sp. A 1m2 PVC frame was 

placed over an area of substratum containing sponges. The PVC quadrat was divided 

into 20 em sub-sections. Each section had waterproof cord threaded though the PVC 

frame, effectively forming a grid (Figure 5.2) . This grid-work was a useful aid in 

determining the percentage cover of algae, bare substratum or sediment. Concrete nails, 

with flagging tape attached, were hammered into the substratum at each of the four 

quadrat corners (Figure 5.2). The nail markers enabled the quadrat area to be removed 

after each census, so that it did not interfere with growth or recruitment processes of the 

sponges. Marker nails also enabled the quadrat area to be relocated at the next census. 
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Figure 5.2 PVC quadrat used in disturbance experiment showing marker nails and 20 an 

divisions. 

In this experiment there was one set of controls and two sets of experimental treatments: 

'all cleared' and 'sponge removed' (Figure 5.3). In 'sponge removed' quadrats all sponge 

species were removed by hand, however all other flora and fauna were left intact. 'All 

cleared' quadrats had all flora, fauna and sediment removed by hand. Controls were not 

modified in any way. There were three replicates of each treatment (Figure 5.3). 

Prior to disturbance, the position of all sponge individuals (target and non-target species) 

present within the quadrats (controls and experimental) were recorded, taking their X and 

Y coordinates relative to the framework of the quadrat. For each individual, the largest 

axis was measured to determine the amount of space occupied. Recording the X and Y 

coordinates of each individual meant that new individuals could be identified, measured 

and mapped. 
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Sponge microhabitat occupation was determined by the proximity of the sponge to a 

depression or ridge. These microhabitat ridges and depressions are hypothesised to 

provide young buds with a buffer from currents enabling them to recruit successfully. 

Sponges were only classified as occupying a depression or ridge if the distance between 

themselves and the microhabitat was equal to or less than the sponge diameter. 

After the initial disturbance event (November), quadrats were surveyed monthly, from 

January to August. As before these data, sketches and photographs were used to 

construct detailed maps of each quadrat. 

All cleared 1 

All cleared 2 

I Disturbed quadrats ~ Control quadrats 
All cleared 3 

Sponge removed 1 

I Sponge removed 2 I 
Sponge removed 3 

Figure 5.3 Schematic representation of clearance experiment illustrating the controls (x3) and 

each disturbance treatment (x3). (N.B. schematic only - does not represent 

distribution pattern of treatments across reef). 

Data analysis 

Recruitment 

Correlation analyses were used to test for relationships between the numbers of recruits of 

each species, at each survey, and environmental variables (outlined in Chapter 2). All 

analyses were done using the Statview software package (Version 4.5, Abacus Concepts). 

Spatial recruitment patterns of each species 

Variance to mean ratios were used to determine the spatial distribution of sponges based 

on recruitment data. This determined whether sponges were distributed in a random 

(variance< mean); clustered (variance> mean) or regularly distributed (variance= mean). 

This process was conducted using a specially written program in Excel (Microsoft ® Excel 

97)(Program written by K McGuinness). The macro used multiple random samples of the 
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observed recruitment data at a range of spatial scales (15 em - 200 em). At each scale a 

total of 250 quadrats were taken and the observed variance/ mean ratio calculated. These 

were then plotted with ± 95% confidence intervals. Using variance/mean ratios 

standardises for any variability in scale associated with the increasing quadrat sizes. 

Expected variance I mean ratios were also calculated by randomising the positions of the 

sponges. Calculations to determine the expected variance/mean ratios were conducted 

1000 times at each spatial scale. These were then plotted along with the observed results. 

When plotted with the observed results, expected ratios provided a visual indicator of 

whether and how observed results differed from the expected results. The area occupied 

by sponges was negligible ( <0.01% of quadrat area) so the area occupied by sponges was 

not factored into this program. 

Students' t-tests were used to test for any differences in the number of recruits between 

sites (at 0.05level of significance). 

Disturbance experiment 

Due to the small and variable number of sponge individuals present, Chi2 analyses (:x2
) 

were used to test for any difference in the number of recruits between treatments. 

Microhabitat use 

Chi2 analyses were also used to determine if there was any difference in microhabitat 

occupation by C. australiensis and Spongia sp.. Proportions of C. australiensis and 

Spongia sp. recruiting into microhabitats were analysed using One-factor ANOVA (at 

0.05 level of significance). Analyses only tested for any differences in sponge numbers 

between pre-disturbance, peak recruitment and the final census period. Data were 

analysed using Statview software package (Version 4.5, Abacus Concepts). 

Survival rates of sponges in microhabitats were compared using two-factor ANOV A, 

with treatment and habitat as fixed factors (at 0.05 level of significance). Data was 

tested for homogeneity of variance using Cochrans' test. It was not necessary to transform 

data prior to the analysis. Data were analysed using Statistica (Version 5.5 software). 

Differences in percentage cover of algae due to the experimental clearing were compared 

using 2 Factor Repeated Measures ANOV A, with experimental treatment as one factor 

and with time (pre-disturbance and final census) as the repeated measure (at 0.05 level of 

significance). Data was tested for homogeneity of variance using Cochrans' test. It was 

not necessary to transform data prior to the analysis. Data were analysed using Statistica 

(Version 5.5 software). 
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5.3. Results 

5.3.1. Environmental correlations 

There were no correlations between any of the environmental variables measured (see 

Chapter 2) and the temporal patterns of recruitment in any species (P >0.05, 

Appendix 5). 

5.3.2. Temporal recruitment patterns of each species 

The total number of C. australiensis recruits was significantly higher at East Point 

(Table 5.1) than Channel Island (Table 5.2)(df =14, T =3.13, P <0.001). There were also 

significantly more Spongia recruits at East Point (Table 5.1) than at Channel Island (Table 

5.2)(df =14, T =6.71, P <0.001). At both sites C. australiensis and Spongia sp. showed a 

trend towards peak recruitment in the November to February period (Tables 5.1 & 5.2). 

At East Point both species show a continuing increase in recruits into May 2001, a trend 

not recorded at Channel Island. 

H. (Reniera) rom. only occurred at Channel Island, therefore no site comparisons were 

possible. Unlike the relatively distinct period of peak recruitment exhibited in the other 

two species H. (Reniera) rom. exhibited no such trend (Table 5.2.). 

Table 5.1 Summary of recruihnent and mortality in C. australiensis and Spongia sp. at East 

Point (data indicate number of individuals). 

Aug 99 Nov 99 Feb 00 MayOO Aug 00 Nov 00 Feb 01 May 01 

72 144 280 195 167 227 278 295 
C. aust total 

#new 0 86 161 11 26 62 72 53 

#lost 0 15 31 96 53 13 19 37 

Spongia total 31 45 61 50 32 39 49 74 

#new 0 21 29 13 7 12 17 31 

#lost 0 9 13 23 26 7 7 7 
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Table 5.2 Summary of recruitment and mortality in C. australiensis, Spongia sp. and 

Haliclona (Reniera) rom. at Channel Island (data indicate number of individuals). 

Aug 99 Nov99 FebOO May 00 Aug 00 Nov 00 Feb 01 May 01 

89 98 128 132 99 137 155 100 
C. aust total 

#new 0 26 47 30 32 76 11 40 

#lost 0 17 17 26 63 41 20 51 

Spongia total 11 9 4 5 4 15 21 13 

#new 0 4 1 3 3 13 3 8 

#lost 0 6 6 2 3 2 4 8 

Haliclon total 14 16 11 17 14 14 16 14 

a 

#new 0 11 0 11 13 14 6 1 

#lost 0 9 5 5 16 14 4 3 

East Point, with the exception of August 1999, had a consistently greater number of 

individuals per m2
, than Channel Island (Figure 5.4). There was also a more pronounced 

seasonal pattern at East Point, with a peak period of recruitment around February. 
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Figure 5.4 Mean number of C. australiensis at East Point and Channel Island (mean m2 ± SE). 
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East Point also exhibited a greater number of Spongia sp. individuals per m2 in 

comparison to Channel Island (Figure 5.5). There was also a more pronounced seasonal 

pattern at East Point. 
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Mean number of Spongia sp. individuals at East Point and Channel Island (mean m2 ± 

SE). 

The mean number of H. (Reniera) rom. per m2 was relatively constant throughout the study 

period (Figure 5. 6), with no distinct seasonal pattern. 
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Figure 5.6 Mean number of H. (Reniera) rom. Individuals at Channel Island (mean m2 ± SE). 

Spatial recruitment patterns of each species 

High variance I mean ratios in C. australiensis revealed a distinct clumping distribution 

pattern in this species, mostly occurring at the small 15 ern scale (Figure 5.7; Table 5.3). 

For example, evidence of clumping in August 2000 (at the 15 ern scale) was indicated by 

the high observed variance/mean ratio falling outside the 95% confidence intervals (Figure 

5.7). Oumping patterns in recruitment were also evident at larger scales at both sites, 

although this was less common. It is possible that these clumped patterns at the larger 

scales are due to chance (Table 5.3). 
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Table 5.3 Scale(s) at which recruits of C. australiensis were distributed at East Point (EP) and 

Channel Island (CI) over a two-year period. Shaded areas represent scale at which 

distribution was clumped. 

Quad size 15 31 48 65 82 115 132 149 166 183 200 
(em) 

Cl EP Cl EP Cl EP EP Cl EP Cl EP Cl EP Cl EP Cl 

Aug99 

Nov99 

FebOO 

May DO 

Aug DO 

NovOO 

Feb01 

May01 

There was no evidence of clumping patterns in distribution at any scale for Spongia sp. at 

either of the two study sites therefore no table is presented. 

There was no evidence of clumping in distribution of H. (Reniera) rom. during the study, 

with the exception of two periods (Table 5.4.). The patterns in clumping displayed during 

these times were at the 15 em and 183 em scales. 
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Figure 5.7 Example of observed and expected variance/mean ratios(± Confidence Intervals) for 

C. australiensis in quadrat 2 August 2000 at East Point (Observed ratio n= 250 

quadrats at each scale, Expected ratio n=lOOO quadrats at each scale). _ 
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Table 5.4 Scale(s) at which recruits of H. (Reniera) rom. were distributed at Channel Island 

over a two-year period. Shaded areas represent scale at which distribution was 

clumped. 

Quad size 15 31 48 65 82 99 115 132 149 166 183 200 
(em) 

Aug99 

Nov99 -= Feb DO 

MayOO 

AugOO 

Nov DO 

Feb01 

May01 

Disturbance experiment 

Chi2 analyses revealed that the total number of C. australiensis individuals in experimental 

quadrats was not significantly different between controls or disturbed quadrats prior to 

the disturbance (x2 = 0.4, df =2, P >0.05). The 'sponge removed' treatment had 

significantly more sponges than either controls or the 'all cleared' quadrats at the peak 

recruitment period (Nov - Feb) following the disturbance event (x2 = 16.43, df =2, 

P <0.05)(Figure 5.8). The 'all cleared' treatment also had significantly more than the 

controls at this time (x2 = 7.02, df =2, P <0.05)(Figure 5.8). Evidence of the effects of 

disturbance were no longer apparent at the final time (August) as there was no significant 

difference in the total number of sponges between controls, 'sponge removed' and 'all 

cleared' quadrats (Figure 5.8). 

However, analysis of the number of new recruits (ie those recruiting since the clearance 

event, not including the pre-existing sponges in the controls) at peak period revealed 

significantly more new individuals in 'sponge removed' and 'all cleared' quadrats than in 

controls (x2 = 24.25, df =2, P <0.001). There was no significant difference in the number of 

new C. australiensis recruits between the disturbance treatments for the same time period 

(x2 = 1.86, df =1, P >0.05). 

The total number of Spongia sp. individuals in quadrats was not significantly different 

between controls and disturbed quadrats prior to the disturbance (l = 1.0, df =2, 

P >0.05) (Figure 5.9). Nor was there any significant difference in the total number of 

Spongia sp. between controls and the disturbed quadrats at the peak recruitment period 
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(x2 = 3.5, df =2, P >0.05) (Figure 5.9). However, there was a significant difference in the 

total nuinber of Spongia sp. at the final time. The 'sponge removed' treatment had 

significantly more individuals than either the controls or the 'all cleared' quadrats at the 

final time (x2 = 9.5, df =2, P <0.05) (Figure 5.9). 

There was a significant difference in the number of new recruits (ie those recruiting since 

the clearance event, not including the pre-existing sponges in the controls) at peak period 

with more new individuals in 'sponge removed' and 'all cleared' quadrats than in controls 

(x2 = 6.2, df =2, P <0.05). There was no significant difference in the number of new 

Spongia sp. recruits between the disturbance treatments for the same time period (x2 = 

2.77, df =1, p >0.05). 
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Figure 5.8 Mean number of C. australiensis (per m2
) in controls and disturbance quadrats over 

time(± SE, n=3). 
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Figure 5.9 Mean number of Spongia sp. (per m2
) in controls and disturbance quadrats over time 

(± SE, n=3). 

Microhabitat occupation 

There was a distinct trend for C. australiensis to occur in sheltered microhabitats on the 

reef in both the control (Figure 5.10) and disturbance quadrats (Figures 5.11-5.12). There 

was no significant difference in microhabitat occupation between treatments for all census 

periods (pre-disturbance X2 = 0.14, df =2, p >0.05; peak recruitment X2 = 1.22, df =2, 

P >0.05; final census l = 0.29, df =2, P >0.05) (Figure 5.13). However, there were 

significant differences in the microhabitat occupation within treatments. Sponges in 

control quadrats recruited significantly more frequently into sheltered compared to non

sheltered areas throughout the duration of the experiment (October - August) (pre

disturbance l = 9.89, df =1, P <0.05; peak recruitment x2 = 5.17, df =1, P <0.05; final 

census y} = 7.78, df =1, P <0.05) (Figure 5.13). In the 'all cleared' treatment, prior to the 

disturbance event (October), sponges recruited significantly more in sheltered than non

sheltered regions (pre-disturbance ·l = 4.84, df =1, P <0.05). However, at the peak 

recruitment period (February) there was no significant difference in microhabitat 

occupation (peak recruitment X2 = 0.10, df =1, P >0.05)(Figure 5.13). 'Sponge removed' 

quadrats followed the same pattern as 'all quadrats' (pre-disturbance X2 = 5.15, df =1, 

P <0.05; peak l = 3.77, df =1, P >0.05), until the final census time (August) when 

sponges again recruited significantly more into sheltered compared to non-sheltered 

habitats (x2 = 5.63, df =1, P <0.05) (Figure 5.13). 
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Microhabitat occupation in Spongia sp. was not as clearly defined as in C. australiensis, 

however Spongia sp. did appear to occupy sheltered habitats more than non-sheltered 

habitats (Figure 5.14). Prior to the disturbance (October) control quadrats showed no 

significant difference in microhabitat occupation (X2 = 2.45, df =1, P >0.05). At peak 

recruitment (February) Spongia sp. recruited significantly more in sheltered than non

sheltered regions (x2 = 4.18, df =1, P <0.05), however, at the final census time (August), 

microhabitat occupation was no longer significantly different between sheltered and non

sheltered habitats (X2 = 0.02, df =1, P >0.05)(Figure 5.14). There was no significant 

difference in microhabitat occupation throughout the duration of the experiment for 'all 

cleared' (pre X2 = 1.12, df =1, p >0.05; peak X2 = 0.56, df =1, p >0.05; final X2 = 1.77, 

df =1, P >0.05) and 'sponge removed' treatments (pre X2 = 0.29, df =1, P >0.05; peak 

X2 = 1.55, df =1, P >0.05; final X2 = 0.21, df =1, P >0.05)(Figure 5.14). 
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Figure 5.10 Substratum maps of control quadrat 2, with plots of C. australiensis and Spongia sp, 

recruits at pre-disturbance, peak and final time periods (blue areas represent 

standing water at low tides). 
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Figure 5.11 Substratum maps of 'all cleared' quadrat 2, with plots of C. australiensis and 

Spongia sp. recruits at pre-disturbance, peak and final time periods (blue areas 

represent standing water at low tides) . 
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Figure 5.12 Substratum maps of 'sponge removed' quadrat 2, with plots of C. australiensis and 

Spongia sp. recruits at pre-disturbance, peak and final time periods (blue areas 

represent standing water at low tides). 
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Figure 5.13 Microhabitat occupation (sheltered/non-sheltered) by C. australiensis recruits in 

controls, 'all cleared' and 'sponge removed' quadrats at pre-disturbance (October), 

peak (February) and final (August) time periods. 
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Figure 5.14 Microhabitat occupation (sheltered/non-sheltered) by Spongia sp. recruits in 

controls, 'all cleared' and 'sponge removed' quadrats at pre-disturbance (October), 

peak (February) and final (August) time periods. 
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There was a significant difference in the survival rate (%) of C. australiensis within 

microhabitats, between treatments, and over time (Table 5.5). 

Table 5.5 Repeated measures ANOVA, comparing C. australiensis survival rates (%) in 

microhabitat (sheltered/ non-sheltered) between control and disturbance quadrats. 

(1 =Habitat; 2 =Treatment; 3 =Quadrat; 4 =Time). 

Effect df 

Habitat 1 

Treatment 2 

Quadrat 12 

Time 2 

Habitat * Treatment 2 

Habitat * Time 2 

Treatment * Time 4 

Quadrat * Time 24 

Habitat * Treatment 4 
*Time 

100 

80 

"iii 60 > 
-~ 
:J 
U) 

~ 40 

20 

0 

controls 

MS effect 

516.463 

46.463 

8.444 

154.685 

15.796 

7.907 

18.796 

8.000 

4.407 

all cleared 

treatment 

F p 

61.160 0.000 

5.502 0.020 

19.336 0.000 

1.871 0.196 

0.988 0.387 

2.350 0.083 

0.551 0.700 

sponge removed 

Figure 5.15 Survival rates of C. australiensis in sheltered and non-sheltered microhabitats for 

control and disturbance quadrats from the peak recruitment (February) to final 

(August) census period(%± SE, n=3 quadrats). 
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There was no significant difference in the survival rates (%) of Spongia sp. within 

microhabitats, between treatments, or over time (P > 0.05)(Appendix 5.4). However a 

plot of the survival data indicated a trend towards increased survival of Spongia sp. in 

the sheltered habitats (Figure 5.16). 

•sheltered 
~ non- sheltered 

100 

80 

ro 60 > 
-~ 
::::! 
1/) 

~ 40 

20 

0 

controls all cleared sponge removed 

treatment 

Figure 5.16 Survival rates of Spongia sp. in sheltered and non-sheltered microhabitats for 

control and disturbance quadrats from peak recruitment (February) to final (August) 

census period (% ± SE, n=3 quadrats). 

Sponge cover 

Sponge cover(%) was very limited in quadrats, with sponges on average occupying less 

than 1% of the quadrat area throughout the entire study period (Figure 5.17). Prior to 

disturbance, sponges in control quadrats occupied a mean area of 0.75% (C. australiensis 

0.64 ± 0.09 SE; Spongia sp. 0.10 ± 0.09 SE)(Figure 5.17). Sponges in 'all cleared' quadrats 

occupied a mean area of 0.63% (C. australiensis 0.59% ± 0.02 SE; Spongia sp. 0.03% 

± 0.10 SE)(Figure 5.17) and sponges in 'sponge removed' quadrats occupied a mean area 

of 0.95% (C. australiensis 0.76% ± 0.08 SE and Spongia sp. 0.18% ± 0.10 SE)(Figure 5.17). 

At peak recruitment (February) percent cover decreased in controls to 0.73%. There was 

an increase in the cover of C. australiensis to 0.71% (± 0.12 SE), but a decrease in 

Spongia sp. cover to only 0.009% (± 0.00 SE)(Figure 5.17). Sponge cover in the two 

treatments decreased due to the clearance of the quadrats. However, at the final census 

sponge cover had increased in all treatments; controls had a mean of 0.90% 

(C. australiensis 0.82 ± 0.34 SE; Spongia sp. 0.07 ± 0.06 SE) and 'all cleared' a mean of 

0.18% (C. australiensis 0.08 ± 0.10 SE; Spongict sp. 0.10 ± 0.01 SE); and 'sponge removed' a 
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mean of 0.34% (C. australiensis 0.16 ± 0.02 SE; Spongia sp. 0.17 ± 0.11 SE)(Figure 5.17), 

although the two treatments had not recovered to their pre-disturbance cover. 

The amount of bare space increased at the peak recruitment period (February) due to a 

scouring event that removed sediment during this time, however this sediment had 

returned by the end of the study (Figure 5.17). Algal cover was relatively constant in all 

treatments over the course of the experiment (Figure 5.17). 
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Figure 5.17 Proportion of sponge, algae, sediment, and bare substratum cover (%) in each 

treatment per census date. 

Disturbance effects on algae 

There was no significant difference in the cover of algae (% m2
) between any of the 

treatments (df =2,6, F =1.536, P >0.05)(Table 5.6), nor was there any significant 

difference in cover over time (df =1,6, F =0.386, P >0.05) (Table 5.6, Figure 5.18). 
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Table 5.6 Repeated measures ANOVA, comparing algal cover (%) over time and between 

control and disturbance quadrats. 

25 

20 

N 

E 15 

L.. 
Q) 

E; 1 0 
u 

5 

Effect df 

Treatment 2, 6 

Time 1, 6 

Treatment * Time 2, 6 

MS F p 

26.775 1.536 0.289 

5.120 0.386 0.557 

62.286 4.698 0.059 

-l:r- controls 

-o- all cleared 

--<>- sponge removed 

0 ~------------------------------------------------
pre final 

census time 

Figure 5.18 Algal cover (% m2) in controls and disturbance quadrats pre-disturbance (October) 

and at final census (August)(mean ± SE). 
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Discussion 

Patterns of spatial and temporal recruitment are influenced by large-scale factors, such as 

water temperature and currents. The results of this study do not dispute the influence of 

these large-scale factors. Instead, they suggest that once a species has established itself 

within a region, the dynamics within a population may be largely influenced by larval 

choice and microhabitat occupation. This may be reinforced by the lack of correlations 

between any of the large-scale environmental variables measured and recruitment. The 

scales at which these measurements were made may not correspond with the scales at 

which recruitment occurred. 

Interestingly, the period of peak recruitment evident in C. australiensis and Spongia sp. 

coincides with the period of increased temperature, largest tidal range and the greatest 

degree of sediment removal from the reef platforms. Maldonado (1996) states that many 

juvenile sponges growing on horizontal surfaces are vulnerable to light, sedimentation and 

algal overgrowth, all factors known to have negative impacts upon sponge recruitment 

and survival (Sara & Vacelet, 1973; Wilkinson, & Vacelet, 1979; Zea, 1992; Zea, 1993). 

The recruitment of C. australiensis and Spongia sp. timed to coincide with sediment 

removal may be a beneficial strategy. The increased number of young produced by these 

species at this time (Chapter 4) may allow sponge recruits to settle directly onto the 

substratum without interference from sediment and as such have a better chance at firm 

attachment. 

Recruitment of C. australiensis on a small scale was not random, but exhibited clumped 

distribution patterns, at the 15 em scale. This clumping pattern is consistent with young 

that do not disperse far and has also been reported in species that utilise asexual budding 

(Battershill & Bergquist, 1985). Cinachyrella australiensis buds are negatively buoyant, thus 

any buds released into the water column have the capacity to fall out of suspension 

relatively quickly. Buds released into the water column quickly dropped out of suspension 

rolling along the substratum where they were often trapped against ridges or in 

depressions. These ridges and depressions are believed to act as a buffer against the high 
water flow (maximum recorded velocities of 2.2 m s'1), however it should be noted that 

water flow was not always constant, with periods of slack water observed. Buds are also 

released by migrating down the adult onto the substratum. This migratory response was 

identified in this species (Chapter 4.) and may enable young sponges to establish 

themselves onto suitable substratum. Maldonado (1999) states that the capacity of young 

sponges to move enables an individual to readjust itself in relation to its neighbours. In 

93 



Chapter 5. Patterns of recruitment in three inter-tidal sponge species 

C. australiensis these young may be responding to simple environmental cues, such as 

presence or absence of sediment, the presence of adult sponges may also provide such 

cues. Through this method of recruitment, young C. australiensis clustered around an adult 

may initially be provided with a degree of protection from damage or dislodgment due to 

water flow, until they have developed sufficiently to withstand the flow regime. Many 

studies have reported that suitable substratum choice (even at J.Lm to em scales) has the 

capacity to significantly influence recruit survival (Gosselin & Qian, 1997; Hunt & 

Scheibling, 1997; Maldonado & Uriz, 1998). Cinachyrella australiensis, even after the young 

sponges have settled, were still capable of active habitat choice, being able to move many 

months after initial settlement (Chapter 4). 

Spongia sp. and H. (Reniera) rom. both exhibited random patterns in their distribution. 

Given their mechanisms of reproduction (Spongia sp. - negatively phototaxic larvae and 

H. (Reniera) rom. - gemmules. Chapter 4), it may be expected that these species would 

display some ·degree of clumping. Negatively phototaxic larvae would quickly settle out of 

the water column, and search for suitable substratum, potentially clustering about these 

suitable habitats. Likewise, gemmules are formed within the tissue of the sponge, and are 

'deposited' when the tissue dies back, thus could be expected to clump around the parent 

individual. It could be that these species, although having reproductive mechanisms 

adapted to the intertidal environment, do not actually have a high post-settlement 

survival rate. That is, despite producing significantly more larvae than C. australiensis 

(based on numbers present in sponges examined- Chapter 4), the survival rate once 

settled is not as high. The small size of young of these species, relative to C. australiensis, 

may also hinder the post-settlement survival of these species due to damage or 

dislodgment. 

It is interesting to note that the area of reef occupied by H. (Reniera) rom. was totally 

devoid of Spongia sp. and C. australiensis. Not once during this study was either of these 

species found in the same region as H. (Reniera) rom. Given that the combined surface area 

of sponge species within the quadrats was less than 1% it seems unlikely that competition 

is the reason for this absence. It would seem more probable that there is a microhabitat 

cue restricting recruitment of C. australiensis and Spongia sp. in this region. However, 

Pronzato and Manconi (1995) report that Ephydatia fluviatilis, a freshwater species that 

produces gemmules, achieves and maintains space occupation through production of a 

ring of gemmules. This ring shape is believed to enable the sponge to grow in two 

directions (inwards and outwards), allowing the occupation of the maximum amount of 

space in the smallest possible time (Figure 5.19). The space occupied by the ring of 

gemmules may be maintained using chemical devices. Haliclona (Reniera) rom. also 

proauced gemmules (Chapter 4) however, further research is needed to determine if 
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H. (Reniera) rom. is using such defences to maintain the area currently occupied by this 

species. 

a) 

Figure 5.19 a) Outline of pre-existing Ephydatia fluviatilis colony and b) ring formation of 

gemmules. Arrows indicate region of spatial defence allowing for maximum space 

occupation by sponge species. From (Pronzato & Manconi, 1995). 

Cinachyrella australiensis not only exhibited a clumped distribution, but there was 

significantly more clumping within sheltered microhabitats, such as ridges and 

depressions. These topographic features would aid in successful recruitment, providing 

sponges with a degree of protection from water currents, allowing them to settle and 

establish more readily. It is proposed that sponge recruits overcome hazardous factors, 

such as water flow, by settling quickly and through selective microhabitat choice. 

Previously many researchers believed that sponge larvae were unable to move and 

displayed no active habitat choice. However, recent studies have shown that sponge 

larvae can actively move and determine where they settle, even under relatively high water 

flow rates (Maldonado & Young, 1996). 

Although Spongia sp. exhibited a random distribution pattern, they were more common in 

sheltered microhabitats, perhaps increasing their chances of successful recruitment. 

Observations made in-situ indicate that Spongia sp. persists only in depressions or rock 

pools that still maintain water even at the lowest tides. Unfortunately, due to the inability 

to monitor sponge larvae from parental release to attachment to the substratum, it is not 

possible to determine whether or not Spongia sp. generally only settle in rock pools or 

depressions, or whether they do not survive in other locations on the reef. 

If young sponges were selecting particular sites in which to recruit this would provide a 

degree of shelter from currents, thus allowing them time to settle and establish to a point 

at which they are large and robust enough to withstand water flow. Survival rates of 

C. australiensis and Spongia sp. indicated a strong trend towards increased survival 

associated with more sheltered microhabitat utilisation (Figures 5.8 - 5.10). Sheltering in 
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regions adjacent to ridges may also provide recruits with an area where water flow is 

interrupted causing changes in currents. This interruption in flow may provide small-scale 

variation in circulation allowing for better access or more abundant oxygen and food 

intake by the recruit. The occupation of microhabitats as shown in this study must confer 

advantages upon sponge recruits. 

Disturbance experiment 

Sessile filter feeders, such as sponges, require suitable substratum for settlement, and may 

be excluded by organisms already established. There have been numerous studies that 

have demonstrated the inhibitory effects of algae, sediment and other sponge individuals 

on sponge recruitment eg. (Battershill & Bergquist, 1985; Maldonado & Young, 1996). 

These biotic and abiotic factors may influence initial settlement, survival of early post

settlement stages, and growth once the sponge has settled. In this study, recruitment of 

C. australiensis was significantly higher in disturbed quadrats compared to control 

quadrats. Furthermore, there was no significant difference between the two disturbance 

treatments in the number of recruits. This is despite the fact that the percent cover of 

sediment, bare substratum and algae were relatively consistent across controls and 

disturbed quadrats by the final census. Interestingly, there was an increase in algal cover 

in the 'sponge removed' quadrats. It has been hypothesised that algae had an inhibitory 

influence on sponge recruitment (Sara & Vacelet, 1973; Wilkinson & Vacelet, 1979; Zea, 

1992; Zea, 1993), but the reverse may also be true. The interaction between the two 

organisms may depend upon which occupies the space initially, thereby excluding the 

other organism from settling. Further investigation is required to determine the influence of 

removal of algae alone on sponge recruitment. The fact that 'sponge removed' treatment 

still had increased rates of C. australiensis recruitment indicates that the removal of pre

existing sponges was a key factor in the increased recruitment. Removal of sponges may 

have increased the amount of bare substratum available for re-colonisation and I or 

reduced any potential chemical competition occurring. C. australiensis predominantly 

occupies sheltered microhabitats as such the removal of adults from these locations, while 

not creating large amounts of free substratum, effectively clears the more 'favourable' 

habitats for settling. Furthermore recruitment was not disproportionate near the edges of 

the cleared quadrats, rather new recruits settled into the microhabitats previously 

occupied by the cleared adults. 

Control quadrats exhibited the least C. australiensis recruitment of all treatments. It is 

possible that the established sponges in this treatment had a physical effect on new 

recruits, acting to inhibit their recruitment. Cinachyrella australiensis has distinct small-scale 

clumping patterns in distribution, as such it is unlikely that chemical inhibitors are 
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restricting settlement. Removing C. australiensis, the most abundant sponge species on the 

reef, from the experimental treatments may have effectively created areas of vacant space 

suitable for re-colonisation that were not available in the controls. This type of small-scale 

disturbance may be important in recruitment of this species. Larger scale disturbances, 

such as the scouring event that occurs annually, may also be influential in determining 

community structure and patterns of recruitment in this species. 

The scale of the disturbance and the life history patterns of the species disturbed will 

influence the response of particular organisms (Sousa, 1984). As the composition of the 

disturbed area changes, the nature of re-colonisation may also vary. 

Cinachyrella australiensis population dynamics revealed that disturbance does not always 

have to be linked to a decrease in the population of an organism. Disturbance, as 

suggested by Underwood (1995), may actually lead to increases in populations of species 

which are able to take advantage of the new conditions following the disturbance. The 

creation of clear areas of substratum through disturbance obviously benefits 

C. australiensis recruitment. Spongia sp. displayed a trend towards increased recruitment 

in the 'sponge removed' treatment, which may indicate recruitment in this species was 

influenced by physical or chemical inhibition. The small number of individuals present in 

the quadrats throughout this study, however, limits any further conclusions from these 

data. 

The patterns and number of recruits for each species recorded in this study were 

indicative of their relative abundance on the reefs. Cinachyrella australiensis recruited in 

very high numbers while Spongia sp. and H. (Reniera) rom., exhibited relatively low levels 

of recruitment. Cinachyrella australiensis also displayed a distinct preference for sheltered 

microhabitats and had a small scale clumped distribution. Spongia sp. and 

H. (Reniera) rom., both had random distribution patterns. Plots of survival in Spongia sp. 

indicated a trend towards preference for sheltered microhabitats however, statistical 

analyses indicated no such patterns. Perhaps the low number of Spongia individuals 

recorded may have effectively reduced the power of this test. Disturbance had a 

significant impact upon the recruitment of C. australiensis with more recruiting into 

disturbed quadrats than controls. Disturbance also appeared to have an influence upon 

recruitment in Spongia sp. However once again the low number of individuals prevents 

any definitive conclusions being made. This chapter has documented the patterns of 

recruitment and microhabitat use of three tropical sponge species. The next chapter will 

discuss the growth of these species. 
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Chapter 6. Growth of three inter-tidal sponge species 

Introduction 

Growth in Porifera is virtually unlimited as the cellular based body plan is theoretically 

capable of constant morphogenic replication (Simpson, 1978). In many species growth 

may vary through time and with location, particularly in populations in shallow marine 

and intertidal habitats (Palumbi, 1986). Variability in growth is reputedly influenced by 

physical and biotic factors such as substratum shape and stability, water movement, light 

penetration and spatial competition (Geister, 1977; Wilkinson & Trott, 1985; Wulff, 1985; 

Barthel, 1986; Palumbi, 1986; Wilkinson & Cheshire, 1989; Wilkinson & Evans, 1989; 

Barthel et al., 1991; Gaino et al., 1992; Bavestrello & Sara, 1992; Zea, 1993; Pronzato et al., 

1998). Of these factors, water motion and substratum suitability are thought to be the 

primary determinants of sponge morphology, distribution and growth (Vogel, 1974; 

Gerrodette & Fleschig, 1979; Wilkinson & Vacelet, 1979; Vogel, 1981; Palumbi, 1984b; 

Denny et al., 1985). 

Growth and recruitment are critical to the successful establishment of benthic 

populations. Despite this recognition, neither of these factors has yet been widely 

researched. In particular there is a relative paucity of studies of sponge growth. A limited 

number of studies on sponge growth have been carried out in the polar and sub-polar 

regions (Dayton et al., 1974; Barthel, 1986; Thomassen & Riisgard, 1995), temperate 

regions Oohnson, 1979; Wilkinson & Vacelet, 1979; Ayling, 1981; Fell & Lewandrowski, 

1981; Ayling, 1983; Pansini & Pronzato, 1985; Leys & Lauzon, 1998; Galera et al., 2000) 

and in the tropics (Storr, 1964; Reiswig, 1973; Jackson & Palumbi, 1979; Wilkinson & 

Cheshire, 1988; Wulff, 1985; Trautman et al., 2000). However these have primarily 

focussed on subtidal communities comprised of animals inhabiting a relatively stable 

environment. It is hypothesised that intertidal animals would exhibit different patterns 

and rates of growth for reasons identified earlier in this thesis. 

Many studies on sponge growth have attempted to measure growth by attaching sponge 

explants to artificial substrata (Wilkinson, 1979; Thomassen & Riisgard, 1995; 

Duckworth et al., 1997), sometimes also in artificial environments to make measurements 

easier to collect. Transplant studies provide indicators of growth under altered 

conditions, or the response of the sponge to experimental transplantation, therefore these 

studies may not provide a true indicator of sponge growth under 'normal' conditions. 

Artificial substrata have the capacity to deprive sponges of important (albeit still poorly 
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understood) chemical or physical cues (Miller et al., 2000). Furthermore, artificial 

substrata or artificial conditions may cause stress to the sponges, affecting growth. Thus, 

the rates cited in previous studies may not be true indicators of 'normal' sponge growth. 

Instead, many of these studies may be interpreted as the effects of disturbance upon 

growth. In addition, studies that state growth rates after experimentation often fail to 

determine or state baseline rates of growth. Also, many have no control individuals with 

which to compare the growth of manipulated sponges. 

To gain a better understanding of sponge dynamics within the intertidal system there is a 

need to include research on sponge growth. Sponge growth, coupled with recruitment, are 

perhaps the most important processes regulating the population dynamics of these 

species (Johnson, 1979; Meroz & Ilan, 1995). Due to the extreme variability of growth in 

shallow waters and intertidal populations, it is important to monitor the same 

populations throughout the year and even over successive years. The aim of this chapter 

is to determine growth rates for Cinachyrella australiensis, Spongia sp. and 

Haliclona (Reniera) rom. This chapter also investigates growth rates over seasons and years 

to determine if they fluctuate significantly. Also, where possible, this study uses the mean 

rates of growth for each species to predict the age of different sized individuals. It then 

examines the effects of disturbance on the growth rates of C. australiensis and Spongia sp. 

Methods 

Studies were undertaken at the East Point and Channel Island study sites over a 24 

month period. Growth was monitored on a range of different sized individuals in order to 

determine if there was any significant relationship between growth rate and size. Where 

possible, individuals of various sizes were selected haphazardly across both reef sites, 

with the exception of H. (Reniera) rom., which ·at the time of this study was confined to 

the southern portion of the Channel Island reef. As H. (Reniera) rom. is an ephemeral 

species, generally persisting for a short period of time, growth measures for this species 

were problematic. New individuals had to be re-marked and measured as older 

individuals died, thus growth rates for this species were often based upon growth 

recorded over only a few months. 

Marking individuals 

Sponges were examined in-situ to minimise disturbance. Sponge individuals were 

identified by fixing concrete nails marked with numbered flagging tape into the 

substratum either side of the sponge. Markers served as an aid to identify individuals and 

as a permanent reference point to determine if any movement had occurred. 
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· Sponge growth 

The following data were recorded for each sponge individual using vernier calipers(± 0.05 

mm): maximum length, diameter or width, and height. Cinachyrella australiensis required 

only diameter and height to be recorded. The highly variable form of H. (Reniera) rom. 

meant that measurements of length, width and height may not have provided reliable 

estimates of growth, so the number of oscules present was also recorded. Measurements 

were made on a monthly basis but increased to three monthly when it became obvious 

that Cinachyrella australiensis and Spongia sp. did not demonstrate growth over the shorter 

time period. Haliclona (Reniera) rom. was measured opportunistically while individuals 

were present. 

Relationship between volume & other measures 

The relationship between volume and other measures was determined for each species. 

Sponges not used in the growth study were collected and placed into a graduated beaker 

filled with a known amount of water. The sponge volume was determined by water 

displacement. 

Predictions of age 

Age predictions for C. australiensis, Spongia sp. and H. (Reniera) rom. were made using the 

following equation: 

sponge size/mean growth rate (mm month"1
) =age of sponge (months) 

Age predictions for C. australiensis were made using the multiple rates of growth (Table 

6.2). This process was repeated for each size class, ensuring that the age from the 

previous calculation was added. Plots of sponge age based on size related growth were 

constructed. 

Data analysis 

Changes in length, width, diameter, height and number of oscules were analysed using 

one-way ANOVA (at 0.05 significance level). Relationships between sponge volume and 

other measures were analysed using regression analysis. 

To test for any relationship between growth and enVironmental variables (as outlined in 

Chapter 2), variables were analysed using correlation analysis. All analyses were 

completed using the Statview software package Version 4.5 (Abacus Concepts). 
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Effects of distUrbance on sponge growth 

Disturbance experiment 

Using the methodologies for the disturbance experiment outlined in Chapter 5, the effects 

of disturbance on growth of C. australiensis and Spongia sp. were examined. At each 

census each sponge individual had the maximum length, width or diameter measured. 

Growth was determined by taking the final size of the sponge and subtracting its initial 

size. Growth rates were determined by dividing the increase or decrease in growth by the 

number of months over which the experiment was conducted. This could then be 

converted to growth per year. 

Orientation 

Preliminary observations on individuals of Spongia sp. revealed that sponges were 

orientated with their longest axis perpendicular to the prevailing water current. Compass 

bearings of twenty individuals were sampled haphazardly to determine if this orientation 

was prevalent throughout the population (90° perpendicular to flow, 180° parallel to 

flow). Rayleigh's uniformity test was used to calculate the distribution of the observed 

directional data relative to that of a random orientation (at 0.05 significance level). 

Re-orientation experiment 

An experiment was conducted at East Point over a three month period to evaluate the 

effects of re-orientation of Spongia sp. to water flow and its effect upon the morphology 

and growth of Spongia individuals. The following treatments were established using 

individuals located in the mid-intertidal zone (exposed at sub 2m tides). 

(a) Undisturbed controls - Five sponges were haphazardly selected. These sponges were 

neither moved nor rotated (Fig. 6.1). This treatment allowed comparisons to be made 

between 'un-manipulated' and 'experimentally manipulated' animals. 

(b) Moved controls - Three sponges were detached from the reef with a portion of 

substratum and returned to their original orientation (Fig. 6.1). These sponges acted as 

controls for the movement process (moved controls). 

(c) Rotated animals - Five sponges were detached from the reef with a portion of 

substratum and rotated 90° relative to their original position and prevailing water flow 

(Fig. 6.1) 
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Sponges used in this experiment were of comparable size and each treatment (re-oriented, 

moved control and undisturbed control) was randomly allocated. A small number of 

replicate animals were used due to the relatively low number of Spongia sp. present on 

this reef. 

Rotated animals x 5 ~ ( I 
~ 
\ ;_;__:_;.: :.:..:;;; 

Moved controls x 3 ~ c::;::;::J....,.. ... 

I undisturbed controls x 5 ~ ~ 

Figure 6.1 Schematic representation of experimental treatments used. 

Both re-orientated and moved control sponges were fixed to the substratum using plastic 

mesh. Holes were cut in the mesh, large enough to leave a margin for growth, and the mesh 

then placed over each sponge. Sponges were maintained in position as the substratum still 

attached to the sponge was confined beneath the mesh. The mesh structure was fixed in 

place using concrete nails hammered into the surrounding substratum. Undisturbed 

controls had no mesh placed around them. 

Data analysis 

Student t-tests were used to determine if actual recorded growth rates of C. australiensis 

differed from zero growth. Site related differences in growth were compared using one 

way ANOVA (at 0.05 level of significance). Data was tested for homogeneity of variance 

using Cochrans' test. It was not necessary to transform data prior to the analysis. Data 

were analysed using Statistica (Version 5.5 software). 

Disturbance experiment 

Differences in growth due to the experimental disturbance were compared using one way 

ANOVA (at 0.05level of significance). Data was tested for homogeneity of variance using 

Cochrans' test. It was not necessary to transform data prior to the analysis. Data were 

analysed using Statistica (Version 5.5 software). 
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Re-orientation experiment 

Growth rates between and within treatments (re-orients, moved controls and undisturbed 

controls) were tested using one way ANOVA (at 0.05 level of significance). Comparisons 

of growth rates (in cm3 year·1
) between treatments were based upon growth in volume. 

Growth was calculated as: volume of sponge at time 4 - volume of sponge at time 1 

Data were tested for homogeneity of variance using Cochrans' test. It was not necessary 

to transform data prior to the analysis. Data were analysed using Statistica (Version 5.5 

software). 

Results 

Cinachyrella australiensis 

There was a significant correlation between the diameter of C. australiensis individuals and 

their volume, which was well fit by an exponential curve (r =0.90, n = 20)(Figure 6.2). 
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<> 

a 
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E 
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> 

<> 
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0 
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diameter (mm) 

Figure 6.2 Relationship between volume (ml) and diameter (mm) in C. australiensis. Plotted 

with exponential trendline (Data are pooled over EP and CI sites, n=20). 
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Growth rates 

Students t-test of growth rates revealed the changes recorded in diameter and height axes, 

although fluctuating (Table 6.1), were not significantly different from zero (East Point 

diameter df =9, t = 1.199, P >0.05; height df =9, t = 1.505, P >0.05; Channel Island 

diameter df =9, t = 1.873, P >0.05; height df =9, t == 1.516, P >0.05). Based upon this 

data, Cinachyrella australiensis in these size classes had extremely slow growth rates along 

both the diameter and height axes (Table 6.1). There was no significant difference between 

size fluctuations of C. australiensis at East Point and those of Channel Island (diameter 

df =1,18, F =1.746, P >0.05; width df =1,18, F =0.124, P >0.05). 

There were no correlations between growth of C. australiensis and any of the environmental 

variables measured (P >0.05, n=10 individuals)(Appendix 6.1). 

Table 6.1 Maximum, mean & minimum changes in size of C. australiensis at each site (mm 

montl11, mean± SE). 

Site Diameter (mm) Height(mm) 

C. australiensis- - EP max 1.4 1.08 

mean 0.22 ± 0.18 0.29 ± 0.19 

min -0.90 -0.63 

C. australiensis- - 0 max 0.96 1.36 

mean -0.48 ± 0.25 0.38 ± 0.25 

min -1.68 -0.92 

Seasonal signals/patterns 

Changes in size of Cinachyrella australiensis were fluctuating and asynchronous, with no 

obvious seasonal patterns at either East Point or Channel Island (Figure 6.3). However, 

there was more variation in size at East Point than Channel Island. 

Size related growth 

Cinachyrella australiensis displayed allometric growth, smaller individuals growing much 

faster than larger ones (Table 6.2, Figure 6.4). For example, individuals < 10 mm in 

diameter had a mean rate of growth of 13.2 mm/year1
, whereas individuals 50-59.9 mm 

in diameter grew at a mean of 4 mm I year1
• 
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Table 6.2 Growth rates (mm/year·1 ± SE) for each size class of Cinachyrella australiensis: 

(n.a. = data not available for this size class). 

Size class < 10 10- 20- 30- 40- 50- 60- 70- 80- 90- 100-

(mm) 19.9 29.9 39.9 49.9 59.9 69.9 79.9 89.9 99.9 109.9 

Growth 13.2 10.8 7.6 n.a. 3.6 4.1 4.3 3.7 n.a. n.a. 1.3 

(mm/year"1
) 

s.e. 0.4 0.5 0.3 n.a. 0.4 0.4 0.3 0.3 n.a. n.a. 

n 11 10 10 n.a. 10 3 5 3 n.a. n.a. 1 
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Figure 6.3 Change in diameter (top) and height (bottom) of ten C. australiensis individuals at 

East Point (left) and Channel Island (right) over the entire study period (May 99 -

May 2001)(n=10 individuals per site). 
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Figure 6.4 Growth rates (mm/year"1
) for each size class of C. australiensis. Plotted with log 

trendlines. 
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Predicting age based on growth measures 

Larger C. australiensis individuals were estimated to be decades old, with individuals 

> 100 mm in size being approximately 25 years of age (Figure 6.5). 
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Figure 6.5 Predictions of C. australiensis age (years) based upon mean rates of growth for each 

size class. 

Effects of disturbance on sponge growth 

Clearance experiment 

The clearance event had a significant impact on growth (in diameter) of C. australiensis. As 

only 0-0.99 mm and 10-19.99 mm size classes occurred in all quadrats, only these were 

analysed (Table 6.3). Control sponges had significantly higher growth rates of the sponge 

recruits in the 0-0.99 mm size class compared to both of the disturbance treatments 

(df =2,12, F =8.136, P <0.05)(Table 6.3, Figure 6.6). Growth rates of sponge recruits in the 

10-19.99 mm size class were also significantly higher in control than in both of the 

disturbance treatments (df =2,27, F =17.743, P <0.001)(Table 6.3, Figure 6.7). 

Table 6.3 Growth rates (diameter mm month·1
) for each size class of C. australiensis in 

disturbance experiment (n.a. = data not available for this size class}. 

0-.99 10-10.99 20-29.99 30-39.99 40-49.99 50-59.99 60-69.99 

Controls na -0.22 ±0.17 na -0.46 ±0.96 na 0.12 ±0.07 1.48 ±0.49 

All cleared -0.41 ±0.26 0.25 ±0.12 na na na na na 

Sponge removed 0.3 ±0.32 0.39 ±0.06 1.13 ±0.31 na na na na 
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Figure 6.6 Mean growth rates (mm month·1 ± SE) of C. australiensis size 0-0.99 nun in diameter 

from clearance experiment (n= 5 individuals per treatment) . 
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Figure 6.7 Mean growth rates (mm month·1 ± SE) of C. australiensis size 10-10.99 nun in 

diameter from clearance experiment (n= 10 individuals per treatment). 
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Spongia sp. 

There was no correlation between length, width or height of Spongia individuals and their 

volume (Length corr. = 0.131, P >0.05; Width corr. = 0.248, P >0.05; Height corr. = -

0.245, P >0.05)(n=61). 

Growth rates 

In Spongia sp. the length axis grew at a faster rate than either width or height (Table 6.4). 

Spongia sp. at Channel Island had significantly higher growth rates along the length axis, 

than East Point individuals (df =1,16, MS =107.556, F =15.356, P <0.01)(Table 6.4) and 

along the height axis (df =1,16, MS =2.761, F =9.936, P <0.01}. However, there was no 

significant difference in the rate of growth along the width axis (df =1,16, MS =6.857, 

F =1.451, P >0.05)(Table 6.4). 

Despite significant site related differences in turbidity, TSS and euphotic depth, there was 

no relationship between these variables and the increased growth rates recorded from 

Channel Island Spongia sp. individuals (P >0.05). 

Table 6.4 Maximum, mean & minimum growth rates for Spongia sp. at each site (nun month-1
) 

(mean± SE). 

Species and site Length(mm) Width (mm) Height(mm) 

Spongia sp. - EP max 2.01 1.0 2.91 

mean 0.20± 0.27 0.04 ± 0.16 1.76 ± 0.22 

min -0.36 -0.65 0.83 

Spongia sp. - CI max 7.64 4.4 2.34 

mean 2.74 ± 0.87 0.51 ± 0.76 1.23 ± 0.17 

min -1.53 -2.35 .55 

Seasonal signals/patterns 

Growth of Spongia sp. was fluctuating and asynchronous, with no obvious seasonal 

patterns at either East Point or Channel Island (Figure 6.8). 

Size related growth 

Growth rates of Spongia sp. were independent of size. There was no relationship between 

individual sponge size and its corresponding growth rate. 
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Predicting age based on growth measures 

Predictions of age for this species were not viable due to the highly variable and 

significantly different growth rates between sites. 
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Figure 6.8 Change in length (top), width (middle) and height (bottom) of ten Spongia 

individuals at East Point (left) and Channel Island (right) over the entire study 

period (May 99- May 2001). 

Effects of disturbance on sponge growth 

Disturbance experiment 

The disturbance event appeared to have a significant impact on growth {length) of 

Spongia sp. However, statistical analysis of the differences in growth could not be 
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conducted due to the low number of individuals present in these quadrats. Spongia sp. in 

'all cleared' quadrats exhibited a trend towards higher growth rates than either 'sponge 

removed' or control quadrats (Figure 6.9). 
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Figure 6.9 Mean growth rates (mm month·1 ± SE) of Spongia sp. in each quadrat type from 

disturbance experiment (n= 3 individuals per treatment). 

Re-orientation 

Rayleigh's test of uniformity indicated a significant directional bias in Spongia sp. 

(P =0.00, n=30). Spongia sp. had its longest axis facing perpendicular to the water flow 

(90°), with 90% of sponges measured within a 20° range (Figure 6.10). 
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360 
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Figure 6.10 Relationship between the prevailing water current (flowing from 360°) and the 

orientation of the longest axis (n=20). 

Re-orientation experiment. 

The experimental re-orientation of Spongia individuals triggered significant changes in 

width, length and volume of sponge tissue but no change in height. Growth of re-orients 

along the width axis (the axis perpendicular to the water flow), was significantly higher 

than either the moved controls or the undisturbed controls (df =2,10, F =64.718, 

P <0.001). Length (the axis running parallel to the water flow), showed a significant 

decrease in growth relative to moved controls or undisturbed controls (df =2,iO, 

F =13.367, P <0.01). Height of re-orientated, moved controls and undisturbed controls 

showed no significant difference throughout the experiment (df =2,10, F =1.034, P >0.05). 

Volume of re-orientated sponges increased significantly compared to both control 

treatments (df =2,10, F =37.076, P <0.001). 

Analysis of growth within the re-orientated treatment revealed that width increased 

significantly between time 1 and time 4 (df =1,6, F =7.737, P <0.05), with the greatest 

period of change occurring between time 1 and time 2. Width showed a mean increase of 

31.3 mm (mean over three months, equating to a growth rate of 125.5 mm yr"1
). Both 

moved (width df 1,4, F =7.642, P >0.05) and undisturbed controls showed no significant 

change in width (df =1,8, F =0.890, P >0.05) (Figure 6.11). 

Length in re-orientated individuals, although significantly different between time 1 and 

time 4 (df =1,6, F =6.542, P <0.05), showed a much slower response. The greatest period 
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of change in length occurred between time 2 and time 3. Length showed a mean decrease 

of -10.29 mm (mean over three months equating to a growth rate of -41.16 mm yr·1
). 

Controls showed no significant change in length (moved controls df =1,4, F =0.001, 

P >0.05; undisturbed controls df =1,8, F =0.245, P >0.05) (Figure 6.11). 

Height of re-orientated and both control treatments showed no significant change 

throughout the experiment (re-orientated df 1,6, F =0.223, P >0.05; moved controls 

P >0.05; df =1,4, F =0.001, P >0.05; undisturbed controls df =1,8, F =0.057, 

P >0.05)(Figure 6.11). 

Throughout the study, overall volume of re-orientated sponges increased significantly 

from time 1 to time 4 (df =1,6, F =25.078, P <0.01). There was no significant difference in 

volume of either moved (df1,4, F =3.333, P >0.05) or undisturbed control sponges (df1,8, 

F =0.262, P >0.05). Re-orientated individuals showed a significant increase in volumetric 

growth, up to 36 times the growth rate observed in the both control treatments. Compared 

to growth rates of -12.7 mm3 year·1 (moved controls) and -16.8 mm3 year·1 (from 

undisturbed controls), re-orientated individuals had significantly higher growth rates 

(mean 461.5 mm3 year·1
) (df =2,10, F =37.076, P < 0.001). 
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Figure 6.11 Proportional change in length, width and height of re-orientated Spongia 

individuals (top) and controls (bottom) from start of experiment (time 1) to finish 

(time 4)(± SE). 

Haliclona (Reniera) rom. 

Correlation between form and measured variables 

In H. (Reniera) rom. there was a significant relationship between the number of oscules 

produced and the volume of the sponge (r= 0.92, n = 17). However, there was no 

relationship between linear measures and sponge volume. Like C. australiensis, the 

relationship in H. (Reniera) rom. was positive, sponge volume increasing as the mean 

number of oscules increased (Figure 6.12). 
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Figure 6.12 Relationship between volume (mm3} and number of oscules in H. (Reniera) rom. 

(n=17). Plotted with log trendline and R2 value. 

Growth rates 

Haliclona (Reniera) rom. exhibited relatively fast growth rates, with the length axis growing 

at a faster rate than either width or height (Table 6.5). Haliclona (Reniera) rom. only 

occurred at Channel Island site therefore no site comparisons could be made. 

Table 6.5 Maximum, mean & minimum growth rates for H. (Reniera) rom. (mm month"1) 

(mean± SE). 

Species Length (nun) Width(mm) Height(mm) #of oscules 

H. (Reniera) rom. max 19.56 8.56 8.22 5.83 

mean 4.14 ± 2.43 2.68 ± 1.04 2.76 ± 1.00 1.43± 0.66 

min -3.3 -0.22 -1.2 0.25 

Of all the environmental variable measured there were only correlations between organic 

nitrogen content, air temperature and increases in length in H. (Reniera) sp. nov 

(P <0.05)(Appendix 6}. 

Seasonal signals/patterns 

There were no obvious patterns in growth of H. (Reniera) rom. (Figure 6.13). In many cases 

sponges exhibited increased growth in May and August then declined or had died off 

completely by November (Figure 6.13). 
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Size related growth 

Growth rates of H. (Reniera) rom. were independent of size. There was no relationship 

between sponge size and growth rate. 

Predicting age based on growth measures 

Oscula number and volume were significantly correlated in H. (Reniera) ram., therefore 

estimates of age were based upon increases in oscula number (Fig. 6.14). 
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Figure 6.13 Change in length, width, height and number of oscula of ten Haliclona (Reniera) 

rom. individuals at Channel Island from February to November 2000. 
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Figure 6.14 H. (Reniera) rom. age predictions based upon mean increase in oscula number. 

Discussion 

Cinachyrella (order Spirophorida) is a relatively slow growing sponge genus (Hooper, 

Fromont & Bergquist pers. comm.). Of the three species examined in this study, 

C. australiensis was the slowest growing at 0.22 ± 0.18 mm month·1 (diameter mean± SE). 

Cinachyra antarctica, phylogenetically close to C. australiensis, was monitored in Antarctic 

waters by Dayton [, 1979 #403] over a period of 10 years. Of 84 individuals monitored, 

only four showed any growth, resulting in a total increase in diameter of just twenty 

millimeters (approximately 0.16 mm month-1
). In the same study, another related species, 

Tetilla leptoderma, showed no growth at all over the ten-year period (from seventy 

individuals of varying size). These growth rates, were however, based upon estimates 

from photographs, and as such may have some degree of inaccuracy when compared to 

the C. australiensis measured in this study. However based upon this information it may be 

concluded that C. antarctica has an incredibly slow growth rate. It is probable that the 

C. antarctica studied by Dayton (1974) may have reached the optimal size for this species, 

given its environmental conditions. The growth rates in C. australiensis recorded in this 

study were also small, so small in fact that in the individuals monitored growth was not 

significant. Smaller individuals monitored did, however, show a much higher growth rate, 

indicating that growth in this species is size dependent. It is possible that this 

characteristic is shared by the related Antarctic species studied by Dayton (1974), which 

may account for the similar limited growth recorded in sponges of that study. 
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- Spongia (order Dictyoceratida), like C. australiensis, is regarded as relatively slow growing 

sponge genus (Hooper, Fromont & Bergquist pers. comm.). Growth rates of Spongia sp. 

were highly variable between sites: East Point had the lowest growth rates of 0.20 ± 0.27 

mm month·1 (length axis mean± SE) whilst Channel Island had significantly higher rates of 

growth at 2.74 ± 0.87 mm month·1 (length axis mean± SE). The growth rates recorded for 

East Point individuals are comparable to those recorded for another Dictyoceratid, Ircinia 

strobilina at 0.58 mm month'1 (Hoppe, 1988). It is difficult to account for the between site 

differences in Spongia sp. growth. Site related differences in Spongia sp. may reflect 

variations in environmental conditions. Individuals at Channel Island were not as 

exposed as at East Point. In addition, the location of the mangroves immediately adjacent 

to the sponges could have provided a high input of nutrients into the system. Higher 

nutrient input recorded at this site, coupled with higher rates of water flow, may have 

provided the sponge with a habitat more favourable for growth. However if these 

conditions were favourable to Spongia sp. it would be expected that there would also be 

site related differences in C. australiensis growth. 

Despite Channel Island displaying significant differences in some of the environmental 

variables measured (higher turbidity and total suspended solids and lower euphotic 

depth), there was no relationship between these variables and the increased growth rates 

of Spongia sp. from this site. Increased rates of growth may therefore be due to some other 

influencing factor or microhabitat scale influences not measured. Another possibility is 

that young sponges produced by fast growing parents tend to grow faster than those from 

slower growing parents. If this is correct, sponges measured in this study site may be from 

the same fast growing parental stock. 

The order Haplosclerida is generally regarded as having relatively high growth rates 

(Hooper, Fromont & Bergquist pers. comm.). However, the rates recorded for 

H. (Reniera) rom. (4 mm month'1) are relatively low in comparison to those recorded for 

other species in this order. Haliclona cymaeiformis from the Great Barrier Reef had mean 

growth rates of up to 11 mm month'1 (Trautman et al., 2000). The freshwater sponge 

Ephydatia fluviatillis had growth rates of 22 mm month'1 from Utah (Rader & Winger, 

1985), and growth rates of 15-400 mm2 month·1 in Sardinian individuals (Pronzato & 

Manconi, 1995). A species from the Antarctic, Haliclona dancoi, had growth rates of 4 

mm/month·1 (Dayton, 1979), which are the same as the mean growth rates recorded for 

H. (Reniera) rom. However, the growth rates recorded in this study were from inter-tidal 

animals and, as such, are likely to be much less than those of subtidal animals. Intertidal 

animals are frequently exposed to the air, and, as such, must periodically stop feeding 

and respiring, thus reducing growing potential. 

119 



Chapter 6. Growth of three inter-tidal sponge species 

Seasonal growth 

Periodicity and synchronous fluctuations of growth in the Demospongiae are widely 

documented (Reiswig, 1973; Johnson, 1979; Wilkinson & Vacelet, 1979; Fell & 

Lewandrowski, 1981; Fell & Lewandrowski, 1983; Pansini & Pronzato, 1985; Rader & 

Winger, 1985; Barthel, 1986; Pronzato & Manconi, 1995; Wulff, 1997). However, growth 

among conspecific individuals recorded in this study did not occur synchronously and 

did not appear to be seasonally induced. Other studies have also reported this 

asynchronous growth. Ayling (1983), in her study on growth and regeneration in 11 

encrusting Demospongiae from New Zealand's temperate waters, recorded asynchronous 

growth patterns and a decrease in size of some individuals. Pansini and Pronzato (1985), 

in their study on the dynamics of Mediterranean sponges, also reported variation in size 

of sponges that could not be attributed to measured environmental variables, such as 

sediment size and water flow. Pansini and Pronzato (1985) suggested that fluctuations in 

growth may be attributed to variability in pumping rates. This was previously identified 

by Reiswig (1971) and Gerrodette (1979), and reportedly caused temporary changes in 

volume. However, it seems unlikely that change associated with pumping rates could 

cause such large variations in sponge growth. In addition, fluctuations in pumping rates 

could not explain the constant decline in growth displayed by some C. australiensis 

individuals. Micro-environmental factors or small-scale disturbance may account for some 

variability in sponge growth. Shallow water sponges are subject to great temporal 

variability in growth as a result of the constant changes that occur in their environments 

(Burton, 1949; Sara, 1970; Stone, 1970; Johnson, 1979; Pansini & Pronzato, 1985). 

Like other studies investigating sponge growth, this study has been unable to determine 

any unequivocal relationship between fluctuations in sponge growth and environmental 

variables in C. australiensis and Spongia sp, In contrast, there were correlations between 

organic nitrogen content, air temperature and increases in length in H. (Reniera) rom. 

However, as these correlations only occurred in one of the growth axes measured, and it is 

unlikely that they represent a real relationship between the growth of the animal and the 

variable measured. It is more likely that these correlations are due to chance. Examination 

of individual sponge growth and associated physiological micro-habitat influences is an 

area that requires further investigation. 

Size related growth rates 

Rates of growth in Spongia sp. and H. (Reniera) rom. were independent of size, that is, 

growth in these species were highly variable and there was no apparent relationship 

between individual size and its rate of growth. However, this was not the case with 
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C. australiensis size highly correlafed with growth. Cinachyrella australiensis buds and newly 

recruited young developed at much faster rates than did established sponges .. The rapid 

growth of small individuals may allow better feeding and respiratory capacities and 

assist the animal in becoming sufficiently established in their environment. Rapid growth 

of young may also be a matter of survival (Paine & Levin, 1981). The occurrence of macro 

tides in Darwin Harbour means that C. australiensis individuals are exposed during low 

tide. Low tides occur during the middle of the day for much of the year, corresponding to 

the time of maximum temperature. Smaller sponges growing in these environs could 

conceivably be vulnerable to desiccation given their larger surface area to volume ratio. 

Larger sponges have a lower ratio and as such are perhaps better able to withstand 

fluctuations in external conditions, and may be better able to maintain stability in their 

internal environment (Gould, 1966; Denny et al., 1985). Larger organisms may also survive 

exposure to air longer than smaller sponges Gohnson & Schick, 1977; Denny et al., 1985). 

Another advantage of increasing body size quickly may be to provide a greater ability to 

exploit food opportunities (Gould, 1966; Wilson, 1975; Denny et al., 1985) or gain space. 

Larger organisms are also more metabolically efficient i.e. they have a lower metabolic rate 

per unit of body mass than smaller organisms (Gould, 1966; Schmidt-Nielsen, 1974; 

Denny et al., 1985). 

Reiswig (1973), in his study on Mycale sp. and Tethya crypta, is a proponent of this 

growth/ size relationship, stating that smaller sponge individuals had much higher growth 

rates. Fell & Lewandrowski (1981) also reported growth in Halichondria sp. to vary with 

size (Table 6.5). Newly recruited individuals less than 30 mm in length grew 1.0 mm day"\ 

whereas those 30-60 mm grew at 1.5 mm day"1 and those greater than 60 mm grew at 

0.3 mm day"1
• This suggests that newly recruited sponges have higher growth rates than 

older ones. Storr (1964), in a study on the growth of a dictyoceratid species, Hippospongia 

lachne, also identified that growth increased proportional to the size of the sponge. 

Increases in size were greatest in young individuals. In the second year of growth, 

diameters increased x 3.2; in the third year x 2.0; and the fourth year x 1.6. When growth 

was plotted, it indicated cessation in growth when the sponge reached approximately 

300 mm in diameter. This may also account for the limited growth observed in the 

populations of C. australiensis, as the 20 individuals monitored over the two year period 

were all greater than 50 mm in diameter. 

Growth predictions 

Sponges are commonly used as bio-indicators of disturbance events (eg. Patel, et al., 1985; 

Wilkinson & Cheshire, 1988; Roberts et al., 1998; Roberts, 1996; Cropper & DiResta, 

1999), however many studies often fail to attribute causality to a distinct event because 
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they cannot estimate the age of the sponges in question (Verdenal et al., 1985). For species 

with relatively stable growth forms, such as C. australiensis, growth rates are easily 

obtainable and relatively consistent. If growth rates are recorded from a large number of 

individuals measured across a wide size class and for a sufficient period of time, then 

predictions of age may also be made. Thus, if researchers are provided with accurate age 

predictions, with known variability, they may be able to accurately determine the timing 

of a disturbance event. 

Growth rates of C. australiensis individuals were size dependent, that is, the mean sponge 

growth rate varied according to individual sponge size. Using the growth rates recorded 

for each size class it was predicted that individuals of 40 rnrn in diameter were 

approximately 5 years old, whilst animals 100 rnrn in diameter were as old as 24 years. 

Estimates of reproductive potential can also be made using mean growth rates and the 

size at which animals become reproductively active. Cinachyrella australiensis had size 

related growth and was reproductively viable when its diameter was .greater than 15 rrun, 

as individuals with buds were observed at this size and above. Given these data, it was 

estimated that from initial recruitment an individual of this species would take 

approximately 3 years before it started to produce buds. 

Growth of Spongia sp. was irregular and as such age predictions could not be constructed 

for this species. Hoppe (1988) experienced the same problem in predicting age for 

Neofibularia nolitangere, lrcinia strobolina and Agelas clathrodes, stating that determination of 

age using mean growth rates was virtually impossible due to the observed irregularity in 

growth. 

Age predictions for H. (Reniera) rom. were based upon increases in the number of oscules. 

Using this measure if was predicted that an individual with 20 oscules was 

approximately 8.5 months old, while an animal with 40 oscules was 16.5 months of age. 

The inability to obtain any information on the reproductive timing of H. (Reniera) rom. 

meant that it was not possible to make predictions about time until reproductive material 

was produced. 

Effects of disturbance on sponge growth 

Clearance experiment 

Disturbances occur relatively frequently in virtually all ecosystems and are important for 

maintenance of biodiversity (Reice, 1994) Organisms respond to disturbance differently 

depending upon the scale of the disturbance and the life history patterns of the species 

disturbed (Sousa, 1984). The variable effects disturbance has upon a species were 
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observed in changes in growth rates of C. australiensis. Disturbed individuals of this 

species from 'sponge removed' and 'all cleared' quadrats had significantly lower rates of 

growth compared to 'undisturbed control' animals. Like the effects of clearance on 

recruitment (Chapter 5), the removal of sponges may have reduced any potential chemical 

competition. However as mentioned in the previous chapter, it is unlikely that pre-existing 

C. australiensis are excluding or inhibiting growth of new C. australiensis. This species has 

distinct small-scale clumping patterns in distribution, as such the removal of pre-existing 

C. australiensis may have removed the protective mechanism of sheltering, evident in this 

species. Sheltering may reduce any impacts of water flow for example, or sediment 

damage. Pre-existing sponges may provide a necessary buffer that allows young recruits 

to grow at a much faster rate than observed in the disturbed quadrats. Wulff (1997), in 

her study of sponge mutualism, stated that growth rates were significantly higher for 

sponges growing in heterospecific rather than conspecific associations. This may account 

for increased growth rates of C. australiensis in controls compared to the sponge removed 

treatment given the presence of different species. This, however, requires further 

investigation. 

The low numbers of Spongia sp. recorded in this experiment meant that statistical 

comparisons of growth rates were not viable. As such this study cannot determine if 

disturbance, through sponge and/ or sponge and algal removal, impacted on growth rates 

of this species. 

Re-orientation 

This study identified previously unreported morphological plasticity and increased 

growth rates in Spongia sp. in response to experimental manipulation. Pronzato et al., 

(1998) also reported morphological changes in a Spongia sp. in response to a range of 

environmental variables. In this study Spongia sp. was observed to display a distinct bias 

in orientation to strong uni-directional water flow. Individuals were orientated with their 

longest axis, and therefore greater surface area, facing perpendicular to the water current 

(180°). This confirms reports that orientation perpendicular to water currents may be 

optimal for individual fitness. Perpendicular orientation is believed to enhance feeding 

and respiratory capabilities by ensuring maximum separation of inhalant and exhalant 

streams (Vogel & Bretz, 1972; Trammer, 1983). 

Separation of incoming water and the exhalant stream ensures that the sponge is not re

filtering water depleted of oxygen and nutrients. Re-orientation of Spongia sp. within their 

environment decreased the volume of sponge tissue perpendicular to water flow, 

potentially reducing feeding and respiratory capacities of these individuals by possible 
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mixing of these streams. This was believed to have stimulated the response observed 

during this experiment, with re-orientated individuals showing a significant increase in 

volumetric growth (re-orientated individuals mean 46.15 an3 year-1
), up to 36 times the 

growth rate observed in both control treatments (-1.27 cm3 year·1 (moved controls) and-

1.68 cm3 year·1 (undisturbed controls)). However, the fact that re-orientated individuals 

exhibited increased growth rates and volume contradicts the expectations that growth 

rates would be reduced in these animals. If re-orientation did indeed cause a reduction in 

feeding and respiratory potential as expected, how did the animals mobilise the extensive 

energy required for the production of new tissue recorded in this experiment? The rapid 

and significant increase in sponge width (the shorter axis re-orientated perpendicular to 

the flow) occurring between time 1 and 2 can be attributed to the significant increase in 

tissue production (illustrated by the increase in volume) rather than to re-arrangement of 

existing sponge tissue (i.e. movement of tissue from the longer axis to the shorter axis). 

The energy necessary for the increased tissue production recorded in the early stages of 

this experiment may possibly have relied upon the pre-existing energy reserves within the 

sponges. These reserves may have been depleted in the later stages of the study, hence the 

decrease in tissue production recorded during this time. Energy storage and mobilisation 

of these reserves in sponges is an area that requires further investigation. 

Although length (the longer axis re-orientated to run parallel to the water flow) decreased 

significantly between time 1 and time 4, the greatest decrease occurred between times 3 

and 4, a slower response than that occurring in width. This slower response may be a 

consequence of the reduced energy reserves remaining in the sponge, resulting from the 

production of new tissue occurring between time 1 and 2. Alternately, re-arrangement of 

tissue in the length axis may not have been as critical to sponge survival as re-orientating 

the width axis for capture of food and oxygen. Re-arrangement of existing material is 

potentially less metabolically expensive than the production of new sponge tissue. This 

may indicate that tissue production in the surface perpendicular to water flow may be a 

more effective or faster mechanism for increasing the length of this axis, albeit a more 

energy demanding one. Absence of any change in height of re-orientated sponges, both 

from time 1 to time 4 and relative to controls, indicated that height above the substratum 

may not be influenced by the direction of water flow. Consequently, sponge height may 

have a limited impact on feeding and respiration in this species. 

This experiment illustrated the dynamic nature of sponge morphology and the capacity 

for continuous and highly variable remodelling of tissue in these animals (Palumbi, 1984a; 

Palumbi, 1984b; Bond & Harris, 1988; Kaandorp, 1991; Kaandorp, 1994; Pronzato et al., 

1998; Bond, 1999; Kaandorp, 1999; Galera et al., 2000; McDonald et al., 2002). To my 

knowledge this is the first study to report changes in sponge morphology with an increase 
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in tissue production and growth rates due to re-orientation alone. The fact that Spongia 

sp. did not exhibit reduced rates of growth, as may be expected based upon the 

potentially reduced rates of feeding and 0 2 intake, highlights the resilience of this species. 

Furthermore, it demonstrated that optimum orientation of this organism to flow is of 

fundamental importance to the persistence of Spongia sp. in these intertidal habitats. 

In this study, rates of growth varied between species inhabiting the same region. Growth 

of these species may be related to structural form and persistence in the habitat. 

H. (Reniera) rom., although having significantly higher rates of growth, had a relatively 

fragile skeleton susceptible to damage and generally did not persist for long in this 

environment. Spongia sp. and C. australiensis had more robust forms, which may be 

associated with the lower growth rates than H. (Reniera) rom. Both of these species 

persisted for considerably longer than H. (Reniera) rom .. Spongia sp., which had faster 

growth than the C. australiensis, had a skeleton primarily composed of spongin, which may 

be faster to produce, and less costly in terms of energy consumption, than the highly 

siliceous skeleton of C. australiensis. This aspect of sponge growth dynamics requires 

further investigation 

Disturbance, either through clearance events or re-orientation, had a significant effect 

upon the growth of C. australiensis and Spongia species. Both species are extremely slow 

growing and as such any disturbance has the capacity to severely impact upon a 

population. The timing and severity of the disturbance may be key to the survival of these 

species. A severe, long lasting cyclonic event at peak recruitment time has the capacity to 

reduce or extinguish an entire population. The subsequently slow rates of growth after a 

disturbance will also influence the recovery capacity of these species. 

Unlike the clearance experiment, the re-orientation of Spongia species caused significantly 

higher rates of growth than in control sponges. Increased growth rates and increased 

tissue volume (initiated by re-orientation) identified in this study may be beneficial to 

researchers growing sponges for bioactive metabolites or other purposes. However, 

determination of the actual physiological effects of re-orientation is an area that requires 

further study, particularly as it relates to feeding and respiration. 

This chapter has documented the growth of three tropical sponge species. The next 

chapter will discuss how morphology, reproduction, recruitment and growth in these 

species are suited to the inter-tidal habitat. 
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Chapter 7. General Discussion 

This thesis examined the ecology of three tropical inter-tidal sponge species from reefs 

within Darwin Harbour, Northern Territory, Australia. Each species differed markedly in 

its ecology, yet all were successful at maintaining populations within the highly variable 

inter-tidal environment. The habitat occupied by sponges is reported to influence their 

growth form, reproduction and recruitment (Reiswig, 1973). An intertidal existence is one 

of extremes, requiring animals to cope with variable conditions, enduring periods of high 

water flow followed by periods of exposure. Inter-tidal reefs in Darwin Harbour 

experience high amounts of sedimentation followed by periods of scouring and sediment 

removal. Roberts (1996) stated that biological communities in shallow and intertidal 

waters are often more dynamic than their sub-tidal counterparts. The populations of 

Cinachyrella australiensis, Spongia sp. and Haliclona (Reniera) rom. living within the 

intertidal environment of Darwin Harbour appear to be relatively enduring over time and 

space. 

This chapter will compare and contrast the three species and develop conceptual models 

of the life history traits of each sponge, examining how the morphology, reproduction, 

recruitment and growth of each species help maintain these populations on the inter-tidal 

reefs of Darwin Harbour. 

Sponge dominance on the intertidal reefs of Darwin Harbour 

The endurance of the three sponge species over space and time was reflected in the 

intertidal communities of the two reef systems investigated. Corals are often the dominant 

organism on most reef systems, not only in abundance but also in diversity (Wilkinson & 

Evans, 1989). However, on the intertidal reefs studied within Darwin Harbour, sponges 

dominated and Scleractinean corals represented a very small proportion of the fauna 

present (pers. obs). Perhaps the most important factors that determined sponge 

dominance within these regions were their capacity to withstand high water flow and 

sedimentation through their various morphological and life history traits .. 

While sponges are dependent upon water flow for food and gas exchange, high water 

flow poses increased risk of damage, dislodgment (Denny, 1988; Denny et al., 1985; 

Koehl, 1977; Koehl, 1984), or mechanical deformation (Helmuth & Sebens, 1993; Johnson, 

1988; Johnson & Sebens, 1993; Leversee, 1976). C. australiensis and Spongia sp. had robust 

massive forms, generally characteristic of conditions with high sedimentation and 

turbidity (Trammer, 1983). The coral species present on the intertidal reefs of Darwin 
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Harbour were primarily massive in form, not unlike C. australiensis and Spongia sp. (pers. 

obs.). These massive coral forms are also indicative of conditions with high sedimentation 

and turbidity (Foster, 1980), as they are better able to withstand high water flow and are 

more efficient at removing sediments than many other forms (Gerrodette & Flechsig, 1979; 

Rogers, 1990). Haliclona (Reniera) rom. had a fragile structure, however this species was 

located in a partially sheltered part of the reef, with reduced water flow and little 

sedimentation. 

Sedimentation, particularly in shallow marine environments, is regarded as one of the 

biggest potential sources of reef and reef organism degradation, particularly with regards 

to corals (Dahl, 1985; Johannes, 1975; Rogers, 1985). Despite this, C. australiensis and 

Spongia sp. were able to withstand sediment burial, some individuals observed alive after 

9 months beneath a thick sediment layer (Chapter 6). Corals in contrast are dependent 

upon light for the rapid deposition of calcium carbonate (Chalker, 1981). In particular, 

reduced light penetration inhibits the ability for maturing larvae and developing young to 

photosynthesise (Tomascik & Sander, 1987). If light is limited by high turbidity, such as 

that experienced in Darwin Harbour, coral growth can decrease because of energy 

diversion from coral growth to removal of sediment particles (Dodge et al., 1974). 

Consequently, the ability of C. australiensis and Spongia sp. to withstand sedimentation 

gives them an advantage in Darwin Harbour's intertidal environment. 

In an intertidal environment high water flow and large amounts of sedimentation can 

influence reproduction. Methods such as mass gamete release, characteristic of most 

sponges and corals (Hoppe & Reichert, 1987; Reiswig, 1970; Reiswig, 1976), can be 

potentially hazardous, as gametes risk being washed high up the shoreline, and possible 

desiccation after the tide has retreated. Thus the larvae produced by most sponges and 

corals may be unable to settle onto the shifting sediments, characteristic of Darwin 

Harbour, or if settled may be susceptible to sediment inundation (Birkeland et al., 1981; 

Rogers, 1990). The Spongia sp. in this study used vivipary with hermaphroditism as a 

measure to overcome the inherent risks of gamete loss that is potentially associated with 

intertidal habitats. Brooded larvae typically have limited dispersal ranges (Harriot, 1992) 

and often settle in a clumped recruitment pattern. Brooded larvae may have more 

advantages in these environs due to their capacity to settle quickly (Smith, 1992). 

Likewise, the asexual modes of reproduction of C. australiensis and H. (Reniera) rom. may 

be an adaptation to overcome potential difficulties of sexual fertilisation in intertidal 

environs. These modes ensure that the new recruit establishes into a suitable habitat, given 

the presence of the adult. In addition, budding and gemmule formation reduced the 

dependence upon water borne fertilisation and thus the potential for gamete loss. As such 

the modes of asexual reproduction exhibited in these species may be regarded as a 
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conservative mechanism directed towards conservation of resources within Darwin 

Harbour's intertidal environment. 

The three sponges investigated in this thesis are also suited to withstand exposure. All 

three species were often exposed to direct sunlight for many hours during the hottest part 

of the day, without any observable detriment (pers. obs.). In contrast, exposure of corals 

can often result in bleaching lesions, which are the result of expulsion of the 

zooxanthellae. Brown et al., (1994) suggested that the loss of zooxanthellae and pigment 

is very rapid, occurring within a matter of hours following the initial stress. 

Another factor potentially enabling these three sponges to dominate the intertidal sites 

studied was their ability to withstand nutrient enriched waters and large amounts of fresh 

water run-off. Eutrophication and fresh water inundation may restrict corals from these 

habitats. Cuet (1988) identified that reef areas subjected to enriched fresh water run-off, 

as experienced in Darwin Harbour, degraded the reefs and resulted in lower living coral 

reef cover, while algal cover increased. Increased algal cover leads to a rise in primary 

productivity and increased nutrient outputs, often beneficial to sponges. Likewise, an 

increase in nutrients can interfere with coral establishment and growth. Hallock and 

Schlanger (1986) postulated that most corals are so adapted to nutrient-deficient habitats 

that any increase in nutrient availability can be potentially detrimental to the system. 

Excessive nutrient causes zooxanthellae to produce more carbon by photosynthesis than 

the host can utilise. The excess carbon is shed as mucus. Bacterial blooms within the 

mucus could injure corals by oxygen depletion, by accumulation of poisons and 

smothering of weakened polyps (Ducklow & Mitchell, 1979; Nairn, 1993). 

In terms of their ability to withstand high water flow, sedimentation and nutrient 

enrichment, sponges and corals can be seen as opposites. Sponge biomass increases and 

coral biomass decreases in reef systems with high water flow, increased nutrient and/ or 

sediment loads (Aerts & van Soest, 1997; Chalker, 1981; Rogers, 1990; Wilkinson & 

Cheshire, 1990). The dominance of sponges on Darwin Harbour's intertidal reefs may be 

indicative of the plasticity of these animals and their unique capacity to maintain 

populations in conditions that are detrimental to other sessile invertebrates. 
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Population ecology of each sponge species with reference to 
conceptual models. 

Cinachyrella australiensis 

Cinachyrella australiensis had a relatively high morphological profile, anchoring itself to the 

substratum with penetrating spicule tufts. The penetration of these tufts into the 

substratum, in conjunction with the robust spherical form and height of C. australiensis, 

may have increased the longevity of this species and inhibit displacement or burial of the 

sponge. Despite its organised structure C. australiensis was capable of adapting its organic 

and structural silica content to a range of environmental conditions (Figure 7.1). 

Individuals from sites with high flow rates had a greater proportion of structural silica 

and thicker spicules than their counterparts from low flow sites (Figure 7.1). Structural 

silica spicules can act like re-inforcing fibres, and thicker spicules are stronger and have a 

larger surface area, providing greater support and structural integrity within the sponge 

(Koehl, 1982; Payne, 1966). This larger surface area increased the region over which 

tensile loads were distributed and consequently made the sponge more robust. The 

intertidal habitat of C. australiensis meant that populations often encountered extended 

periods of exposure, and were at risk of desiccation. Cinachyrella australiensis may have 

overcome this problem through trapping a layer of sediment and algae on the echinating 

spicules that covered its body. These spicules have previously been suggested to prevent 

sediment settling on the sponge surface, however, a layer of trapped sediment covered all 

the populations within Darwin Harbour. 

Growth in this species was extremely slow, but allometric, with young sponges growing 

much faster than adult sponges (Figure 7.1). Periods of exposure meant that smaller 

sponges may have been vulnerable to desiccation, given their large surface area to volume 

ratio. More rapid growth in small individuals may have indicated the need to develop 

better feeding and respiratory capacities, and to ensure they became sufficiently 

established in their environment. 

Predicting the age of sponges is often extremely difficult, as rates of growth are not 

commonly known. As such, the use of sponges as bio-indicators is often overlooked. 

However, as growth rates were recorded for various size classes in C. australiensis, 

predictions of age could be made and revealed that individuals 100 mm in diameter could 

be as old as 24 years. This knowledge indicated that C. australiensis may be a good bio

indicator due to its longevity and to the fact that growth rates within the Darwin Harbour 

estuarine system are now known. 
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Slow growth rates may retard successful occupation of an environment, however this may 

be compensated for through reproductive mode and increased recruitment. It is 

hypothesised that C. australiensis persisted in the intertidal environment through asexual 

budding and bud sheltering (Figure 7.1). Buds formed on the parent surface migrated 

down the side of the adult sponge, favouring the sheltered landward side for detachment. 

This position allowed sheltering of buds directly behind the established adult sponge, 

away from the prevailing water currents. This arrangement presumably reduced the 

potential for buds to be washed away and minimised the risk of physical damage from 

debris carried along in the water column. C. australiensis produced asexual propagules 

throughout the year, with distinct peaks in reproductive activity during November to 

February. Despite these distinct peaks there was no correlation between periodicity and 

any of the environmental variables measured in this study. Recruitment in C. australiensis 

was not random, with this species exhibiting clumped distribution patterns at the 15 em 

scale. C. australiensis not only exhibited a clumped distribution, but there was significantly 

more clumping within sheltered microhabitats such as ridges and depressions. Greater 

survival rates of C. australiensis occupying sheltered microhabitats, compared to those in 

exposed regions, adds further support to the notion that these topographic features 

enabled this species to persist in this environment (Figure 7.1). 

Disturbance had a significant impact upon the recruitment and growth of this species. 

C. australiensis in disturbed treatments had significantly higher rates of recruitment than 

those in controls. C. australiensis obviously benefited from the areas of vacant space 

created in disturbed quadrats, clearance may have provided areas suitable for re

colonisation that were not available in the controls. However this same disturbance event 

may have caused the reduced growth rates of animals in disturbed quadrats compared to 

their control counterparts. Clearance may have eliminated the sheltering effect provided 

by pre-existing C. australiensis and as such contributed to the reduced rate of growth 

evident in the disturbed animals. 

Cinachyrella australiensis is the most abundant of the sponge species studied in the 

intertidal regions of Darwin harbour. It is believed that the processes of budding, bud 

sheltering and microhabitat occupation protect the resources allocated by the parent to 

bud formation and help to ensure the survival of this species within the intertidal region. 
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Figure 7.1 Conceptual model of strategies used by C. australiensis contributing to population 

maintenance on the inter-tidal reef system within Darwin Harbour. (NB. Dashed 

line indicates potential strategies suggested by others but not identified in this 

study). 
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Spongia sp. 

Spongia sp. like C. australiensis was morphologically robust. However, unlike 

C. australiensis, this species had no silica, instead the sponge consisted of a network of 

closely anastomising spongin fibres (Figure 7.2). This species was also relatively low lying 

and had no anchoring tufts, instead utilised a basal membrane that adhered the sponge to 

the substratum. The low height of this species and the basal membrane may have reduced 

chance of dislodgment by flow. However, this low height also meant that this species was 

more susceptible to sediment smothering. Spongia sp. overcame this through the 

production of raised oscula which allowed this species to respire and feed despite 

sediment covering. Spongia sp., like C. australiensis, also faced desiccation problems. The 

flexible nature of the sponge fibres may have allowed this species to compress in size as 

water was lost, without any detriment to the sponge itself. Individuals were observed to 

recover from a flattened desiccated form to the normal condition. 

Unlike C. australiensis, Spongia sp. had no site related differences in morphology. 

However, this species did display a unique orientation if its tissue. Individuals exposed 

to water flow were always orientated with their longest axis perpendicular to this flow 

(Figure 7.2). Experimental rotation of this species, so that the longest axis was parallel to 

flow, caused these rotated individuals to re-orientate their tissue, back to its original 

position. Not only did this re-orientation occur within a matter of months, but these 

animals had increased rates of growth, significantly higher than their undisturbed 

counterparts. It is believed that by orientating in this way, the wake created downstream 

of the sponge was less likely to influence its feeding because most of the surface area was 

positioned out of the plane of its own wake ie the sponge was not refiltering already 

filtered water. The orientation of this sponge may be a significant feature of this species 

that enabled it to persist within the intertidal region. 

Growth in this species was highly variable, best classified as slow to moderate, with no 

size-related patterns. Due to the variable nature of growth, age predictions for this 

species were unreliable (Figure 7.2). However, based on the information gathered by this 

study, it is hypothesised that individuals of this species may live at least three years. 

Spongia sp. had viviparous reproduction, producing large numbers of larvae within brood 

chambers throughout the year (Figure 7.2). It is hypothesised that these larvae were 

negatively phototaxic and once released quickly settled onto nearby substratum. 

Examination of settlement patterns revealed that recruits of this species were randomly 

distributed and that despite the large numbers of larvae produced there was limited 

recruitment. The low number of recruits recorded prevented definitive conclusions about 
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microhabitat occtipation being made. The low number of Spongia sp. also limited 

definitive conclusions about the effects of disturbance upon recruitment and growth. As 

such this study cannot determine if disturbance, through sponge and I or sponge and algal 

removal, impacted on these life history traits in this species. 

Robust and stable morphology 
- anastomising spongin fibres 

• Orientation of form 
perpendicular to flow 

~ 
Capacity to re-orientate form 

following disturbance 

~ 

Sexual 
~ 

Reproduction .. 
..... ........ 

PresenJ of brood 
chambers 

~ 
Large number of young 
produced per individual 

+ 
Negatively phototaxic --·~ Recruitment 

larvae + 
Potential microhabitat occupation 

Low survival rate 

+ 

..... 

Slow-moderate growth rates 

t 
Potentially long lived 
Estimates uncertain 

'A.. 
Asexual ? 

I 

~ 
Potential for 

fission? 

Figure 7.2 Conceptual model of strategies used by Spongia sp. contributing to population 

maintenance en the inter-tidal reef system within Darwin Harbour. (NB. Dashed 

line indicates potential strategies suggested by others but not identified in this 

study). 
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Haliclona (Reniera) rom. --

At the commencement of this study the population of Haliclona (Reneira) rom. was 

confined to a small region of reef at Channel Island, the site with the highest water flow 

rates and largest sediment size. Yet this species had an extremely fragile structure and 

was easily damaged by high water flow or suspended particulate matter. Morphologically 

Haliclona (Reneira) rom. was highly variable with tubular, lobate and laterally coalesced 

forms recorded. The species had a tuft-like arrangement that anchored it to the 

substratum, although not as defined as that of C. australiensis. Structurally it had a 

reticulated unispicular tangential isodictyal arrangement, with tracts of oxea traversing 

the sponge longitudinally (Figure 7.3). It is believed that these tracts conferred a degree of 

flexibility to the sponge, allowing it to bend and withstand much of the force generated by 

the high water flow rates. This population was also located adjacent to a large concrete 

pylon, which is believed to have provided a degree of protection from the water flow. 

This region of reef occupied by H. (R.) rom. adjacent to the pylon was relatively devoid of 

sediment. As such this species did not appear to have any of the smothering problems 

associated with the other two species. Since the commencement of this study, further 

populations had been recorded all situated in sheltered sediment reduced environments. It 

is suggested that this species may only survive in sheltered habitats within the large tidal 

regimes of Darwin Harbour. 

Compared to the other two species, growth in H. (R.) rom. was relatively fast, with no 

size related patterns (Figure 7.3). However, compared to sub-tidal Haliclona species, 

growth in this species was low. Unlike C. australiensis and Spongia sp., where predictions 

of age were based upon increases in length, width and/ or height, in this species the 

number of oscules produced provided the best indicator. It was estimated that a sponge 

with 20 oscules was 8.5 months old. However this species was ephemeral, with tissue 

dying off as the sponge aged, reducing the number of oscules. As such, age predictions 

based on oscula number were at best a guide that should be used only for healthy 

specimens with no signs of tissue death. 

The reproductive mechanism of this species was linked to its ephemeral nature. Like 

C. australiensis, this species used asexual reproduction, however it was in the form of 

gemmules (Figure 7.3). These structures were produced within the parent tissue and 

deposited onto the substratum once the tissue died off. Here they were believed to persist 

until conditions were favourable for growth to occur. Unfortunately, reproductive 

periodicity could not be determined. Consequently no correlations with environmental 

variables could be established that may have provided indication of co~ditions 

favourable for growth in this species. All of the species studied were exposed for large 
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periods during the day. This posed serious problems with desiccation. However, the 

location of the H. (R.) rom. population adjacent to the bridge pylon meant that these 

individuals were provided with a degree of shade. This species thus may not have had to 

overcome the potential desiccation problems faced by the other two species examined. 
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skeleton with oxea tracts 

t 
~Reproduction~ 

Sexual? Asexual 
gemmule fonnation 

• Large number of young 
produced per individual 
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t 
Potential microhabitat 

occupation 

t 
Survival rate ? 

+ 
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~ 
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Ephemeral species 

Figure 7.3 Conceptual model of strategies used by Haliclona (Reniera) rom. contributing to 

population maintenance on the inter-tidal reef system within Darwin Harbour. 
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Conclusion 

This thesis examined the morphology, reproduction, recruitment and growth of 

Cinachyrella australiensis, Spongia sp. and Haliclona (Reniera) rom. The differences in the 

population dynamics of each species were reflected in their individual morphology, 

reproduction, recruitment and growth. Populations of C. australiensis persisted through a 

robust structure, asexual budding, and occupation of sheltered microhabitats. Low 

growth rates appeared to be balanced by relatively high survival rates. Spongia sp. had 

slow growth and a robust highly variable body structure. It exhibited sexual reproduction, 

producing large numbers of negatively phototaxic larvae. Haliclona (Reniera) rom. had a 

fragile structure, produced asexual gemmules and had rapid growth rates. It should be 

stated that this study does not prove that these species did not use sexual reproduction. 

However based upon examinations of specimens examined only asexually produced 

material was found. This may however be a consequence of sampling or a lack of 

expertise on behalf of the researcher). Disturbance had a significant influence upon growth 

and recruitment in C. australiensis and Spongia sp. Clearance significantly reduced growth 

rates of both species relative to non-disturbed individuals. However clearance had a 

positive influence upon the recruitment of C. australiensis, disturbed populations having 

higher recruitment rates into cleared regions of substratum than their non-disturbed 

counterparts. The influence disturbance had on recruitment of Spongia sp. was not clear 

due to the small number of individuals within the quadrats. This disturbance experiment 

has important implications for reef management and conservation. 

Intertidal reef systems of Darwin Harbour are highly variable, and due to their location 

adjacent to coastal populations, potentially face disturbance from both natural and 

anthropogenic sources. The dominance of sponges in the two intertidal communities 

investigated was an indication of their capacity to withstand these variable and stressful 

environmental conditions associated with these regions. The data in this thesis provides 

valuable baseline data on the morphology, growth, reproduction and recruitment patterns 

in three common sponge species on the intertidal reefs of Darwin Harbour. This research 

will aid others in managing these reef systems and in distinguishing the effects of 

disturbance events from natural fluctuations in these populations. 
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Appendices 3.1 to 3.4 

Appendix 3.1 Correlation matrices between C. australiensis morphology and environmental 

variables measured in study (n=10). 

Environmental variable Morphological 
variable 

East Point 

Channel Island 

Correlation P-value Correlation P-value 

Water temperature Oscula size -0.247 0.504 0.176 0.638 

Structural content -0.108 0.773 -0.508 0.138 

Sponge height 0.628 0.051 0.574 0.083 

pH Oscula size -0.031 0.935 -0.413 0.245 

Structural content 0.310 0.396 0.153 0.683 

Sponge height -0.487 0.160 -0.421 0.234 

Dissolved 0 2 Oscula size 0.077 0.838 -0.567 0.088 

Structural content -0.229 0.536 -0.188 0.615 

Sponge height 0.232 0.532 0.262 0.478 

Total Nitrogen Oscula size -0.545 0.106 0.053 0.887 

Structural content -0.314 0.390 -0.380 0.290 

Sponge height 0.430 0.224 0.468 0.179 

Organic Nitrogen Oscula size 0.206 0.581 -0.015 0.969 

Structural content -0.521 0.126 0.083 0.826 

Sponge height 0.064 0.865 0.083 0.825 

Total Phosphorus Oscula size -0.624 0.053 0.008 0.982 

Structural content 0.217 0.559 0.248 0.502 

Sponge height -0.356 0.325 -0.310 0.396 

Turbidity Oscula size -0.103 0.784 -0.361 0.317 

Structural content 0.453 0.196 0.305 0.403 

Sponge height -0.504 0.142 -0.539 0.111 

Total suspended solids Oscula size -0.287 0.435 -0.336 0.355 

Structural content 0.345 0.341 0.393 0.271 

Sponge height -0.520 0.127 -0.512 0.135 

Euphotic depth Oscula size 0.444 0.207 0.526 0.121 

Structural content -0.521 0.127 -0.446 0.204 

Sponge height 0.300 0.413 0.383 0.285 

Salinity Oscula size 0.012 0.975 0.202 0.588 

Structural content -0.256 0.488 0.242 0.514 

Sponge height -0.136 0.718 -0.093 0.804 
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Appendix 3.2 Correlation matrices between C. australiensis morphology and additional 

environmental variables only measured in morphology study (n=lO individuals per 

site). 

Environmental variable Morphological 
variable 

Correlation P-value 

Water flow Oscula size -0.579 _,, 0.00).:~ 

Structural content 0.700 <0.001 '. ' 
.~ 

Sponge height 0.324 0.081 

Sediment size Oscula size -0.203 0.381 

Structural content 0.135 0.565 

Sponge height 0.091 0.697 

Appendix 3.3 Correlation matrices between C. australiensis morphological attributes (n=lO 

individuals per site). 

Morphological Morphological Correlation P-value 
variable A variable B 

Oscula size Structural content -0.424 l ~.(t o.o) 8 ! 
< 

Sponge height -0 .315 0.089 

Sponge height Structural content 0.428 O: o:l~ .' 

Appendix 3.4 Correlation matrices between Spongia oscula size and environmental variables 

measured in study (n=lO individuals per site) . 

Environmental variable East Point Channel Island 

Correlation P-value Correlation P-value 

Water temperature -0 .151 0.686 -0.075 0.841 

pH 0.321 0.379 -0 .286 0.436 

Dissolved 0 2 -0 .010 0.979 -0.529 0.119 

Total Nitrogen 0.043 0.910 -0 .148 0.692 

Organic Nitrogen -0.100 0.791 0.082 0.827 

Total Phosphorus 0.418 0.238 0.568 0.088 

Turbidity 0.303 0.407 0.223 0.548 

Total suspended solids -0.040 0.914 0.083 0.825 

Euphotic depth -0 .023 0.952 -0.030 0.937 

Salinity 0.084 0.823 0.603 0.065 

157 



Appendices 4.1 & 4.2 

Appendix 4.1 Correlation matrices between C. australiensis reproduction and environmental 

variables measured in study (n=10 individuals per site). 

Environmental variable Correlation P-value 

· Water ·temperature .. '' 0.897 ' I 0.03Q.~·" .r~::.} . . ~it. ' ' 

pH -0.674 0.247 

Dissolved 0 2 0.595 0.332 

Total Nitrogen 0.428 0.517 

Organic Nitrogen -0.068 0.923 

Total Phosphorus -0.185 0.791 

Turbidity -0.039 0.956 

Total suspended solids -0.191 0.784 

Euphotic depth -0.491 0.447 

Salinity -0.640 0.283 

Air temperature -0.455 0.488 

R>ain!.all 
. ' 

' ~ I •; 
0'.001 . -..-" ':Ju~ " .. .}9.976 ., 

~ '... ~.~~:~tf4li~-- ~" ~· 0:915 ' 0.027 Humiaity, , '} :. . .,;,D •.;.:, 
' 

Evaporation -0.813 0.108 

Cloudy days' ::.~~ ' H l 

0.950, ,,:· t:+ 
"' 

Q.009 
' .. , . ·•· .. ', .. ,. 

Hb~s· ~imshine r;. (•\;~~P, \ ·r- ' "· ' ! . 

' "'" . -0.96.§ ·.~ . 0.00,4 
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Appendix 4.2 Correlation matrices between Spongia reproduction and environmental variables 

measured in study (n=10 individuals per site) . 

Environmental variable Correlation P-value 

Water temperature 0.742 0.176 

p·f! . ·"'' .. t . .~, {.:;. ,C'· ' ~0.905 ,. 0.034 . ., ..... . '~~ --. ' 
Dissolved 0 2 0.265 0.701 

Total Nitrogen -0 .154 0.826 

Organic Nitrogen -0.703 0.217 

Total Phosphorus 0.756 0.163 

Turbidity -0.435 0.509 

Total suspended solids -0.807 0.113 

Euphotic depth 0.405 0.543 

Salinity 0.140 0.842 

Air temperature 0.529 0.405 

Rainfall 0.488 0.450 

Humidity 0.646 0.277 

Evaporation 0.084 0.905 

Cloudy days 0.683 0.237 

Hours sunshine -0.605 0.321 

Appendices 5.1 to 5.3 

Appendix 5.1 Correlation matrices between Cinachyrella australiensis recruitment and 

environmental variables measured in study (n=10 individuals per site). 

Environmental variable Correlation P-value 

Water temperature 0.583 0.346 

pH -0.250 0.718 

Dissolved 0 2 0.387 0.564 

Total Nitrogen 0.171 0.807 

Organic Nitrogen -0.053 0.941 

Total Phosphorus -0.384 0.567 

Turbidity 0.339 0.618 
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Total suspended solids -0.031 0.965 

Euphotic depth -0.643 0.281 

Salinity -0.201 0.774 

Air temperature -0.642 0.282 

Rainfall 0.752 0.167 

Humidity 0.646 0.278 

Evaporation -0.813 0.109 

Cloudy days 0.647 0.276 

Hours sunshine -0.698 0.222 
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Appendix 5.2 Correlation matrices between Spongia sp. recruitment and environmental variables 

measured in study (n=10 individuals per site). 

Environmental variable Correlation P-value 

Water temperature 0.784 0.136 

pH -0.355 0.599 

Dissolved 0 2 0.652 0.369 

Total Nitrogen 0.792 0.128 

Organic Nitrogen 0.517 0.419 

Total Phosphorus -0.688 0.233 

Turbidity -0.369 0.584 

Total suspended solids 0.265 0.702 

Euphotic depth -0.582 0.347 

Salinity -0.731 0.188 

Air temperature -0.663 0.259 

Rainfall 0.735 0.184 

Humidity 0.549 0.383 

Evaporation -0.833 0.090 

Cloudy days 0.650 0.273 

Hours sunshine -0.677 0.244 
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Appendix 5.3 Correlation matrices between Haliclona (Reniera) sp. nov. recruitment and 

environmental variables measured in study (n=10 individuals). 

Environmental variable P-value 
Correlation 

Water temperature -0.221 0.750 

pH 0.126 0.858 

Dissolved 0 2 -0.126 0.858 

Total Nitrogen 0.340 0.616 

Organic Nitrogen 0.243 0.726 

Total Phosphorus 0.115 0.870 

Turbidity 0.444 0.499 

Total suspended solids 0.448 0.459 

Euphotic depth -0.393 0.557 

Salinity -0.113 0.873 

Air temperature -0.230 0.740 

Rainfall 0.146 0.835 

Humidity 0.268 0.698 

Evaporation -0.190 0.786 

Cloudy days 0.034 0.962 

Hours sunshine -0.116 0.869 

Appendix 5.4 Repeated measures ANOV A, comparing Spongia sp. survival rates (%) in 

microhabitat (sheltered/ non-sheltered) between control and disturbance quadrats. 

(1 = Habitat; 2 = Treatment; 3 = Quadrat; 4 = Time). 

Effect df MS effect F p 

Habitat 1 6.000 2.234 0.161 

Treatment 2 3.630 1.352 0.296 

Quadrat 12 2.685 

Time 2 0.907 0.916 0.414 

Habitat * Treatment 2 0.889 0.331 0.725 

Habitat * Time 2 2.389 2.411 0.111 

Treatment * Time 4 1.296 1.308 0.295 

Quadrat * Time 24 0.991 

Habitat * Treatment 4 0.611 0.617 0.655 
*Time 
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Appendices 6.1 to 6.3 

Appendix 6.1 Correlation matrices between C. australiensis growth and environmental variables 

measured in study (n=10 individuals per site). 

Environmental variable Diameter Height 

Correlation P-value Correlation P-value 

Water temperature 0.061 0.870 0.420 0.236 

pH -0.052 0.890 -0.248 0.502 

Dissolved 0 2 0.016 0.967 -0.352 0.330 

Total Nitrogen -0.094 0.803 -0.177 0.636 

Organic Nitrogen -0.037 0.922 -0.335 0.356 

Total Phosphorus -0.011 0.977 0.002 0.996 

Turbidity 0.367 0.308 -0.044 0.908 

Total suspended solids 0.156 0.677 -0.376 0.295 

Euphotic depth -0.491 0.155 0.510 0.136 

Salinity -0.320 0.380 0.035 0.925 

Air temperature -0.403 0.545 0.796 0.124 

Rainfall 0.608 0.318 -0.109 0.877 

Humidity 0.669 0.253 -0.067 0.923 

Evaporation -0.556 0.374 0.541 0.392 

Cloudy days 0.511 0.424 0.155 0.824 

Hours sunshine -0.581 0.347 -0.014 0.983 
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Appendix 6.2 Correlation matrices between Spongia sp. growth and environmental variables 

measured in study (n=10 individuals per site). 

Environmental Width Height Length 
variable 

Correlation P-value Correlation P-value Correlation P-value 

Water temperature -0.091 0.810 0.490 0.155 0.265 0.4727 

pH -0.033 0.930 -0.018 0.961 0.054 0.887 

Dissolved 0 2 -0.213 0.567 0.251 0.497 -0.164 0.660 

Total Nitrogen -0.259 0.482 0.031 0.933 0.234 0.528 

Organic Nitrogen 0.221 0.551 -0.380 0.290 -0.108 0.775 

Total Phosphorus -0.152 0.686 -0.360 0.318 0.175 0.639 

Turbidity -0.377 0.294 0.238 0.520 0.136 0.717 

Total suspended solids -0.210 0.572 -0.133 0.722 -0.147 0.695 

Euphotic depth 0.514 0.132 -0.176 0.637 0.206 0.581 

Salinity 0.459 0.189 -0.210 0.573 0.099 0.792 

Air temperature 0.576 0.353 -0.317 0.642 0.320 0.638 

Rainfall -0.074 0.916 0.642 0.281 0.418 0.528 

Humidity -0.027 0.969 0.545 0.387 0.436 0.509 

Evaporation 0.392 0.557 -0.558 0.373 -0.033 0.963 

Cloudy days 0.111 0.874 0.640 0.283 0.580 0.348 

Hours sunshine -0.015 0.982 -0.634 0.290 -0.498 0.439 
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Appendix 6.3 Correlation matrices between Haliclona (Reniera) sp. nov. growth and 

environmental variables measured in study (Corr = correlation)(n=lO individuals). 

Length Width Height # Oscules 
Environmen Corr P-value Corr P-value Corr P-value Corr P-value 
tal 

variable 

Water temp 0.309 0.398 0.433 0.219 0.036 0.923 0.177 0.636 

pH -0.354 0.328 -0.619 0.055 -0.056 0.883 -0.220 0.554 

Dissolved 0 2 -0.515 0.131 -0.603 0.064 -0.327 0.368 -0.357 0.322 

Total Nitrogen -0.289 0.430 -0.067 0.859 -0.101 0.788 -0.171 0.646 

Organic -0.691 0.024 -0.414 0.243 -0.310 0.395 -0.419 0.237 
Nitrogen 

Total -0.061 0.872 0.151 0.687 0.099 0.792 -0.171 0.648 
Phosphorus 

Turbidity -0.113 0.764 -0.237 0.523 -0.238 0.521 0.072 0.848 

Total -0.230 0.534 -0.405 0.255 -0.195 0.601 0.034 0.928 
sus~nded 
solids 

Euphotic depth 0.399 0.264 0.560 0.094 0.585 0.076 0.434 0.511 

Salinity -0.075 0.843 0.172 0.646 0.245 0.491 0.154 0.826 

Air 0.923 0.023 0.822 0.099 0.846 0.079 0.509 0.427 
temperature 

Rainfall -0.127 0.856 -0.190 0.785 -0.674 0.247 0.158 0.822 

Humidity 0.046 0.947 -0.065 0.926 -0.623 0.302 0.281 0.683 

Evaporation 0.655 0.267 0.619 0.306 0.879 0.052 0.243 0.725 

Cloudy days 0.133 0.850 0.042 0.952 -0.463 0.478 0.318 0.641 

Hours sunlight -0.014 0.984 0.069 0.921 0.580 0.349 -0.250 0.717 
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