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Abstract

Sponges are an important component of New Zealand subtidal communities
and play many key functional roles in marine ecosystems, including compet-
ition for space, facilitating primary production, nutrient cycling, bioerosion,
and interactions with the water column. Sponges are involved in the bid-
irectional movement of detritus, nutrients, micro-organisms and planktonic
particles both to and from the benthos to the pelagic ecosystem, thereby
affecting pelagic processes. As suspension-feeders, sponges are capable of fil-
tering large volumes of water, and they depend on food that is suspended in
the water column, meaning that their interaction with the water column is
likely to be very important. The main goal of my research was to investigate
the interactions between sponges and the water column and how this varies in
relation to sponge characteristics, nutrient fluxes, seasonality and food sup-
ply. I studied the diet composition of 10 sponge species that are abundant
and widely distributed along the south coast of Wellington, New Zealand.
I found that the diet of the sponge species analysed comprised three types
of picoplanktonic organisms: heterotrophic bacteria, Prochlorococcus, and
Synechococcus. These micro-organisms (picoplankton) that sponges feed on
are vital for benthic food webs because they are involved in the transforma-
tion and cycling process of dissolved inorganic nutrients before they become
available to other marine organisms. The results from this thesis demon-
strated that different sponge species have different retention efficiencies for
different types of picoplankton and I propose that this suggests intra-phyletic
food particle niche partitioning among sponges. While these findings support
the partitioning of food resources between different co-existing sponge spe-
cies, they also suggest that partitioning may not be essential for co-existence,
as some species had similar retention efficiencies implying an overlap in re-
source use. By measuring rates of carbon assimilation in the form of plank-
tonic food particles, combined with data on a number of characteristics of
the sponge species analysed, I found that sponge assemblages play a key
role in the transfer of energy from the water column to the benthos. The
results from this thesis indicate that there is a wide range of food concen-
trations in the rocky reefs where the study species are living, over which

x



retention rate, nutrient utilisation and carbon consumption varied tempor-
ally. This emphasises the importance of understanding temporal variation in
productivity, and suggests that such variations are likely to have important
implications for suspension-feeders. By integrating the feeding results with
estimations of oxygen consumption rates, and the amount of carbon obtained
from the different micro-organisms found in the water column, preliminary
carbon budgets were created. These budgets were used to quantify the ca-
pacity of carbon obtained via heterotrophic suspension-feeding to support
sponge metabolism, as well as infer the potential for this carbon to support
other processes such as sponge growth and reproduction. Overall, this pro-
ject was the first to consider the functional roles of sponges in New Zealand
marine ecosystems and provided useful information on their ecological and
biological importance. The large amounts of carbon that sponges transfer
from the water column to the benthos, in conjunction with the other findings
of my thesis, increase our understanding of the ecology of temperate sponges.
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Introduction

Chapter 1
Introduction, overview and thesis
structure

1.1 Introduction

The coupling of particles between pelagic and benthic habitats is dominated
by the activities of suspension-feeding, in which the organisms actively use
energy to pump water that is then filtered to remove suspended particles;
these particles are then consumed while undigested remains are deposited on
the bottom (Dame & Olenin 2005). Suspension-feeders are found in both
pelagic and benthic systems, and they function as an important part of an
ecosystem’s biomachinery by removing suspended matter and dissolved inor-
ganic materials, excreting faeces and producing pseudofaeces, that contribute
to nutrient cycling between the water column and the benthic habitats (Os-
troumov 2005). Benthic suspension-feeders in shallow water marine ecosys-
tems are capable of transferring large quantities of particles such as nutrients,
plankton, organic matter and detritus from the overlying water column to
the benthos (Pile & Young 2006). This process is known as bentho-pelagic
coupling; a two way inter-linked process where detritus, nutrients, micro-
organisms and planktonic particles are moved both to and from the benthos
to the pelagic ecosystem controlling and affecting pelagic processes (Bell
2008). Sponges are involved in this bidirectional movement of nutrients,
which may also influence their distribution (Bell 2008).
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Interactions between sponges and the water column

Sponges are one of the most abundant and widespread benthic groups
in tropical, temperate, polar and abyssal marine ecosystems (Gili & Coma
1998; Bell & Barnes 2001, 2003; Jiménez & Ribes 2007). Sponges are sedent-
ary, suspension-feeding metazoans in which their entire body is specialised
to effectively and rapidly remove food particles from the water column (Riis-
gård et al. 1993). Water enters through tiny pores in the sponge body wall
(ostia) and leaves through much larger openings (oscula) (Vogel 1974). Fol-
lowing capture, food particles are moved into the mesohyl interior and are
phagocytosed by amoeboid sponge cells called archaeocytes (Hentschel et al.
2006).

Sponges play many important functional roles in marine ecosystems (Wulff
2006). In a recent review, Bell (2008) described the functional roles of sponges
of temperate, tropical and polar regions. The roles identified for temperate
regions include: facilitating primary production, provision of microhabitat
and sponge associations, enhanced predation protection, enhancing survival
success of other species, range expansions and camouflage through association
with sponges, sponges as a settlement substrate, and sponges as agents of bio-
logical disturbance. Similarly, Díaz and Rüztler (2001) identified six major
aspects of the biology and ecology of sponges that make them an import-
ant component of coral reef ecosystems including their diversity, abundance,
symbiotic associations with micro-organisms, ability as spatial competitors,
mineralisation, cementation, consolidation and regeneration, and exchanges
with the water column. Sponges also have other functional roles (Bell 2002;
Bell & Barnes 2003; Wulff 2006; Bell 2007) including habitat provision, pred-
ation, chemical defence, nutrient cycling, nitrification, bioerosion, and sub-
strate stabilisation (Wulff 2001; Bell 2002; Bell & Barnes 2003; Wulff 2006;
Bell 2007).

1.2 Interactions between sponges and the water column

The physical properties of seawater allow living creatures and particulate
matter to remain in suspension, thereby creating a niche for suspension-
feeding. Phytoplankton and micro-organisms predominate in such suspen-
ded (planktonic) communities (Gili & Coma 1998), and suspension-feeders
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Interactions between sponges and the water column

consume these suspended micro-organisms along with detritus (Riisgård &
Larsen 2000). Sponges, as suspension-feeders, depend on food that is suspen-
ded in the water column (Orejas et al. 2000) and have evolved mechanisms
for capturing food that is highly diluted within the water mass and too small
to be detected and captured individually (Gili & Coma 1998). Here, it is
important to clarify that in sponge literature, the term retention or filtration
rate refers to the rate at which particles are retained from the water pumped
through the sponges’ aquiferous system (Turon et al. 1997); the volume of
water that passes through the sponges’ aquiferous system per unit sponge
weight and unit time is called water transport rate, and the pumping rate is
the speed at which the water exits a sponges’ osculum for a given duration
(Turon et al. 1997).

Sponges are often one of the most conspicuous components of freshwater
and marine benthic communities and have been previously shown to feed
on pico- and ultraplankton (organisms < 5 µm including non-photosynthetic
bacteria and photosynthetic prokaryotes) (Reiswig 1971b; Pile 1997), and
virus-like particles (Hadas et al. 2006). There is also evidence that sponges
are able to capture larger cells (up to 70 µm) such as phytoplankton (i.e.
diatoms, coccolithophores, dinoflagellates) (Reiswig 1971b; Frost 1981; Yahel
et al. 1998; Ribes et al. 1999). A study of two freshwater sponges in Lake
Baikal, Russia showed that the sponge assemblages living in lakes feed on
picoplankton (plankton < 2 µm) (Pile et al. 1997). Similarly, Pile & Young
(2006) found that dense beds of hexactinellid sponges are capable of moving
large amounts of ultraplankton from the pelagic community to the benthos
resulting in the transfer of up to 55 mg C m2 d−1 and 7.3 mg N m2 d−1 from
the water column to the benthos. This means that these sponges are most
likely nutritionally dependent on ultraplankton and that the fluxes of carbon
and nitrogen provided from these micro-organisms place sponges within a
functional group of organisms that link the pelagic microbial food web to the
benthos.

We currently have a poor understanding of the relationship between
sponges and the water column, although given the volume of water that
sponges can filter (2− 12 ml water/cm3 sponge min−1) (Reiswig 1974, 1981;
Pile 1997), their role in bentho-pelagic processes is likely to be of great im-
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portance (Díaz & Rutzler 2001). A number of experimental studies in tropical
seas and in the Mediterranean have quantified the diet and metabolic contri-
bution of all types of plankton to several taxa of benthic-suspension feeders
such as sponges, bivalves, bryozoans, and ascidians (e.g. Orejas et al. 2000).
Several studies have focused on the feeding ecology of sponges (e.g. Pile et
al. 1996; Pile 1997; Yahel et al. 2005), with only a few studies looking at the
natural diet of marine sponges in temperate regions (Reiswig 1975a; Ribes et
al. 1999), and to date, there is only one published study looking at sponge
feeding of a New Zealand sponge species (Polymastia croceus) (Bell et al.
1999).

In a different nutrient uptake pathway, Yahel et al. (2003) studied the
direct uptake of bulk dissolved organic matter (DOM) by a common coral reef
sponge that occurs throughout the Indo-West Pacific. The sponge removed
up to 26% (2 11 µmol C L−1) of the dissolved and particulate organic carbon
although it is still uncertain if the uptake of DOM is by the sponge or by the
symbionts it harbours. It has also been shown that cyanobacterial symbioses
are crucial in the nutrition and ecology of coral reef sponges (Wilkinson 1983).
Some authors have recently identified a very interesting potential nutrient
pathway, suggesting that sponges have the ability to efficiently capture and
ingest virus-like particles from the water column (Marie et al. 1999; Marie
et al. 2001; Hadas et al. 2006; Patten et al. 2006). Hadas et al. (2006)
calculated that viruses are likely to represent only a small fraction of the
carbon required for sponge respiration (550 µg C day−1g WW sponge) but
due to the ubiquity of these organisms, a significant amount of nutrients may
be transported from virus particles to higher trophic levels via sponges and
other marine suspension-feeders; this was quantified using flow cytometry. In
the present study viruses were not quantified. The DNA-binding dye used in
this study for bacteria identification (Hoechst 33342) is not bright enough to
give a clear signal of viral nucleic acid, compared to brighter nucleic acid dyes
such as SYBR Green-I (Marie et al. 1999; Shapiro 2003) and SYBR Gold
(Chen et al. 2001) that could not be used in this study due to pragmatic
(e.g. cost, budget) reasons.

Sponges are important components of benthic ecosystems in New Zea-
land (Grange 1979; Ayling 1983; Duckworth & Battershill 2001) and as

4



Fluxes of dissolved inorganic nutrients; their interaction with benthic
organisms and the water column

suspension-feeders they can filter large volumes of water with feeding effi-
ciencies in the range of 75–99% on plankton of 0.1–70 µm in size (Reiswig
1971b, 1974; Pile et al. 1996; Ribes et al. 1999); this means that their inter-
action with the water column is likely to be very important. Although there
is a considerable amount of information available describing the functional
roles of sponges on coral reefs (e.g. Díaz & Rutzler 2001; Wulff 2001), there
are far fewer studies focusing on the functional roles that sponges play in tem-
perate regions. Very little is known about the New Zealand sponge fauna and
sponge ecology compared with other temperate regions. Although there have
been several studies that have focused on sponge morphology and behaviour
in New Zealand (Bergquist & Sinclair 1967), work on some specific attrib-
utes of sponge ecology such as grazing and predation as agents of biological
disturbance (Ayling 1980; Ayling 1981), and aspects of population dynamics
like growth and bioactivity of sponges (Duckworth & Battershill 2001), the
functional roles of New Zealand sponges remain relatively unknown.

1.3 Fluxes of dissolved inorganic nutrients; their interaction with
benthic organisms and the water column

A previous study in the Cook Strait determined the availability of dissolved
inorganic nutrients in surface waters and their influence on phytoplankton
production (Bradford et al. 1986). Results of this study provide a range for
the maximum and minimum concentrations of nitrate, nitrite, phosphorus
and silicate for this study region and for a range of phytoplankton bio-
masses. Menge et al. (1997) evaluated the variation in nutrient concen-
trations between two sites (one site where the abundance of filter-feeders
was low and the other where it was high) at different coastal rocky intertidal
communities on the Oregon coast. These authors concluded that differences
in community structure and dynamics were not associated with differences in
hydrodynamic conditions, but instead with bottom-up effects of phytoplank-
ton. Specifically, they suggested that differences in filter-feeder growth rates
and abundance, trophic interactions, and perhaps prey recruitment rates may
depend on different phytoplankton concentrations. Hatcher (1994) calculated
the relative rates of nitrogen and phosphorus retention and turnover for six
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benthic invertebrates in Western Australia (including two sponge species) by
measuring CO2 production, O2 consumption rates, ammonium, phosphate,
dissolved organic nitrogen and dissolved organic phosphorus. The two spe-
cies of sponges showed a net adjusted mean uptake of DON and high rates
of ammonium excretion (0.87, 0.98 µmol g DW−1, respectively). These stud-
ies are relevant to my thesis as they provide quantitative measurements of
concentrations (µmol L−1) of the nutrients that I am interested in analys-
ing, which I can use as background information to see if the levels found are
comparable or within the same ranges.

1.4 Ecology of sponges

Seasonality in the supply of potential food material may be an important
factor that conditions the life strategies of benthic organisms, to the point
of limiting their growth and reproductive output (Orejas et al. 2000). For
many sessile suspension-feeders, like ascidians and sponges, ambient currents
can increase the rate at which water passes through the organism’s body
under natural conditions (Vogel 1977). This may enhance flow and feeding,
and reduce the energy required for metabolic processes, lowering the energy
required for food capture and leaving more energy available for growth and
reproduction (Orejas et al. 2000).

Sponges are organisms with high morphological plasticity that have the
capacity to establish a multitude of associations with a large variety of or-
ganisms (Taylor et al. 2007; Bell 2008; Wulff 2008). Some of these associates
include a range of photosynthetic organisms, such as cyanobacteria and to
lesser extent, dinoflagellates and macroalgae, and ammonium-oxidizing bac-
teria (Wilkinson 1992; Sarà et al. 1998; Osinga et al. 2001; Usher 2008).
These associations provide the potential for sponges to assimilate carbon from
a range of associated micro-organisms, besides the assimilated carbon from
feeding on ultraplankton, phytoplankton, viruses, and DOM (Díaz & Ward
1997; Ribes et al. 1999; Bell 2008). The benefits of photosynthetic symbionts
to the sponge include a contribution to nutrition of the sponge (Reiswig 1981;
Wilkinson 1983; Díaz & Ward 1997; Yahel et al. 2003), stabilisation of the
sponge skeleton (Rüztler 1985) and processing of metabolic waste products
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(Hoffmann et al. 2009). Much of the nitrogen within the organic matter and
detritus that sponges remove from the water column would be metabolised
by sponge cells and microbial symbionts to amino-nitrogen; it is then pre-
sumably oxidised to nitrate by symbiotic, nitrifying bacteria (Corredor et al.
1988). Thus, associated micro-organisms may play an important role in the
nutrient assimilation/uptake by sponges.

Jiménez & Ribes (2007) reported excretion rates of 3 − 13 µmol DIN
g DW min−1 by sponges examined under laboratory conditions and sug-
gested that this value is indicative of the high activity of micro-organisms
inside the sponge. In a recent study, Weisz et al. (2008) measured mesohyl
density for a variety of high microbial (HMA) and low microbial abundance
(LMA) species, and pumping rates for a select group of these sponges. Their
results showed that LMA sponges moved larger volumes of water through
their porous tissues allowing them to rapidly obtain small particulate organic
matter (POM) that supplied the majority of their nutritional needs. In con-
trast, HMA sponges hosted tightly packed communities of micro-organisms
with an aquiferous system that increases contact time between seawater and
the sponge/microbial consortium that feeds on particulate organic matter
(POM), dissolved organic matter and raw inorganic materials (Weisz et al.
2008).

1.5 The use of flow cytometry to analyse the natural diet of
sponges

The development of new flow cytometry techniques in the last decade has
provided a reliable technique to examine natural microbial populations. The
use of this technique has offered a substantial reduction in the volume of
sample required and in the effort to examine the sample (e.g. Gasol & Del
Giorgio 2000; Vives-Rego et al. 2000). Previous work has already discrimin-
ated different cell populations of micro-organisms found in seawater by flow
cytometry: cyanobacteria (Prochlorococcus, Synechococcus), Prochlorophytes
and picoeukaryotes (Campbell et al. 1994; Pile et al. 1996). This technique
has also been successfully applied to examine the diet and feeding ecology of
freshwater (Pile et al. 1997) and marine demosponges (Pile 1997; Ribes et

7



Thesis structure

al. 1999; Yahel et al. 2003; Pile 2005), and their role in influencing water
column communities. These authors found that the study species obtained
the majority of their daily carbon from prokaryotic cell-types similar to Re-
iswig’s (1971b) findings for other species. The uptake of particulate organic
carbon (POC) is unselective, meaning that sponges obtained carbon from the
various types of micro-plankton proportional to their abundance in the water
column. This technical improvement has allowed the scientific community
to realise the importance of pico- and nanoplankton in marine ecosystems in
terms of biomass and production.

1.6 Thesis structure

My PhD focuses on the functional role of sponges as suspension-feeders in a
temperate rocky subtidal ecosystem on the south coast of Wellington, New
Zealand. The primary goal of my research was to investigate the interactions
between sponges and the water column and to determine how this varied in
relation to sponge characteristics, seasonality, food and nutrient supply for
various common sponge species. In Chapter 2, I investigated the natural
diet of two common species of calcareous sponges using the technique of flow
cytometry as a proof of concept. This chapter provides a detailed descrip-
tion of the study sites and the sampling methodology. Also the methods
for the flow cytometry analysis and the set of flow cytometric experiments
performed are explained in detail. Subsequently in Chapter 3, I investigated
the natural diet of seven sponge species that co-exist on a subtidal rocky
reef. In this chapter my aim was to determine if there were differences in
the picoplanktonic organisms being consumed by different sponge species liv-
ing in the same habitat to explore the suggestion of intra-phyletic resource
partitioning in these organisms.

In Chapter 4 I analysed a number of characteristics of the same sponge
species studied in Chapter 3 to determine the ecological importance of a
temperate sponge assemblage with respect to its contribution to energy flow
from the water column to the benthos, by measuring rates of carbon assim-
ilation in the form of particulate matter (food particles). In Chapter 5 I
was interested in relating the importance of sponges to nutrient dynamics
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and their effect on water column nutrient concentrations. In this chapter, I
investigated the nutrient fluxes of several sponge species in order to estim-
ate the amount of nutrients that sponges remove from (or release into) the
water column at the assemblage level, as well as to increase our understand-
ing of the availability and utilisation of nutrients over time. In Chapter 6,
I investigated the temporal variation of food particles and consumption of
picoplankton by three common sponge species over a 2-yr period. Finally,
in Chapter 7 the temporal results from Chapter 6 detailing the consumption
of carbon by the study species from the picoplanktonic particles removed
over time, were integrated into a carbon budget. These budgets were used to
deduce the capacity of carbon obtained via heterotrophic suspension-feeding
to support sponge metabolism, as well as infer the potential for this carbon
to support other processes such as sponge growth and reproduction.
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Chapter 2
Diet composition of two temperate
calcareous sponges: Leucosolenia
echinata and Leucetta sp. from the
Wellington South Coast, New Zealand

Abstract

Sponges are an important component of benthic ecosystems in New Zealand, and as
suspension-feeders they can process large volumes of water, meaning that their inter-
action with the water column is likely to be of great importance. The diet composition of
two common species of calcareous sponges (Leucosolenia echinata and Leucetta sp.) was
investigated by identifying and quantifying food particles from water samples using flow
cytometry, and estimating the removal efficiency for these species. The natural diet of both
species included heterotrophic bacteria, Prochlorococcus and Synechococcus, similar to that
previously reported for demosponges. Significant differences were found in the number of
picoplanktonic organisms present in ambient and exhalant water from both study species.
Prochlorococcus and Synechococcus were removed with the highest efficiency irrespective
of sponge species (52 − 57%). Both species had similar overall removal efficiencies, but
significant differences were detected in the removal rates of the three types of bacteria in
each species. This study is the first to investigate the natural diet of calcareous sponges
in temperate rocky subtidal reefs using flow cytometry and it provides evidence for dif-
ferences in the diets of calcareous sponges and demosponges. Furthermore, it provides
proof of concept for the use of flow cytometry to quantify the picoplankton consumed by
sponges.
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2.1 Introduction

Sponges, as suspension-feeders, depend on food in the water column (Orejas
et al. 2000), and have evolved mechanisms to capture food that is highly
diluted within seawater and too small to be detected and captured individu-
ally (Gili & Coma 1998). Benthic-suspension feeders in shallow-water marine
ecosystems are capable of transferring large quantities of material from the
overlying water column to the sea floor (Pile & Young 2006). The high
abundance of sponges in many benthic habitats is therefore likely to result
in a considerable interaction between sponges and the water column, with
sponges being an important link to higher trophic levels (Bell 2008).

Although the functional roles of sponges on coral reefs (e.g. bioeroders,
reef consolidators/stabilisers) have been well described (e.g. Díaz & Rüztler
2001; Wulff 2006; Bell 2008), there are far fewer studies focusing on the func-
tional roles that sponges play in temperate regions. Furthermore, very little
is known about the New Zealand sponge fauna and its ecology compared with
other temperate regions, such as southern Australia and northern Europe.
Sponges are important components of benthic ecosystems in New Zealand
and due to their high abundance, high filtration capacity, and a heterogen-
eous diet, sponges may be important in influencing nutrient dynamics in New
Zealand coastal ecosystems (Jiménez & Ribes 2007).

While the feeding ecology of tropical demosponges has been well stud-
ied (Pile et al. 1996; Pile 1997; Hanson et al. 2009), there are few studies
examining the natural diet of marine sponges in temperate regions (Reiswig
1975; Ribes et al. 1999a), and to my knowledge only one study has estim-
ated the removal efficiency of a calcareous sponge (Wilkinson et al. 1984).
These authors investigated the removal efficiencies of four tropical sponges
from Australia including one calcareous species (Pericharax heteroraphis),
which was measured by collecting in situ water samples and analysing them
using the pour-plate counting technique. The authors found that all study
species efficiently filtered heterotrophic bacteria from the ambient water with
removal efficiencies of between 98% and 99% for the demosponges, and 95.5%
for the calcareous sponge (Wilkinson et al. 1984).

In the last two decades, flow cytometry has become a valuable tool in
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aquatic and environmental microbiology, and has largely been used to de-
termine cell numbers, cell-size distribution, and additional biochemical and
physiological characteristics of individual cells from different populations of
picoplankton (plankton < 2 µm in size) (Vives-Rego et al. 2000; Marie et
al. 2001b). The prokaryotic fraction of natural marine pelagic communities
is composed of both heterotrophic and autotrophic organisms (Marie et al.
1997). These micro-organisms have been discriminated using flow cytometry
as follows: Prochlorococcus (0.6−0.8 µm size), photosynthetic organisms that
harvest light using divinyl-chlorophylls a and b (Chisholm et al. 1992) and
only emit red fluorescence; Synechococcus (1 µm size), photosynthetic proka-
ryotes characterised by the dual fluorescence of their pigments. The other
major prokaryotic group is the diverse non-photosynthetic bacteria (ranging
between 0.2−2 µm in size), characterised from flow cytometry by the absence
of photosynthetic pigments and therefore autofluorescence.

The aim of this study was to provide proof of concept for the use of flow
cytometry to quantify the picoplankton consumed by sponges. For this pur-
pose, I identified and quantified food particles from water samples collected
in situ from two species of calcareous sponges, Leucosolenia echinata and
Leucetta sp. These species are particularly abundant and widely distributed
along the south coast of the Wellington region and therefore potentially im-
portant in the cycling of food particles between the water column and the
overlying rocky subtidal habitats.

2.2 Methods

2.2.1 Study sites

Sponge picoplankton removal was examined at two sites within the Taputer-
anga Marine Reserve on the south coast of Wellington, New Zealand (Fig.
2.1). The south coast of Wellington is a high energy environment, with its
tidal and oceanic flows strongly influenced by Cook Strait weather (Carter
2008); water temperatures range between 11 ºC in winter to 16 ºC in sum-
mer (Berman & Bell 2010). This dynamic marine environment supports
high sponge abundance and diversity, particularly on the sides of gulleys and
crevices, and underneath rocks, boulders and overhangs in the rocky subtidal
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ecosystems that characterise this coast (Berman et al. 2008). Two wide-
spread calcareous sponges, Leucosolenia echinata (Kirk, 1893) and Leucetta
sp.1, were selected for this investigation because they are very common in the
study area and their well defined exhalant oscula reduce the risk of sampling
error and make sampling in situ easier.

2.2.2 Sampling

Seawater samples were collected in situ by SCUBA between 7 and 10 m
depth. Samples for flow cytometry were collected in March 2009 in pairs
from four specimens of each species (n = 4 exhalant and n = 4 inhalant,
from each species), following a similar sampling method described by (Pile
et al. 1996; 1997). Sample collection consisted of water being slowly drawn
from the inhalant water at a distance of ∼ 3 cm from the sponge ostia,
and then from the exhalant water inside the oscular aperture using 5-ml
sterile plastic syringes with blunt-ended needles (Fig. 2.2); care was taken to
avoid contact with sponge tissue. After collection, water samples were fixed
with glutaraldehyde (0.1% final concentration), frozen in liquid nitrogen and
then stored at −80 °C until the final flow cytometric analysis, following the
protocol described by Marie et al. (2001a) for natural seawater samples.
In preparation for flow cytometric analysis, samples were thawed to room
temperature, then stained with the DNA-specific dye Hoechst 33342 (0.2 µg
ml−1 final concentration) for bacterial identification; samples were kept in
the dark at room temperature for 1 hr prior to analysis.

2.2.3 Flow cytometry analysis

To quantify the picoplankton populations, seawater samples were analysed
using a BD LSR II SORP (Special Order Research Product) cytometer
equipped with five lasers (20 mW 355 nm UV, 50 mW 405 nm Violet, 100
mW 488 nm Blue, 150 mW 532 nm Green, and 40 mW 633 nm Red lasers),
at the Malaghan Institute of Medical Research in Wellington. Prior to the
analysis, the LSRII SORP was calibrated using BD Cytometer Setup and
Tracking Beads (Cat No. 641319). The size discrimination of the cytometer

1 species photos in Appendix A.1b and A.1c
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Figure 2.2: Schematic representation of in situ underwater sampling method.
Water samples were collected using 5-ml syringes with blunt-ended needles1.
Ambient water was collected from the inhalant water2 at a distance of ∼3
cm from the sponge ostia, and the exhalant water3 was collected from the
oscular aperture.
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was checked using yellow-green fluorescent microspheres (1 µm diameter).
Forward Scattered Light (FSC) was collected using a photodiode and Side
Scattered Light (SSC) was collected using a photomultiplier tube (PMT)
with a 488 nm band-pass filter (488/10); due to the small size of the micro-
organisms the cytometer was set to trigger off SSC.

The DNA-specific dye Hoechst 33342 was excited using the 20 mW 355nm
UV laser and the subsequent fluorescence was detected in the UV blue PMT
through a 450/50 nm band-pass filter. The 100 mW 488 nm blue laser
was used to excite chlorophyll and the emitted red fluorescence was passed
through a 640 nm long-pass dichroic mirror and detected through a 685/35
nm band-pass filter. The 150 mW 532 nm green laser was used to better ex-
cite the phycobiliproteins and the emitted orange fluorescence was detected
using a 575/26 nm band-pass filter. Two sets of flow cytometric experiments
were carried out: The first set of experiments was performed in order to
test the effectiveness of the sampling method. For this analysis, unstained
(no Hoechst 33342 added) seawater samples from both study species were
examined.

Cells of interest were identified based on being positive for Hoechst 33342
blue emission. DNA positive events were gated and viewed in a FSC vs
SSC dot plot. A “cells of interest” gate was drawn, that included events
falling above 102 on FSC and SSC to exclude noise. These events were
viewed on a dot plot of orange fluorescence (y-axis) vs. red fluorescence (x-
axis). Background noise was determined by running seawater through the
cytometer to set an appropriate threshold and aid in gating.

Identification of all organisms of interest was initially based on the DNA
gate. Synechococcus cells were identified based on both orange and red fluor-
escence emission; the phycobiliproteins contained in these organisms emit
a strong orange fluorescence that can be detected separately from the red
fluorescence emission of their chlorophyll (Campbell et al. 1994; Pile et al.
1996). Prochlorococcus cells were distinguished by the presence of red fluor-
escence and the lack of orange fluorescence. Non-photosynthetic bacteria
were identified as being DNA positive events lacking both red and orange
fluorescence. The non-photosynthetic microbes detected with the Hoechst
staining as DNA containing particles were considered as bacterioplankton;
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however, we do not know if these organisms are heterotrophic, chemosyn-
thetic or chemoheterotrophic bacteria. These DNA containing particles are
commonly referred as heterotrophic bacteria in the literature, therefore, and
for simplicity’s sake, these are hereafter referred to as heterotrophic bacteria.
When using flow cytometry, heterotrophic bacteria can only be differentiated
from Prochlorococcus by staining cells with specific nucleic acid fluorochromes
e.g Hoechst 33342 (Marie et al. 1997). Finally, viruses (0.002− 0.2 µm size
fraction) are abundant, active components of aquatic ecosystems, but they
are very difficult to quantify and classify (Vives-Rego et al. 2000). Despite
these problems, some authors have been able to distinguish different popula-
tions of viruses in natural seawater samples (Marie et al. 1999; Marie et al.
2001a; Patten et al. 2006) using several fluorochromes (e.g. SYBR Green).
In the present study viruses were not quantified.

Flow cytometry analysis was performed by FlowJo (version 8.8.6; Tree-
Star, Ashland, OR), and data were presented using log-scale pseudo-colour
dot plots for all parameters (SSC-A, FSC-A, orange fluorescence, red fluor-
escence). These plots showed three different populations of picoplanktonic
organisms, Synechococcus, Prochlorococcus and heterotrophic bacteria that
were mainly distinguished from the fluorescence emitted after excitation by
the blue and green lasers.

2.2.4 Data analysis

A three-way ANOVA was used to determine if there were any significant
differences between ambient and exhalant water cell concentrations for each
type of picoplanktonic organism for each sponge species. In order to meet
ANOVA assumptions of normality and homogeneity of variances, a normality
test, and the Fligner-Killeen test (which is more robust than the Bartlett test
and used when data seem not to be normally distributed) of homogeneity of
variances were performed, respectively. When assumptions were not met, the
data for cell counts were square-root transformed and arcsine transformed
for the percentage data. An a posteriori Tukey test was carried out when
significant results were obtained. The mean retention efficiency (the percent-
age of particles retained by the sponge filter) for the types of picoplankton

21



Results

removed by each species was calculated using the following equation:

RE(%) = Camb− Cexh

Camb
∗ 100 (2.1)

Where RE is the mean removal efficiency; Camb is the mean cell count
for ambient water; and Cexh is the mean cell count for exhalant water (Pile
1997; Hanson et al. 2009); negative retention rates resulting from exhalant
cell concentrations being higher than ambient ones, obtained from three spe-
cimens, were interpreted as no retention of picoplankton and consequently
changed to zero. For comparisons between the removal efficiency of the two
study species and the removal of the different picoplanktonic groups, a two-
way ANOVA test was used. All statistical analyses were performed by R ver.
2.10 (R Development 6 Core Team 2011).

2.3 Results

The results from the first set of flow cytometric experiments (refer to the
methods section) identified distinct populations of Prochlorococcus and Syne-
chococcus. Once these populations could be clearly detected by the flow cyto-
meter, the second set of experiments was performed using samples stained
with Hoechst. The results from this analysis yielded a third population of
picoplanktonic organisms, heterotrophic bacteria, and differences in the con-
centration of cells between ambient and exhalant water were observed in
both sponge species (Fig. 2.3). As a result, the diet of Leucosolenia echinata
and Leucetta sp. consisted of heterotrophic bacteria, Prochlorococcus and
Synechococcus. An extra population of picoplanktonic organisms appeared
in the exhalant water samples from both species (Fig. 2.3). From the flow
cytometric analysis, I suggest that in addition to background noise, there is
an unidentified population of cells that may be different bacterial cells than
the heterotrophic bacteria found in the ambient water, as they do not fit
within the gating strategy used to analyse the populations of interest (Pro-
chlorococcus, Synechococcus and heterotrophic bacteria).
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Figure 2.3: Flow cytometric analysis of seawater samples collected from two
species of calcareous sponges on the south coast of Wellington, NZ. Pseudo-
colour dot plots illustrating picoplanktonic populations of Prochlorococcus,
Synechococcus and heterotrophic bacteria found in ambient and exhalant
water samples that were identified based on the red and orange fluorescence
emission profiles. DNA positive events were gated, based on a bright Hoechst
33342 blue emission, and then the populations of interest were analysed based
on their orange and red emission as follows: Synechococcus exhibits bright
orange and low red emission, Prochlorococcus displays bright red emission
and no orange emission, and heterotrophic bacteria have no red or orange
emission.
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Table 2.1: Three-way analysis of variance showing differences in cell concen-
trations per 500 µl between Leucosolenia echinata and Leucetta sp., pico-
planktonic organisms, and environment (ambient and exhalant water). Sig-
nificant values in bold font.

Source of Variation df MS F value

Species 1 3163.0 32.43
Picoplankton 2 13825.4 141.74
Environment 1 803.6 8.23
Species + Picoplankton 2 630.4 6.46
Species + Environment 1 35.1 0.36 NS
Picoplankton + Environment 2 1136.6 1.4 NS
Species + Picoplankton + Enviro 2 12.4 0.12 NS
Error 36 97.5

2.3.1 Picoplanktonic concentrations in the water column

Significant differences were found in the number of picoplanktonic organisms
between ambient and exhalant water from both Leucosolenia echinata and
Leucetta sp. There were also significant differences in the cell counts between
the different picoplanktonic organisms, and there was a significant difference
between the sponge species and types of picoplankton (Table 2.1; Fig. 2.4a).

The overall concentration of heterotrophic bacteria (8.1 × 103 ± 4.4 ×
103 cells ml−1) was significantly higher than Prochlorococcus (2.2 × 103 ±
1.5 × 103 cells ml−1) which was also significantly higher than Synechococcus
(3.1 × 102 ± 2.1 × 102 cells ml−1) in both ambient and exhalant water
from Leucosolenia echinata and Leucetta sp. (Fig. 2.4b). The a posteriori
Tukey test showed that the cell counts of the picoplanktonic organisms were
significantly higher in the ambient water surrounding both species (Tukey
test P < 0.001). In addition, no significant differences were found in the
concentrations of Prochlorococcus and Synechococcus in the ambient water
surrounding both species (Tukey test P > 0.05), but the concentration of
heterotrophic bacteria was significantly higher (Tukey test P < 0.001) in
ambient water surrounding Leucetta sp. (1.2 × 105 ± 4.2 × 105 cells ml−1)
than in the water surrounding Leucosolenia echinata (5.2 × 104 ± 1.3 × 104

cells ml−1) (Fig. 2.5).
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Figure 2.5: Mean cell counts (± StdDev) for each group of picoplanktonic
organism found in ambient and exhalant water from Leucosolenia echinata
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Table 2.2: Two-way analysis of variance showing differences in the retention
efficiency (percentage retained) of both sponge species and types of pico-
plankton. There was a significant difference in the removal efficiency of the
three picoplanktonic organisms (heterotrophic bacteria, Prochlorococcus and
Synechococcus) by Leucosolenia echinata and Leucetta sp. Significant values
in bold font.

Source of Variation df MS F value

Species 1 5.1 0.89 NS
Picoplankton 2 2005.3 6.46
Species + Picoplankton 2 0.22 0.79 NS
Error 18 310.4

2.3.2 Sponge prey removal

Both sponge species had similar overall removal efficiencies (two-way AN-
OVA, F1,18 = 0.89, P >0.05), though significant differences in the removal
rates of the three types of picoplankton by each species were detected (Table
2.2; Fig. 2.6). The a posteriori Tukey test revealed that the removal effi-
ciency of heterotrophic bacteria (10− 25%) was significantly lower than that
of Prochlorococcus (52−57%) and Synechococcus (53−55%) for both species
(Fig. 2.7).
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Figure 2.6: Box plots showing mean retention efficiency expressed as
(a) percentage of picoplankton retained by both sponge species and (b)
percentage retained of each type of picoplanktonic organism per sponge
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Figure 2.7: Retention efficiency (± StdDev) expressed as percentage re-
moval of each group of picoplanktonic organism in Leucosolenia echinata
and Leucetta sp.
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2.4 Discussion

This study provides proof of concept for the use of flow cytometry to identify
and quantify the picoplanktonic organisms consumed by sponges; as suppor-
ted by the findings of the following chapters (Chapters 3 to 6). Furthermore,
this is the first study to investigate the natural diet of calcareous sponges in
a temperate rocky subtidal reef using flow cytometry. The results for the two
calcareous species showed lower removal efficiencies, particularly of hetero-
trophic bacteria, and overall lower removal efficiencies of Prochlorococcus and
Synechococcus compared to published data for other temperate demosponges
(Pile 1997; Ribes et al. 1999a; Hanson et al. 2009). Also, a much higher
concentration of heterotrophic bacterial cells was found in the ambient water
around Leucetta sp. than in the water around Leucosolenia echinata, which
was surprising as the water samples were collected on the same day from the
same study site and type of habitat.

2.4.1 Removal efficiency of particles by calcareous sponges

Direct measurements have corroborated that both tropical and temperate
sponges, as well as freshwater sponges, have high capture rates of picoplank-
ton (Gili et al. 1984). The results from this study confirm the effectiveness
of flow cytometry in analysing the dietary composition of sponges. The re-
tention efficiencies of the two calcareous sponges studied ranged between 10
and 57%, for the same picoplanktonic organisms analysed in previous stud-
ies using flow cytometry. These removal efficiencies are lower than those
obtained in situ from temperate demosponges in recent studies (Ribes et
al. 1999a; Hanson et al. 2009), where removal efficiencies ranged between
60% and 90%; these are similar to the removal rates reported for tropical
sponges (Pile 1997). The removal rates obtained may have been influenced,
most importantly, by the fact that the study species are calcareous sponges
and the majority of available data on removal rates are for demosponges.
The possession of a skeleton made of calcium carbonate makes the Calcarea
distinctive with respect to the other groups of sponges (Manuel et al. 2002)
and in addition to their differences in spicule composition, water flow in cal-
careous sponges differs from demosponges due to their body construction

28



Discussion
Removal efficiency of particles by calcareous sponges

and aquiferous system (Manuel 2006). These characteristics might have an
influence on the removal efficiencies and types of micro-organisms that these
sponges filter from the water column, though specific mechanisms of how
these characteristics translate to removal differences remain unknown (Leys
& Eerkes-Medrano 2006; Yahel et al. 2006).

Francis and Poirrier (1986) studied the particle uptake of two freshwater
sponges and suggested that particle selection is probably determined by the
rate at which the sponge can degrade particles and derive nutrients from
them, as well as by the general availability of picoplankton. Although the
results presented here showed higher removal rates of Prochlorococcus and
Synechococcus by both species, these percentages were lower than those ob-
tained for other temperate demosponges. In their study of the metabolism of
the calcareous sponge Clathrina clathrus from the Mediterranean, Burlando
et al. (1992) suggested that biochemical variations (e.g. tissue sugar con-
tent, protein and lipid concentration) seemed to be related both to changes
in seasonal feeding and to metabolic physiological responses caused by cyclic
climatic events. These findings, in conjunction with those of Wilkinson et al.
(1984), are relevant to this study as I propose that calcareous sponges may
potentially degrade particles at lower rates than demosponges and that this
difference may be related to physiological characteristics and complexity of
the aquiferous system (Wehrl et al. 2007).

The retention efficiencies of heterotrophic bacteria measured in this study
were between 10% and 25% in both study species. These values are markedly
lower than those previously reported for temperate demosponges, where re-
tention efficiencies of heterotrophic bacteria range from 43 − 90% (Pile et
al. 1996; Ribes et al. 1999b; Pile 2005; Yahel et al. 2005). In the work of
Wilkinson et al. (1984), the percentage of heterotrophic bacteria removed by
the calcareous sponge Pericharax heteroraphis was 95.5%. Although this spe-
cies is a tropical sponge, it is the only removal efficiency value that has been
measured for a calcareous sponge that can be compared with my results. It is
possible that the low removal efficiencies obtained from the results presented
here may have also been influenced by the time of year when samples were
collected. The pattern of picoplankton retention by sponges may depend on
the concentration of these particles present in the water column. A high con-
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centration of picoplankton could imply that these sponges may only need to
remove a small fraction of these particles in order to meet their nutritional
requirements. On the other hand, total uptake may be influenced by the
patchy distribution of the picoplankton in the water column; low nutrient
concentrations in the water column; or short term physical events such as
waves and storms that can affect food uptake and availability (Pile et al.
1996).

There is little information available on the ecology and physiology of cal-
careous sponges. Leys & Eerkes-Medrano (2006) investigated particle uptake
in a calcareous sponge by feeding sponges with bacteria and latex micro-
spheres, both in situ and in vitro. Although their study did not examine the
retention rate of food particles, their results provide a detailed description
of the physiological mechanisms of feeding in these sponges and the size of
particles that they can effectively remove. These findings are relevant to this
study as they observed uptake of 1-µm sized natural bacteria, similar to my
findings where the removal of picoplanktonic organisms of 1 µm or less in
size was measured from the ambient water as shown in the flow cytometric
plots (see results section for more detail). In conclusion, I demonstrated that
calcareous sponges consume on picoplankton (plankton < 2 µm), similar to
data previously published for demosponges.

2.4.2 Additional population in the exhalant water

It is well known that sponges release bacterial cells different to the ones re-
moved from the ambient water. The additional population that appeared in
the exhalant water can be explained in light of the existing literature. There
are some studies where authors have observed the production of particles in
the exhalant water from different sponge species. These particles have been
described as breakdown products of digestion called faecal-pellet-like aggreg-
ates (Stuart & Klum 1984; Wolfrath & Barthel 1989; Yahel et al. 2006), or as
undigested particles released in membranous vacuoles (Willenz et al. 1986),
or as intact cells (Hadas et al. 2009). Barthel & Wolfrath (1989) also found
that other particles observed in the exhalant water from sponges were the
result of the sloughing off of surface tissue in the form of flakes that consist
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of sponge tissue, spicules, fragments of copepod carapaces, diatom frustules
and sand grains. It is known that the internal tissue of marine sponges is
the habitat of symbiotic bacteria (Vacelet 1975; Wehrl et al. 2007). Due to
the high filtration rates of bacteria in sponges, it is likely that the sponge
host exerts some control over its symbionts (Taylor et al. 2007). Sponges
may expel symbionts when stressed or to regulate the number of bacteria
within the sponge (Huysecom et al. 1988; Rüztler 1988). Wilkinson et al.
(1984) in their study of four species of marine sponges, reported evidence
that sponges are able to discriminate between bacteria normally found in
the ambient water (regarded as food), and symbiotic bacteria isolated from
the sponges themselves. They showed that symbiotic bacteria passed read-
ily through the sponge, whereas seawater bacteria were retained. Similarly,
Gili et al. (1984) reported that bacterial colonies growing in plates with ex-
haled water samples, presented different forms and colours than the bacterial
colonies growing in plates with ambient water samples suggesting that the
nature of the exhaled bacteria was different from the inhaled bacteria. In the
case of the study species examined here, future work is needed to investigate
whether or not the released cells are live micro-organisms (symbiotic bacteria
or other types of bacteria), breakdown products or digestion or undigested
particles.

To conclude, both sponge species studied are efficient feeders on Syne-
chococcus and Prochlorococcus with removal efficiencies ranging between 55%
and 57%, respectively. Prochlorococcus and Synechococcus cell-removal rates
were higher than those for heterotrophic bacteria in both study species, sug-
gesting a higher grazing efficiency upon these prey types and a markedly lower
removal efficiency of heterotrophic bacteria. Comparison of removal efficien-
cies between species and classes is difficult due to the variability within each
species and group (Ribes et al. 1999a). Future studies are needed to eval-
uate if the ambient heterotrophic bacterial concentrations change through
time and if there is a correlation between the concentration of dissolved nu-
trients in the water and the concentration of these picoplanktonic organisms.
These topics are studied and discussed in Chapters 5 and 6. Also, aspects of
the nutritional ecology of calcareous and demosponges related to seasonality
and availability of picoplanktonic populations in temperate ecosystems, are
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yet to be described. These issues are examined in Chapters 4 and 6.
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Chapter 3
Differential food resource utilisation
enables co-existence of sponges in a
temperate rocky reef system: a
potential mechanism for niche
partitioning

Abstract

Understanding the way that co-existing species utilise resources is important since such
relationships are generally the result of long-term evolutionary processes. Key to under-
standing co-existence is the concept of resource partitioning among the constituent species
of a community. In marine ecosystems, the utilisation or segregation of food resources
based on food type has been investigated in order to determine if niche partitioning can
explain the co-existence of ecologically similar species. In this chapter, I used seven mar-
ine sponges (Dysidea sp., Haliclona sp., Plakina sp., Polymastia sp., Tethya bergquistae,
Leucetta sp. and Leucosolenia echinata) to study niche partitioning among members of
a sessile-benthic assemblage. Under the premise that sponges can remove different sized
food particles from the water they filter, I aimed to determine if differences exist in the
picoplanktonic organisms being consumed by different sponge species living in the same
habitat, and therefore suggest intra-phyletic niche partitioning as a possibility to explain
species co-existence. The results from this chapter demonstrate that different sponge
species have different retention efficiencies for different types of picoplankton and I pro-
pose that this could be indicative of intra-phyletic food particle niche partitioning among
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sponges. The variability in retention efficiency among sponge species seems to be influ-
enced by a combination of different factors including particle size and food concentration;
however, there was no consistent pattern for all species. While these findings support the
partitioning of food resources among different co-existing sponge species, they also sug-
gest that partitioning may not be essential for co-existence, as some species had similar
retention efficiencies implying an overlap in resource use. This intra-phyletic difference in
trophic ecology may be one of the main factors contributing to the worldwide success of
sponges despite the large spatial and temporal variation in sponge food availability.

3.1 Introduction

Darwin (1859) was among the first to recognise the importance of niche
partitioning when stating that natural selection can only operate when there
are ‘places which can be better occupied by the modification of existing
inhabitants, and as old inhabitants become modified, the mutual relations of
others will often be disturbed; this will create new places ready to be filled
up by better adapted forms...’(see Patten & Auble 1981). Since this time,
the term ‘niche’ has been used in a variety of contexts by ecologists intrigued
with habitat and life history differences of closely-related species (Flint &
Kalke 1986). In ‘conventional’ niche theory resources become available and
are consumed by organisms in proportions that depend on the occurrence and
density of other species (Leibold 1995). Because species partition the limiting
resources (e.g. nutrients, water, and light) in such a way that each is limited
by a different amount of the available resources (Shmida & Ellner 1984), the
co-existence of similar species within the same ecosystem may occur as a
result of different resource use (Sala & Ballesteros 1997). Once differences
in resource use between species are established, it has been suggested that
this will lead to resource partitioning, mediating species co-existence and
eventually promoting biodiversity; however, the evolutionary and ecological
factors that lead to differences in resource use remain controversial (Tilman
2004; Bastolla et al. 2005).

Species do not exist in isolation and in most environments many species
co-exist, and it is highly likely that closely related species may depend on the
same or similar resources (e.g. food and space). Understanding the way that
co-existing species utilise resources is important, since such relationships are
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generally the result of long-term evolutionary processes. Furthermore, un-
derstanding how organisms share resources may provide an increased ability
to determine how communities will respond to future changes in these re-
sources. Key to understanding co-existence is the concept of resource parti-
tioning among constituent species, where species may use different subsets of
the total resource pool (Northfield et al. 2010). It is also possible for species
to co-occur without any evidence of niche differentiation, with alternatives to
niche theory being able to explain this co-existence (see Genner et al. 1999).

Benthic-suspension feeders are recognised as being important components
of shallow marine ecosystems, where they are capable of moving large quant-
ities of particles from the water column to the benthos (Ribes et al. 2005; Pile
& Young 2006). These organisms, through their suspension-feeding activit-
ies, affect water clarity, productivity, and bentho–pelagic coupling, a two way
inter-linked process where detritus, nutrients, micro-organisms and plank-
tonic particles are moved between the benthos and the pelagic ecosystem,
thereby controlling and affecting pelagic processes and vice versa (Menge et
al. 1997; Gili & Coma 1998). In most rocky benthic environments a large
number of different suspension-feeders occur in the same habitat. The co-
existence of closely related members (e.g. same phylum) of a community
suggests some kind of resource partitioning to help reduce potential intra-
phyletic competition (Stuart & Klumpp 1984). In benthic communities, pre-
vious analyses have provided evidence for competition, which results in niche
separation and the co-existence of ecologically similar species (Hines 1982).
For example, sponges, ascidians, and bivalves reduce inter-phyletic compet-
ition by partitioning their food resources based on different sized particles
or by filtering water from different heights above the substratum (Stuart &
Klumpp 1984).

A number of experimental studies in tropical and temperate environ-
ments have quantified the particle uptake and metabolic contribution of all
types of plankton to the diets of different benthic suspension-feeding taxa,
including sponges, bivalves, bryozoans, tunicates, corals and ascidians (Gili
& Coma 1998; Orejas et al. 2000; Pile 2005; Ribes et al. 2005). The main
dietary components of these different groups consist of dissolved organic mat-
ter (DOM), bacteria and phytoplankton, although the uptake efficiency and
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capture rates of the different types of food differ within the specific groups
(Gili & Coma 1998). For example, tropical, temperate and deep-sea sponge
species show considerable variation in retention efficiencies for different prey
sizes (Reiswig 1971b; Pile et al. 1996; Turon et al. 1997; Witte et al. 1997;
Ribes et al. 1999a).

In this study, seven sponge species (five demosponges and two calcareous)
were used as a model to study niche partitioning in a sessile-benthic as-
semblage given that, among the benthic-suspension feeders, sponges are one
of the most abundant and widespread groups and they perform many import-
ant functional roles within the marine environment (Wulff 2006; Bell 2008).
In spite of the ecological importance of sponges, there have been few studies
looking at resource partitioning in this group. Early work by Hartman (1957)
introduced the concept of ecological niche differentiation for marine sponges
by studying the distribution and habitat occupancy of nine species of boring
(Clionidae) sponges. He concluded that competition for substrata was very
important in determining the species’ distribution patterns and suggested
that differences in food preferences may exist between the species that might
be significant enough to allow species to co-exist. In support of this concept,
when studying the population dynamics, rates of water transport, oxygen
consumption and energy cycling of three tropical sponge species, Reiswig
(1973, 1974) suggested that niche partitioning within the Porifera occurred
through the interaction of many factors including the life cycle of the species,
energy channelling, and reproduction. He concluded that unlike most other
animal groups, niche partitioning in sponges appears not to be accomplished
by direct food specialisation since he only detected a significant dietary dif-
ference for one species, compared to the other two, which he attributed to the
activity of bacterial symbionts. In a recent study of two co-existing species of
glass sponges (Hexactinellidae) from a temperate fjord, Yahel et al. (2007)
found a clear difference in food flux and pumping rates between the two
sponge species suggesting that niche partitioning was occurring between the
two species. Finally, in a study of four species of Antarctic sponges Thurber
(2007), using stable isotopes and fatty acid analyses, demonstrated for the
first time that co-occurring sponges exhibit niche separation in their diet.

There is a long-standing debate concerning the ability of species to parti-
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tion resources at fine scales and the potential for species that are ‘ecologically
indistinguishable’ to co-exist (Genner et al. 1999). Despite this debate, pre-
vious research investigating differences in diet and food resource utilisation
in co-existing aquatic species has highlighted the importance of food parti-
tioning as an important co-existence mechanism (e.g. Ross 1986; Genner et
al. 1999; Martin & Genner 2009). In marine ecosystems, the utilisation or
segregation of food resources based on food type has also been investigated
in order to determine if niche partitioning alone can explain the co-existence
of ecologically similar species, or if there are other niche dimensions to con-
sider (Hines 1982; Flint & Kalke 1986; Sala & Ballesteros 1997). Under the
premise that sponges can remove different sized food particles from the water
that they filter, I re-examined Reiswig’s (1973, 1974) suggestion that niche
partitioning in sponges is not accomplished by feeding specialisations or se-
lective food fractionation. For this purpose, I investigated the natural diet
of seven sponge species (five demosponges and two calcareous sponges) that
co-exist on a subtidal rocky reef. I aimed to determine if differences exist
in the picoplanktonic organisms being consumed by different sponge species
living in the same habitat, and therefore provide evidence for intra-phyletic
niche partitioning in these organisms.

3.2 Methods

The study sites are located within the Taputeranga Marine Reserve on the
south coast of Wellington in New Zealand (see Chapter 2 for more details).
Sampling was conducted from November 2008 to March 2009. This time
period for sampling reflects the difficulty in sampling along this coast as it is
a very dynamic environment. Samples from each species were haphazardly
collected across this time period in case of any seasonal bias. The subtidal
rocky reefs along this coast support a high diversity and abundance of sponge
species that are particularly found on the sides of channels, crevices, rock
walls, boulders and overhangs that are common in the area (Berman & Bell
2010).
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3.2.1 Sampling and flow cytometry

All samples were collected in situ by diving at a maximum depth of 10 m, and
analysed using flow cytometry. Previous surveys have described the sponge
biodiversity and abundance in the study area (Berman et al. 2008; Berman
& Bell 2010) and from these data seven of the most common and widespread
sponge species were selected including: Dysidea sp., Haliclona sp., Plakina
sp., Polymastia sp., Tethya bergquistae (Hooper, 1994), Leucetta sp., and
Leucosolenia echinata (Kirk, 1893). The species were chosen because they
are all common encrusting species in the study area and because of their well-
defined exhalant oscula that facilitate in situ sampling. Dysidea sp. is often
found on rock walls or on the sides of channels; it can be lilac or brown-beige
coloured and has a conulose surface with several cone-shaped projections
raised up by underlying skeleton (Boury-Esnault & Rützler 1997). Haliclona
sp. is commonly found on rock walls and overhangs; it has a digitate surface
and is a white-cream colour, sometimes with finger-like outgrowths arising
from the basal mass (Boury-Esnault & Rützler 1997). Plakina sp. is a
very conspicuous encrusting species found on boulders, rock walls, crevices
and overhangs; it has a bright violet-blue colour and a lobed smooth surface.
Polymastia sp. is commonly found on rock walls and channels and has a very
distinctive papillate surface with an orange-yellow colour. Tethya bergquistae
is a pink ball sponge with 3−4 oscula; the surface can be rounded and smooth-
to-warty in appearance. Leucosolenia echinata is a very common calcareous
sponge mostly found on rock walls and crevices in the subtidal zone. It is
easily recognisable as a mass of short white tubes, often with a brown rim
at the top of the tubes. Leucetta sp. is another calcareous sponge that is
widely distributed and mainly found on rock walls; it is cream coloured but
can look pink-orange because of the red algae living on the sponges’ surface.
This calcareous sponge grows about five centimetres high and has well defined
oval oscula (see species photos in Appendix A).

The selected species represented 20− 25% of the total sponge abundance
in the rocky habitats of the Wellington south coast. Three specimens of
each species were haphazardly selected and water was sampled from each
specimen using a 5-ml sterile plastic syringe with a blunt-ended needle, by
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slowly drawing water from the inhalant stream at a distance of ∼ 3 cm
from the sponge ostia and then from the exhalant water inside the oscular
aperture; care was taken to avoid contact with the sponge and one syringe
was used per specimen. Once back in the laboratory, water samples were
transferred into sterile 1.5 ml cryovials with freshly prepared glutaraldehyde
(0.1% final concentration in distilled water). Samples were frozen in liquid
nitrogen and stored at −80 °C following the protocol described by Marie et
al. (1999) for natural seawater samples, until the flow cytometric analysis
could be performed.

Seawater samples were analysed for quantification of heterotrophic bac-
teria and cyanobacteria (Prochlorococcus and Synechococcus) using a BD
LSR II SORP (Special Order Research Product) cytometer equipped with
five lasers. Identification of all organisms of interest was initially based on
the DNA gate (see Chapter 2 for a detailed description of the flow cytometric
method).

3.2.2 Data analysis

The retention efficiency was expressed as the percentage of picoplanktonic
cells removed by each species from inhalant water samples and calculated as
Equation 2.1. A two-way analysis of variance (ANOVA) was used to model
the retention efficiency of sponges against sponge species (7 levels: Dysidea
sp., Plakina sp., Polymastia sp., L. echinata, Haliclona sp., T. bergquistae,
Leucetta sp.) and picoplankton (three levels: heterotrophic bacteria, Pro-
chlorococcus, Synechococcus). Since retention efficiency was expressed as
percentage data, the data were arcsine-square root transformed to meet as-
sumptions of normality and equal variance. The assumption of homogeneity
of variances was examined using Bartlett’s test (P > 0.05 in all cases).

Using data on the percentage retention (arcsine-square root transformed)
of the three picoplankton types, the similarity in the diet composition of the
seven sponge species was quantified using the Bray-Curtis dissimilarity index
(Bray & Curtis 1957). From the resulting dissimilarity matrix, a dendrogram
was constructed to visually display (in two dimensions) sponge species re-
lationships, where species with more similar diet compositions were more
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closely grouped. The dendrogram was constructed based on a Hierarchical
cluster analysis. The idea behind a hierarchical cluster analysis is to show
which of a set of samples are most similar to one another, and to group
these similar samples in the same limb of a tree. Groups of samples that are
distinctly different are placed in other limbs (Crawley, 2007). All statistical
analyses were performed by R ver. 2.10 (R Development 6 Core Team 2011).
The Vegan package was used to calculate the Bray-Curtis dissimilarity mat-
rix and construct dendrograms.

3.3 Results

3.3.1 Picoplankton removal

Sponges removed three types of picoplanktonic organisms (heterotrophic bac-
teria–HetBact, Prochlorococcus–Prochlo, and Synechococcus–Synecho) from
the ambient (inhalant) water. The overall average (± SD) ambient cell con-
centration of heterotrophic bacteria was markedly higher (6.0 ×105 ± 2.4
×105 cells ml−1) than that of Prochlorococcus (7.2 × 104 ± 5.2 × 104 cells
ml−1) and Synechococcus (2.1 ×104 ± 1.4 ×104 cells ml−1) for all samples
taken from the inhalant water surrounding the study species. The reten-
tion efficiencies of the different picoplanktonic organisms varied considerably
between the sponge species. There was a significant interaction in the reten-
tion efficiencies between species and types of picoplankton (ANOVA F12,42

= 15.934, P < 0.001) (Table 3.1). All species removed Prochlorococcus cells
with the highest efficiency (range 53 − 94%), except for L. echinata which
removed Synechococcus cells with the highest efficiency (71%). The retention
efficiencies of heterotrophic bacteria and Synechococcus cells varied consider-
ably between many of the species; heterotrophic bacterial cells were generally
retained with the lowest efficiency (approximately 40%), Fig. 3.1.

3.3.2 Food resource utilisation

Results from the Bray-Curtis analysis which examined similarities in diet
composition between the seven sponge species, showed that all species had
a high similarity (dissimilarity range 0.22 − 0.33; Table 3.2). However, the
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Table 3.1: Two-way analysis of variance showing the interaction between
sponge species and types of picoplankton. Significance at the 5% level

Source of variation df F value P value

Species 6,42 33.154 < 0.001
Picoplankton 2,42 73.136 < 0.001
Species * Picoplankton 12,42 15.934 < 0.001

Figure 3.1: Retention efficiency (expressed as a percentage) of heterotrophic
bacteria (HetBAct), Prochlorococcus (Prochlo), and Synechococcus (Synecho)
cells removed by the study species as determined by two-way ANOVA.
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Table 3.2: Bray-Curtis dissimilarity matrix of similarity in the diet compos-
ition of seven sponge species. Significance at the 5% level.

Dysidea Haliclona Leucetta Leucosolenia Plakina Polymastia

Haliclona 0.223
Leucetta 0.151 0.333
Leucosolenia 0.082 0.299 0.149
Plakina 0.036 0.254 0.156 0.052
Polymastia 0.022 0.223 0.129 0.089 0.042
Tethya 0.128 0.087 0.257 0.204 0.16 0.132

dendrogram identified three groups of sponge species that retained similar
amounts of the different picoplanktonic organisms: I) Dysidea sp., Plakina
sp., Polymastia sp. and L. echinata; II) Haliclona sp. and T. bergquistae;
III) Leucetta sp. (Fig. 3.2). Species in group I had moderate retention rates
of Prochlorococcus cells (53−71%), a retention of 52−67% of Synechococcus
cells, and a low retention rate of heterotrophic bacteria (24− 33%), while L.
echinata was the only species that retained Synechococcus cells with a high
efficiency (71%). Species in group II had high retention of Prochlorococcus
cells (88 − 94%) and heterotrophic bacteria (73 − 90%), and removed less
Synechococcus cells (32 − 52%) than did sponges in group I. Leucetta sp.
did not group with any of the other species and removed considerably more
Synechococcus (46%) and Prochlorococcus cells (58%) than heterotrophic bac-
teria. Indeed, it was the only species that had a very low retention efficiency
of heterotrophic bacteria (4%, Fig. 3.1).
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Figure 3.2: Cluster dendrogram (using Bray Curtis dissimilarity analysis)
based on average retention values of the three different sponge dietary com-
ponents. The analysis of variation between the study species yielded three
groups: I) Dysidea sp., Plakina sp., Polymastia sp. and Leucosolenia echin-
ata; II) Haliclona sp. and Tethya bergquistae; III) Leucetta sp. Species are
more similar when dissimilarity is closer to zero.
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3.4 Discussion

Suspension-feeders have developed specialisations to maximise prey capture
that are directly linked to their survival. These include the spatial distribu-
tion of community members and the partitioning of available food resources
by removing food particles in specific size ranges to avoid high levels of com-
petition (Hartman 1957; Gili & Coma 1998). In some cases where species are
able to utilise overlapping size fractions of particulate material, spatial sep-
aration can be an important factor in reducing competition between species
(Stuart & Klumpp 1984). The aim of this study was to investigate if there
was a differential particle size utilisation among different co-existing sponge
species in the same habitat by examining variation in the food types that are
consumed by sponges on a temperate rocky reef. The results demonstrated
that these species are highly efficient at retaining cyanobacterial cells but
with differing efficiencies according to cell type, indicating differences in re-
source use among the study species. Some of the species examined may be
more efficient than others at exploiting different components of the available
food in their environment, and I propose that differential resource use is oc-
curring among the sponge species studied here based on the available food
resources.

3.4.1 Is resource partitioning occurring based on preferences for different
particle sizes?

Some authors have suggested that the retention mechanisms through which
sponges differentiate between food particles are mainly based on particle size
(Stuart & Klumpp 1984; Ribes et al. 1999a); however, there are research-
ers that have presented evidence suggesting that sponges do not select their
food based upon particle size alone (see Osinga et al. 2001; Duckworth et
al. 2006; Yahel et al. 2006). In the current study, different retention ef-
ficiencies were observed among the seven study species for the three types
of picoplankton. The low retention efficiencies of heterotrophic bacteria by
species in group I (Dysidea sp., Plakina sp., Polymastia sp. and L. echin-
ata) suggest a preference by this group for larger cells (Prochlorococcus and
Synechococcus); while species in group II (Haliclona sp. and T. bergquistae)
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showed a higher retention of Prochlorococcus cells and heterotrophic bacteria,
which are smaller than Synechococcus cells. The marked difference in the re-
tention of Synechococcus and Prochlorococcus over heterotrophic bacteria by
Leucetta sp. also implies a preference for bigger cells. I propose that in the
temperate sponges studied here, particle size is an important factor influen-
cing the retention of food particles given that five of the sponges retained
bigger cells with a high efficiency and two sponge species (Haliclona sp. and
T. bergquistae) had high retention of smaller cells (heterotrophic bacteria).
However, particle size may not be the single defining factor as suggested by
Yahel et al (2006) in selecting food particles, but instead it may depend on
each individual sponge species; this is supported by previous studies where
some sponges have low efficiency for smaller particles (e.g. Kowalke 2000),
and others retain the smallest prey types with high efficiency (e.g. Ribes et
al. 1999a).

3.4.2 Ambient cell concentration

Previous work has demonstrated that the retention efficiency of sponges de-
pends on the bacterial concentration in the surrounding water (Duckworth
et al. 2003). Experimental studies on sponges have concluded that low cell
concentrations favour higher retention efficiencies, while high concentrations
result in decreased retention efficiencies by sponges (Huysecom et al. 1988;
Duckworth et al. 2003). The previously observed decreases in retention
efficiency in the presence of high picoplanktonic concentrations have been
attributed to apparent blocking of the aquiferous system or a complete con-
traction of the sponge (Huysecom et al. 1988). Interestingly, the ambient cell
concentrations showed that heterotrophic bacteria were the most abundant
cells found in the inhalant/ambient water, although only species in group II
retained these cells with a high efficiency (73 − 90%). High concentrations
of heterotrophic bacteria were also measured in the ambient water of species
in group I, but these species had the lowest retention of these picoplanktonic
cells (24 − 33%). In contrast, Prochlorococcus were far less abundant than
heterotrophic bacteria, and species in group II had high retention rates of
these cells (88−94%) supporting the hypothesis that lower concentrations of
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cells favour higher efficiency (Huysecom et al. 1988; Duckworth et al. 2003).
However, it is important to note that this pattern was only found in this
group. Synechococcus were the least abundant cell type in the ambient water
and retention efficiencies were highly variable between species (32 − 71%).
Because there was no consistent pattern for all species, I suggest that the
variability in retention efficiency for the species studied here is not directly
influenced by the food concentration in the water column, as has been sug-
gested by previous studies (Huysecom et al. 1988; Duckworth et al. 2003).
However, this issue will be discussed in more detail in Chapters 4 and 6.

3.4.3 Food availability

In view of the fluctuations in food availability that suspension-feeders are
likely to experience, seasonal fluctuations in the abundance of planktonic or-
ganisms are expected in temperate regions; at times there will be a higher
abundance of available food, while at other times the amount of food will
be limited (Hartman 1957). In Chapter 6, I examine the seasonal and inter-
annual fluctuations in the abundance and relative proportion of the pico-
planktonic species composition available in the water column. For active
suspension-feeders, both food concentration and flow speed are likely to in-
fluence food availability (Leichter & Witman 1997; Ribes et al. 1999a);
furthermore, the availability of picoplanktonic organisms may vary tempor-
ally and spatially. The cell concentrations showed a consistent or homogen-
eous concentration of picoplanktonic cells in the ambient (inhalant) water
throughout the sampling period, though I did only sample at one time of
year within a single year. Consequently, in the sampling period, the cell (i.e.
food) concentration in the ambient water did not appear to account for dif-
ferences in the retention efficiencies observed. However, analysis of temporal
(i.e. seasonal) and possibly diel patterns of food capture may also play an
important role in the partitioning of resources, since the availability of pi-
coplanktonic organisms is expected to change at these scales (Porter 1976;
Yahel et al. 2003); this will be addressed and discussed in Chapter 6.
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3.4.4 Nutritional value of the particles retained

The variability in retention efficiency between sponge species might be a res-
ult of differences in the nutritional value of the picoplanktonic cell types and
the specific nutritional requirements of each sponge species. Previous studies
have suggested that the carbon requirements of temperate sponges can be
met by the utilisation of food in the size fraction < 1 − 5 µm (Stuart &
Klumpp 1984; Ribes et al. 1999b). For example, during periods of high bac-
terial numbers, free-living bacteria were found to provide 17% of the carbon
requirements in the temperate encrusting demosponge Haliclona anonyma
(Stuart & Klumpp 1984), and in a study of two temperate sponge species
prokaryotes comprised 74% of the total ingested carbon (Ribes et al. 1999a).
Accordingly, the three populations of picoplanktonic organisms identified in
this study are prokaryotes within the 0.8 − 1 µm size range, and are well-
known components of the natural diet of temperate demosponges (Pile et
al. 1996; Ribes et al. 1999a; Pile 2005); though Prochlorococcus were not
identified in a recent study of temperate sponges in Australia (Hanson et al.
2009). Sponge species in group I were less efficient at removing the smallest
and most abundant of the bacterial organisms (heterotrophic bacteria). In
contrast, species in group II efficiently removed up to 94% of the Prochloro-
coccus cells and up to 90% of heterotrophic bacteria, while Leucetta sp. had
low retention efficiency of heterotrophic bacteria (4%). The differences in
retention of the three cell types suggest that the study species prefer some
food particles over others. It remains to be examined if the fewer larger
cells (i.e., Prochlorococcus and Synechococcus) are able to provide the same
amount of energy required to meet the sponges’ metabolic demands as are
smaller, more abundant cells (heterotrophic bacteria), when retained with a
high efficiency.

The physiological condition of the sponges might also play a role in the
different retention efficiencies observed. Huysecom et al. (1988) suggested
that the nutritional status of a species may influence retention rates, while
Osinga et al. (2001) assumed that the differences in retention efficiencies for
a tropical sponge were caused by the physiological condition of the sponge.
As mentioned above, bacteria and other small particles in the water column
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are an important food resource for sponges, but sponges also support di-
verse symbiotic assemblages (Taylor et al. 2007). Hence, some retention
efficiency might reflect the degree of reliance on additional nutrition from
photosynthetic micro-symbionts versus exogenous food. There is currently
no information on the symbiotic associations of the sponge species studied
here. However, there are studies that have determined the presence of photo-
synthetic symbionts (cyanobacteria) in other temperate species of the genus
Dysidea sp. (Ribes et al. 1999a), Tethya sp. (Thiel et al. 2007) and Crella
sp. (Lemloh et al. 2009); and from one species of Leucetta sp. from the
Great Barrier Reef in Australia (Kehraus et al. 2002). The potential effects
of symbiotic bacteria on the nutrition of these different sponge species needs
to be elucidated to better understand their needs for exogenous food and
may provide further evidence to support niche partitioning in these species
based on food particle size preferences and nutritional demands.

Particle size is thought to play an important role in the partitioning of
food resources between co-existing suspension-feeders. This is supported
by my study, which suggests that the size of particles influences retention
efficiency and the preference of food particles when examining several co-
existing sponge species sharing the same habitat. The results presented here
indicate clear differences in resource use among the study species, suggesting
that some of the species examined may be more efficient at exploiting dif-
ferent components of the available food resource in their environment than
are others. I propose a number of possible factors that can help understand
these differences (e.g. particle size, ambient cell concentration, nutritional
value of the particles retained). However, it is still unclear which factor
has the greatest influence as different factors seem to influence the reten-
tion efficiency of each species. There has been much debate as to whether
greater resource extraction among diverse communities results from resource
partitioning, or rather from the greater likelihood of including particularly
efficient species at higher diversity levels (Northfield et al. 2010). Similarly, if
there is significant dietary differentiation between co-existing species, a more
detailed analysis is needed to clarify whether it is linked to strict partitioning
of distinct resources or to different relative consumption of shared resources
(Martin & Genner 2009). This study is the first to examine resource util-
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isation of sponges in situ within a temperate rocky reef where many species
co-exist with apparently similar resource requirements. In the present study
food-use relationships were examined, but did not evaluate competitive re-
lationships between the study species. However, the results presented here
provide a potential mechanism for explaining the high diversity of sponges
in a particular habitat where they are apparently sharing the same food re-
source, with different species focusing on different groups of picoplanktonic
organisms. This plasticity in trophic ecology may be one of the main factors
contributing to the worldwide success of sponges despite large spatial and
temporal variation in food sources (Ribes et al. 1999a).

To conclude, the findings from this study support the partitioning of food
resources between different co-existing sponge species, where some similarit-
ies were observed in the retention of cells among groups of species; however,
the seven study species had different feeding preferences. I propose that the
ability of different species to focus on different picoplanktonic organisms with
varying efficiencies represents differential particle size utilisation and selective
utilisation of resources, so allowing co-existence of different sponge species
in the same habitat. While the data presented here suggest that niche parti-
tioning can explain the varying efficiencies between species, it also suggests
that partitioning may not be essential for co-existence, as some species had
similar retention efficiencies implying an overlap in resource use.
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Chapter 4
Energy flow from the pelagic
environment to the benthos through
sponge assemblages

Abstract

Trophic interactions between organisms are important drivers of marine ecosystem dynam-
ics, particularly because they are the primary means by which solar energy is transferred
along food chains, from primary producers to top predators. Despite the importance of
trophic interactions, and the relationship between primary production and benthic di-
versity, there have been few studies that have quantified the energy flow from pelagic to
benthic environments at the assemblage level as a result of the activities of suspension-
feeding organisms. Seven of the most common sponge species from the Taputeranga marine
reserve, located on the south coast of Wellington, were selected for this study. A number
of characteristics of these sponges were analysed, including diet composition, feeding ef-
ficiency, pumping rates, and the number of food particles (prokaryotic cells) retained. I
used this information, combined with abundance estimates of the sponges and estimations
of the total amount of food available to sponges in a known volume of water (89,821 m3),
to estimate: (1) carbon fluxes, used as an indicator of the energy flux through sponges, as
a result of their suspension-feeding activities; and (2) the proportion of the available car-
bon that they consume. Most of the carbon gained by the sponges was from heterotrophic
bacterial cells (range of 1.9 to 95.6 g C d−1) with varying sponge percentage cover (from
0.5 to 5% cover), followed by Prochlorococcus (1.7 to 83.6 g C d−1) and then Synechococ-
cus (1.0 to 48.9 g C d−1), which corresponds with the rank order of abundance of each of
the picoplanktonic organisms in the surrounding water. Depending on sponge abundance
(estimates ranging from 0.5 to 5% cover), the amount of C that sponges consumed as a pro-
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portion of the total POC available was 0.2−12.1% for heterotrophic bacteria, 0.4−21.3%
for Prochlorococcus, and 0.3− 15.8% for Synechococcus. The flux of carbon for the whole
sponge assemblage, based on the consumption of prokaryotic picoplankton, ranged from
70 to 3,500 mg C m2 d−1. The results presented here show that sponge assemblages on
subtidal rocky reefs are capable of consuming a considerable proportion of the available
picoplankton, and are therefore responsible for the transfer of large amounts of carbon
from the water column to the benthos. This study is the first to estimate the contribu-
tion of a sponge assemblage (rather than focusing on individual sponge species) to carbon
flow in a temperate rocky reef through the sponges feeding activity and demonstrates the
importance of sponges to energy flow in rocky reef environments.

4.1 Introduction

In biological systems, many species interact through complex trophic net-
works where bottom-up and top-down controls continuously interact (e.g.
Menge et al. 1997; Menge 2000). In these networks or food webs, an or-
ganism might be directly transferring energy via only a few other species,
but these species are likely linked, both directly and indirectly, with numer-
ous other species (Szyrmer & Ulanowicz 1987). These linkages are the main
drivers of marine ecosystem dynamics, as they transfer and dissipate solar
energy from primary producers to top predators (Maury et al. 2007). The
trophic relationships between benthic and pelagic communities mainly de-
pend on the movement of primary production in surface waters to deeper
layers (Gili et al. 2006). In highly productive marine areas, the major biolo-
gical factors structuring benthic communities are recruitment and the flow of
organic matter from the pelagic domain to the benthos (Cattaneo-Vietti et
al. 1999). High water motion in coastal zones increases the flow of nutrients
between the pelagic and benthic environments making the study of benthic
trophodynamics (i.e. the flow of energy and particles) important for under-
standing the dynamics of coastal systems (Lopez et al. 2006). Furthermore,
benthic marine food webs are essential biological components of coastal eco-
systems because of their role in organic matter cycling and because they
provide a link between the water column, benthic organisms and sediments
(Herman et al. 1999).

Suspension-feeding is one of the most widespread feeding strategies among
benthic organisms including members of the Porifera, Cnidaria, Bryozoa,
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Brachiopoda, Annelida (Polychaeta), Mollusca (Bivalvia), Echinodermata,
Crustacea and Tunicata (Coma et al. 2001). Suspension-feeding inverteb-
rates play an important role in the flow of carbon through marine ecosystems
as they have the ability to control the cycling of nutrients, organic matter,
plankton and detritus (Stuart & Klumpp 1984; Gili & Coma 1998; Ribes
et al. 2005), and move carbon from the pelagic environment to the benthos
(and vice versa). Benthic-suspension feeders are considered among the most
efficient organisms at extracting and processing energy from marine ecosys-
tems (Gili & Coma 1998) and the trophic strategies of these organisms are
strongly related to the availability of carbon occurring in the water column
(Cattaneo-Vietti et al. 1999). Hence, studying the feeding ecology of these
organisms is important for understanding the dynamics of particles in the
water column and energy flow in marine ecosystems. Sponges are one of the
most important components of the suspension-feeding community in rocky
environments, as they are very abundant and are able to effectively exploit
pelagic food resources, thus providing coupling between primary production
and the benthos by converting planktonic carbon into sponge biomass (Pile
et al. 1997; Trussell et al. 2006). This carbon can then be used by higher
trophic levels through the consumption of sponge biomass by organisms such
as fish, sea stars (Loh & Pawlik 2009), turtles (Meylan 1988; Leon & Bjorn-
dal 2002), sea urchins (Ayling 1981; Wright et al. 1997) and opisthobranchs
(Becerro et al. 2003). Alternatively, sponges may act as a carbon sink, since
many species are long-lived and unpalatable to potential predators (Pile &
Young 2006; Peters et al. 2009).

Both photoautotrophic and heterotrophic picoplankton are important
components of global marine primary production (Partensky et al. 1999;
Ting et al. 2002) since they are major participants in global carbon cycles
(Ting et al. 2002). Photoautotrophic picoplankton (< 2 µm in size) are
single-celled free-living cyanobacteria in the water column dominated by two
genera; Prochlorococcus and Synechococcus (Waterbury et al. 1979; Chisholm
et al. 1992). These organisms occupy key positions at the base of marine
food webs, and their abundance and productivity potentially dictate the flow
of carbon through food webs (Scanlan 2001). The carbon sequestered as a
result of photosynthesis is moved to higher trophic levels via intermediate
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small grazers, such as flagellates (Guillou et al. 2001) and ciliates (Christaki
et al. 1999), which are most likely major consumers of Prochlorococcus and
Synechococcus; this represents a trophic link between picoplankton primary
producers and higher trophic levels (Christaki et al. 1999). Prochlorococcus
and Synechococcus cells are too small to be consumed directly by other com-
ponents of the plankton, such as small copepods and cladocerans. However,
they are a significant food resource for larger benthic suspension-feeding or-
ganisms such as bivalves, ascidians and sponges (Langdon & Newell 1990;
Gili & Coma 1998; Ribes et al. 2005; Yahel et al. 2005).

Previous research has demonstrated that sponges efficiently feed on Pro-
chlorococcus, Synechococcus and heterotrophic bacterial cells, and are capable
of moving large quantities of these organisms from the pelagic environment
to the benthos (Pile 1997; Ribes et al. 1999a). In addition, species-level
studies of plankton removal by sponges and their role in bottom-up effects
(Trussell et al. 2006; Hanson et al. 2009) have shown that sponges are signi-
ficant sinks for particulate organic material (POM) and for dissolved organic
carbon (DOC) (Yahel et al. 2003); and recently, a study has provided direct
evidence for the incorporation of dissolved organic matter (DOM) by sponges
(de Goeij et al. 2008). Previous studies have examined the natural diet of
temperate demosponges using different in situ techniques. However, these
have only been conducted on a small number of species (Ribes et al. 1999a;
Pile 2005; Yahel et al. 2005; Hanson et al. 2009) and the ecosystem-level
effects of sponge feeding have not yet been estimated.

Recent reviews on the functional roles that sponges play in marine sys-
tems (Wulff 2006; Bell 2008) have highlighted the ecological importance of
sponges, particularly in habitats where they occur in high densities. Despite
their potentially important interaction with the water column, many aspects
of sponge biology and ecology remain poorly described, and as a result our
knowledge of the energy transfer from pelagic to benthic habitats resulting
from feeding by sponge assemblages remains poor. This study determined
the ecological importance of a temperate sponge assemblage with respect to
its contribution to energy flow from the water column to the benthos, by
measuring rates of carbon consumption in the form of particulate matter
(food particles). This information was combined with data on the charac-
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teristics of the sponge species (diet composition, sponge abundance, feeding
efficiency, pumping rate and number of food particles removed), to estim-
ate the proportion of the available carbon in the water column of a defined
coastal region that was being consumed by the sponge assemblage.

4.2 Methods

4.2.1 Study site and in situ sampling

The study sites are located within the Taputeranga Marine Reserve on the
south coast of Wellington in New Zealand (see Chapter 2 for more details).
Seven of the most common and widespread sponge species from the area were
selected for this work: Dysidea sp., Haliclona sp., Plakina sp., Polymastia sp.,
Tethya bergquistae (Hooper, 1994), Leucetta sp., and Leucosolenia echinata
(Kirk, 1893)1. These species were chosen because they are very common in
the study area and have well defined exhalant oscula that reduce the risk of
sampling error, so facilitating in situ water sampling.

4.2.2 Collection of water samples

Seawater samples were collected in situ using SCUBA. Sampling was con-
ducted at high tide. Samples were collected between November 2008 and
January, February and March 2009. This sampling interval reflects the dif-
ficulty of sampling within this study area due to the very dynamic environ-
ment. The samples were randomly collected over this period to avoid any
potential bias as a result of the length of the sampling. Three specimens of
each species were randomly selected and fluorescein dye was released at the
base of each specimen to visually confirm that sponges were actively pump-
ing. Water samples were taken by using 5-ml sterile plastic syringes with
blunt-ended needles. The inhalant water of each specimen was sampled by
slowly drawing water at a distance of ∼ 3 cm from the sponge ostia, and
the exhalant water was sampled from the inside oscular aperture taking care
to avoid contact with the sponge. Each specimen was photographed in situ
next to a ruler to measure the height, width and length of each sponge, to

1 see species photos in Appendix A on page 155
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relate areal cover to sponge biomass. The number and diameter of all os-
cula per sponge specimen were recorded and measured with the ruler. After
collection, water samples were transferred into sterile 1.5 ml cryovials with
freshly prepared glutaraldehyde (0.1% final concentration), frozen in liquid
nitrogen and stored at −80 °C following the protocol described by Marie et
al. (1999a) for natural seawater samples, until the flow cytometric analysis
could be performed.

4.2.3 Flow cytometry and data analyses

In preparation for flow cytometric analysis, samples were thawed to room
temperature, then stained in the dark with the DNA-specific dye Hoechst
33342 (0.2 µg ml−1 final concentration) for bacterial identification. Seawa-
ter samples were analysed for quantification of heterotrophic bacterial and
cyanobacterial (Prochlorococcus and Synechococcus) cells using a BD LSR II
SORP (Special Order Research Product) cytometer equipped with five lasers
(see Chapter 2 for a detailed description of the flow cytometric method).

Data for natural samples are typically collected for 2 to 4 minutes with
a flow rate of 50 to 100 µl min−1 (Marie et al. 1999a). All samples were
run at a high flow rate (100 µl min−1) and the analysis time was recorded
to precisely determine the cell concentrations of each type of picoplankton.
The absolute cell concentrations for each population in a given sample were
calculated as follows:

Cpop = T ∗Npop

R ∗ (Vtotal/Vsample)
(4.1)

Where: Cpop is the concentration of picoplankton in cells µl−1; Npop is the
number of cells acquired; T is the acquisition time (min); R is the sample flow
rate in µl min−1; Vtotal is the volume (µl) of sample plus additives (fixatives,
dyes, beads, etc.); and Vsample is the volume of sample analysed on µl (Marie
et al. 1999a).
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4.2.4 Measurement of sponge pumping rates

Pumping rate estimations were performed during the sampling months through
dye-release experiments. Sponges were filmed in situ and sodium fluorescein
dye was released next to the sponge. The pumping activity of three speci-
mens of each species was first visualised and recorded by releasing dye at the
base of the specimen and observing the movement of the dye through the
sponge. A ruler was placed next to the sponge specimen and used as a scale
reference in the field of view of the camera. Subsequent frame-by-frame im-
age and video analyses were performed to estimate pumping velocity, where
only frames showing the vertical movement of the dye through 2 cm of water
immediately above the osculum were used to measure the distance travelled
by the dye-plume per unit time (Savarese et al. 1997). Volume flux or pump-
ing rate (Q), which is the volume of water exiting an osculum per unit time,
was calculated by multiplying the exhalant flow speed (v) expressed in cm
s-1, by the cross-sectional area of the osculum (A), using the equation:

Q = vA (4.2)

This calculation assumes plug flow which is most likely true for sponges (see
Savarese et al. 1997). Volume flow rate (the total volume of water processed
per unit time, s−1) was then estimated by multiplying the pumping rate (Q)
by the number of oscula per sponge, as the study species are all multi-oscular
sponges (Savarese et al. 1997).

4.2.5 Retention efficiency and number of cells filtered

Retention efficiency, expressed as the percentage of picoplanktonic cells re-
moved by three specimens of each species from inhalant water samples, was
calculated as Equation 2.1. Then the number of cells filtered was calculated
by multiplying: retention efficiency (no units), volume flow rate (ml s−1) and
ambient concentration of cells (cells ml−1), as described by Trussell et al.
(2006). All means are presented with standard deviations.
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4.2.6 Carbon flux estimations

Estimates of particulate organic carbon (POC) from the picoplanktonic or-
ganisms were obtained using the mean number of cells removed per ml−1,
as determined by flow cytometric analysis. This value was then converted
to mg of C for each type of picoplankton using the following standard cell
conversions from the literature: heterotrophic bacteria, 20 fg C cell−1 (Duck-
low et al. 1993); Prochlorococcus sp., 61 fg C cell−1 (Bertilsson et al. 2003);
Synechococcus spp., 178 fg C cell−1 (Charpy & Blanchot 1998). These conver-
sions were used because they were calculated for cells with mean diameters
that correspond to the cell diameters found during the present study (Pile
1997), which were visually confirmed using confocal microscopy. For each
sponge specimen, carbon acquired per second was calculated by multiplying
the number of cells retained (cells ml−1 s−1) by the quantity of carbon con-
tained in each type of cell (Trussell et al. 2006). The data are presented
in such a way that POC fluxes can be re-calculated if more accurate carbon
equivalents become available for the picoplanktonic organisms specific to the
study area.

4.2.7 Sponge abundance calculations

The calculations above provide estimates of the carbon consumed by indi-
vidual sponges per unit time; however the intention was also to calculate the
amount of POC consumed by a sponge assemblage. For this purpose, the
abundance of sponges, the volume of water in a known area (Taputeranga
Marine Reserve) and the amount of POC contained within the water (based
on the data from the ambient water), were estimated.

The Wellington south coast supports diverse sponge assemblages with up
to 500 sponges per m2 in some areas, covering over 50% of the substratum at
some sites (Berman & Bell 2010). At the study sites, sponge percentage cover
and sponge density have been previously estimated from 0.5 m2 photoquad-
rats (Berman & Bell 2010) for the most abundant species, including the study
species selected for this study. The results from these earlier surveys showed
that sponge coverage is highly variable; therefore, a range of values for sponge
percentage cover was used for all seven species combined. In order to account
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for the high variability in the study region and because it was not possible
to sample the entire reserve area, low, mid and high estimates (0.1, 0.5, 1,
1.5 and 5%) of sponge coverage were used based on the coverage calculated
for the study species living on vertical rock walls. The different values of
sponge coverage were used for subsequent calculations and all the character-
istics (diet composition, sponge abundance, feeding efficiency, pumping rate
and number of food particles removed) analysed from the seven study species
were used as a representation of the sponge assemblage for the given range
of sponge abundances. In order to integrate the information of the amount
of POC consumed by individual sponges to estimate the amount of POC
consumed by a sponge assemblage, calculations were made using the meas-
ured sponge areas of the study species and by assuming a uniform sponge
thickness of 1 cm (which is based on field observations of the species).

To estimate the volume of water in the reserve, I compiled information
on bathymetry and total rocky reef area from habitat maps of the study
region (Wright et al. 2006). I binned the area into several regions and then
calculated the total volume of water in m3 based on the average depth for the
region using the different depth ranges from the bathymetry maps. Similar
calculations were performed using the submarine rocky area to estimate the
total area of reef in the reserve expressed in km2. To estimate the percentage
of picoplanktonic POC removed by the sponges from the total available in the
water column, we assumed a homogeneous distribution of bacterioplankton
throughout the water column. In a coastal turbulent environment such as
the one studied here, there is likely to be enough mixing by wave action to
make the first 10 m or so homogenous. This has recently been confirmed by
ongoing studies at Victoria University of Wellington in the same area, where
chlorophyll records showed no variation between 0 − 10 m depth (César A.
Cárdenas personal communication).

4.2.8 Supporting calculations

Based on the calculated dimensions of the study area, and using the data
from all seawater samples collected, the ambient number of picoplanktonic
cells present in the volume of water in the study area at any one time was
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calculated as:
ambCell ∗ volSA

equ
(4.3)

Where ambCell is the ambient concentration of cells (cells ml−1), volSA

is the volume of water in the study area (m3) and equ is the equivalent of 1 ml
in m3 (0.000001). Accordingly, the number of cells that sponge assemblages
would be capable of removing on a daily basis in the study area (assuming
that sponges were actively pumping for 24 hours per day) was estimated
using a variation of the previous equation:

ambCell ∗%cov ∗ volSA

equ
(4.4)

Where %cov are the different values of sponge percentage cover (based on
estimates of abundance). The amount of POC acquired per day (obtained
from the carbon conversions) by the individual study species was included
to calculate the average amount of POC consumed for the different values of
sponge coverage in the study area per day according to the following equation:

CfilAr ∗%cov ∗ ArSA (4.5)

Where CfilAr is the POC filtered (mg C d−1) per unit area of sponge,
%cov is the sponge percentage cover (0.5 to 5%), and ArSA is the total rocky
reef area in the reserve (m2). To obtain the CfilAr, the carbon acquired d−1

per sponge (with three specimens for each species) and the area (cm2) of each
sponge specimen, were divided to obtain the POC consumed normalised per
unit area of sponge. Finally, since the ambient cell concentration (cells ml−1)
for the three picoplanktonic organisms detected is known, as is the amount
of carbon present in each type of cell (from the carbon conversions), it was
possible to calculate the amount of POC available in the study area as a result
of the three groups of picoplankton. Using this value, the proportion of the
total POC pool being consumed by the sponge assemblage in the reserve can
be estimated with the following equation:

C%cov ∗ 100
TC

(4.6)
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Where C% is the amount of prokaryotic POC consumed in the study
area for the different values of sponge percentage cover (0.5 to 5%) and TC
is the total amount of prokaryotic POC (g C d−1) available in the study area
estimated from the ambient concentrations of cells for all the study species.

4.2.9 Data analysis

4.2.9.1 Cell concentrations

For each sponge species, a Generalised Linear Model (GLM) was used to
conduct an analysis of deviance with a quasibinomial error distribution (to
correct for over- dispersion) and a log-link function to model inhalant cell
concentration against exhalant cell concentration, and type of picoplankton
(three levels: heterotrophic bacteria ‘HetBact’, Prochlorococcus ‘Prochlo’,
Synechococcus ‘Synecho’). Likelihood ratio tests were used to examine the
hypothesis that a significant interaction occurred between the inhalant and
exhalant current and picoplankton (in all cases P < 0.05). In the absence of
significant interactions, the interaction term was removed and I concentrated
on the main effects of inhalant-exhalant and picoplankton. To determine if
there were significant differences in the ambient concentration of the three
types of picoplankton present in the water column, a one-way analysis of vari-
ance (ANOVA) was performed. A post-hoc Tukey test was used to examine
pairwise comparisons and data were pooled for the final calculations.

4.2.9.2 Retention efficiency

A one-way analysis of variance (ANOVA) was used to model retention ef-
ficiency (percentage retained between inhalant and exhalant water) against
the type of picoplankton (three levels: HetBact, Prochlo, Synecho). The
percentage data (retention) were arcsine-square root transformed to meet
assumptions of normality and equal variance. The assumption of homogen-
eity of variance was examined using Bartlett’s test (P > 0.05 in all cases).
For the significant main effects (P < 0.05), a post-hoc Tukey test was used to
examine pairwise comparisons and data were pooled for the final calculations.
Statistical differences were determined at the 5% level and all statistical ana-
lyses were conducted by R ver. 2.10 (R Development 6 Core Team 2011).
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4.3 Results

4.3.1 Cell concentrations and retention efficiency

Three populations of picoplanktonic organisms were identified that sponges
removed from the ambient (inhalant) water: heterotrophic bacteria, Pro-
chlorococcus and Synechococcus-type cyanobacteria. Heterotrophic bacteria
were the most abundant picoplanktonic cells, followed by Prochlorococcus
and then Synechococcus. The average ambient cell concentration of hetero-
trophic bacteria was markedly higher (4.4× 105 ± 2.7× 105 cells ml−1) than
that of Prochlorococcus (7.2 × 104 ± 4.6 × 104 cells ml−1) (P < 0.001) and
Synechococcus (1.9 × 104 ± 1.5 × 104 cells ml−1) (P < 0.001). The range of
cell concentrations measured in the water surrounding the different species
are presented in Table 4.1. The GLM analysis of inhalant versus exhalant
cell concentration and types of picoplankton yielded significant differences
between the concentrations of cells found in the inhalant and exhalant cur-
rents for all of the study species, demonstrating the retention or removal
of food particles by the sponge species. In general, the concentration of
picoplanktonic organisms found in the ambient current of all the sponges
remained similar throughout the sampling period (Fig. 4.1). The one-way
ANOVA showed overall significant differences in the retention between Pro-
chlorococcus and heterotrophic bacteria (P < 0.001), and Synechococcus and
Prochlorococcus (P = 0.05). There was no significant difference in the re-
tention between Synechococcus and heterotrophic bacteria (NS, P = 0.1576)
by all the study species. The ranges of retention efficiency for the different
picoplanktonic particles and sponge species are presented in Table 4.2. The
large number of picoplanktonic cells that sponges can filter on a daily basis
in a known volume of water are summarised in Table 4.3.
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Figure 4.1: Plot showing inhalant versus exhalant cell concen-
trations and types of picoplankton (HetBact–heterotrophic bacteria,
Prochlo–Prochlorococcus, Synecho–Synechococcus) obtained from the GLM
analysis that yielded significant differences between the concentrations of
cells found in the inhalant and exhalant current from all the study species.
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Table 4.1: Ranges of ambient cell concentrations for the three types
of picoplankton measured in the water surrounding the different study
species. HetBact–Heterotrophic bacteria; Prochlo–Prochlorococcus; Syn-
echo–Synechococcus.

Species Number of cells in ambient water per ml−1

HetBact Prochlo Synecho

Dysidea 7× 105–8.3× 105 1× 105–1.2× 105 2.1× 104–2.8× 104

Haliclona 4.6× 105–5.7× 105 7.5× 104–8.4× 104 2.1× 104–2.3× 104

Leucetta 6× 104–1.6× 105 4.7× 104–5.3× 104 5.9× 103–7× 103

Leucosolenia 5× 104–6.6× 104 1.8× 104–2× 104 2.5× 103–2.7× 103

Plakina 3.4× 105–1× 106 8.6× 104–1.6× 105 1.7× 104–3.4× 104

Polymastia 5× 105–6.1× 105 5.8× 103–1.4× 104 6.5× 103–2.2× 104

Tethya 5.3× 105–6.3× 105 9.9× 104–1.5× 105 2.4× 104–6.8× 104

4.3.2 Pumping rate of the study species

All sponge species removed the three types of picoplankton found in the
ambient water with an overall removal efficiency of 40±14% for heterotrophic
bacteria, 72 ± 11% for Prochlorococcus, and 54 ± 18% for Synechococcus.
T. bergquistae had the highest flow rate of all the study species (111.4 ±
11.7 ml min−1), followed by Polymastia sp., with an average flow rate of
110.4 ± 36.5 ml min−1; the lowest flow rate measured was for L. echinata
(32.6±8.0 ml min−1). The retention efficiency, volume flow rate, and ambient
concentration of each cell type were used to calculate the number of cells
removed (ml min−1) by each species (Table 4.3). All these values were used
to estimate the amount of carbon acquired by the different sponge species
from the picoplanktonic organisms they retained.

4.3.3 Picoplankton biomass retained and carbon acquired by sponges

Using habitat maps, the subtidal rocky reef area (considered the habitable
substrate for sponges) within the study area was estimated to be 3.02 km2,
and the estimated volume of water in the area (calculated from bathymetry
data) was 89,821 m3 at high tide. Based on these figures and using the
data from Equation 4.1, the total number of picoplanktonic cells present
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Table 4.2: Ranges of retention efficiency for the three types of picoplank-
ton removed by the seven study species. HetBact–Heterotrophic bacteria;
Prochlo–Prochlorococcus; Synecho–Synechococcus.

Species Retention efficiency
HetBact Prochlo Synecho

Dysidea 9–42% 54–96% 36–73%
Haliclona 88–91% 93–95% 18–43%
Leucetta 3–5% 56–59% 41–49%
Leucosolenia 0–66% 37–67% 66–75%
Plakina 9–41% 59–89% 51–81%
Polymastia 13–50% 52–91% 7–89%
Tethya 67–85% 83–94% 31–82%

in the water column of the study area at any point in time was calculated
as; heterotrophic bacteria= 4 × 1016 ± 2.5 × 1016 cells m3, Prochlorococcus
= 6.4 × 1015 ± 4.1 × 1015 cells m3, and Synechococcus = 1.7 × 1015 ± 1.3 ×
1015cells m3. In a similar way, using Equation 4.2 the number of cells that
the sponge assemblage would be capable of removing on a daily basis in
the study area was estimated and the results are presented in Table 4.4.
Using equation 4.3, I was able to calculate the average amount of POC
consumed for the different values of sponge coverage in the study area per
day (Fig. 4.2). The results from these calculations showed that in terms
of carbon, heterotrophic bacteria were the primary carbon source for all
sponges followed by Prochloroccoccus and then Synechococcus. Finally, the
percentage of POC consumed by sponges from the total available prokaryotic
POC in the form of each picoplanktonic organism in the study area was
estimated using Equation 4.4. The results are presented in Table 4.5 for the
different estimates of sponge abundance. Assuming a low sponge cover (1%),
an assemblage would consume 0.2 % of the total available POC in the form of
heterotrophic bacteria, 0.4% of Prochlorococcus and 0.3 % of Synechococcus
per day. However, when assuming a high sponge cover (5%), an assemblage
would consume 12.1% of the total POC available in the form of heterotrophic
bacteria, 21.3 % of Prochlorococcus and 15.8 % of Synechococcus (Table 4.4)
per day in the study area.
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Table 4.4: Summary of the number of cells filtered (cells d−1) by sponge
assemblages from each type of picoplankton retained. Values were calculated
using a range of estimated abundances of sponge percentage cover in the
study area.

Sponge cover (%) Picoplankton (cells)
HetBact Prochlo Synecho

0.1 2.13× 1018 5.25× 1017 1.19× 1017

0.5 1.07× 1019 2.62× 1018 5.97× 1017

1.0 2.13× 1019 5.25× 1018 1.19× 1018

1.5 3.20× 1019 7.87× 1018 1.79× 1018

5.0 1.07× 1020 2.62× 1019 5.97× 1018

Figure 4.2: Carbon consumed by sponges (g C d−1) in the area of the
Taputeranga Marine Reserve from the three types of picoplanktonic organ-
isms they retain. The graph shows a range of values for sponge percentage
cover (0.1, 0.5, 1, 1.5 and 5%) measured at the site, as well as the percentage
of POC consumed from the available POC within the MR. The values of the
percentage of POC consumed by sponges from the total available in the MR
are the numbers next to the blue, green and orange dots.
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4.4 Discussion

In recent years, there has been an increasing interest in the role that benthic
suspension-feeders play in the flow of energy between the water column and
the benthos. However, most of these studies have focused on coral reefs (e.g.
Richter et al. 2001; de Goeij & van Duyl 2007) and polar systems (e.g.
Kowalke 1998; Gatti et al. 2002; Baird et al. 2004), with less attention given
to temperate regions (but see Gardner & Thompson 2001; Helson et al. 2007;
Pinkerton et al. 2008). Interestingly, fluxes in temperate and polar systems
have been estimated to be higher than in tropical systems most likely because
of higher productivity of the pelagic ecosystems in these regions (Pile et al.
1997; Pile & Young 2006). Since sponges are usually the dominant group
(with the exception of corals on reefs) across different habitats worldwide,
there have been a growing number of studies that have quantified the carbon
flow as a result of sponge feeding activities. Previous studies based on in
situ measurements of individual sponge species in temperate regions, have
estimated carbon fluxes of 29 mg C m2 d−1 in the sponge Mycale lingua
(Pile et al. 1996), and 3.5 mg C m2 d−1 in the sponge Callyspongia sp.
(Hanson et al. 2009) from prokaryotic organisms. This study is the first
to estimate the contribution of a sponge assemblage (rather than focusing
on individual sponge species) to the carbon flow in a temperate rocky reef
through the sponges’ in situ feeding activities. Although it is recognised that
there are more than just the seven species that were examined in the study
area, the study species selected are by far the most abundant and represent
> 80% of the available biomass. The results from this chapter show that the
C consumption by sponges based on prokaryotes ranged from 70 to 3,500
mg C m2 d−1 based on the minimum and maximum area estimates of 1%
and 5% of sponge cover, respectively. To place these values in context, a
study carried out in a shallow coastal region of the northern Wadden Sea by
Baird et al. (2007), estimated that the total phytoplankton consumption by
suspension-feeders was 387 mg C m2 d−1 (based on a total area of 270 km2).
In the present study, a much smaller area (3.02 km2) was considered and did
not take into account other suspension-feeders (e.g. ascidians or bryozoans)
that are present in the rocky reefs. Despite this, the values estimated in
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the study are higher than previous studies. Therefore, I suggest that sponge
assemblages have the potential to play a very important role in the transfer
of POC from the water column to the benthos in the temperate marine
ecosystem studied here, and potentially in other temperate sites.

4.4.1 Carbon flow through sponge assemblages in a defined study area

The results from this study indicate that sponge assemblages in the tem-
perate rocky reef studied feed more efficiently on smaller cells (heterotrophic
bacteria) than on bigger cells (Prochlorococcus and Synechococcus). Although
heterotrophic bacteria were not retained as efficiently as the larger types of
picoplankton (e.g. Prochlorococcus), their higher concentration in the water
column meant that they contributed more to total C uptake without reflect-
ing efficiency per se. Heterotrophic bacteria contributed the most to sponge
diet with a C uptake of 95.6 g C d−1, compared to the carbon uptake from
Prochlorococcus (83.6 g C d−1) and Synechococcus (48.9 g C d−1). Thus, it
seems that for the sponge assemblage studied here the relative importance of
different picoplanktonic organisms as a food source is determined foremost
by the concentration of these organisms in the surrounding water within
which sponges are living (Huysecom et al. 1988), and secondarily by their
ability to retain them. The findings from this study are in accordance with
previous studies where heterotrophic bacteria have been found to be one of
the primary sources of energy (in the form of particulate carbon) for sponges
(Ribes et al. 1999b; Trussell et al. 2006; Yahel et al. 2007). In the present
study a range of sponge abundance figures was used, since I know there are
high levels of variability in sponge abundance across the study area, there-
fore it is difficult to accurately estimate overall sponge abundance across the
study site. However, it is worth noting that in some areas of the reserve,
sponge cover can reach > 50%, so POC consumption could be much higher
at a local scale, potentially even causing localised depletion.

The cell concentrations of the different picoplanktonic populations in the
ambient water are similar to other studies that have investigated sponge
feeding in temperate regions (Pile et al. 1996; Ribes et al. 1999b; Pile
2005; Jiménez & Ribes 2007). Previous studies have confirmed temporal
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variation in pumping rates (Reiswig 1971b; Savarese et al. 1997), though
this appears to be species-dependent (Bell et al. 1999). This is supported
by the results presented here where different pumping rates were measured
for different sponge species. It is important to note that the assumption
of continuous pumping activity over a 24 hr period, is supported by recent
findings by Pfannkuchen et al. (2009) who detected permanent pumping
activity for several sponges in situ, using the method of tracer application
for the detection of active pumping in sponges, which does not disturb the
sponges and is free from experimental artefacts.

4.4.2 Sponges as trophic links in food webs

Carbon flows through food webs and can also be exchanged with the atmo-
sphere (Azam 1998). The driving force of the carbon cycle is the primary
production of organic matter by phytoplankton, which is essentially con-
trolled by light intensity and the availability of nutrients (Wollast 1998). In
marine food webs, bacteria are responsible for the recycling of nutrients to
primary producers through the so-called ‘microbial loop’ (Azam 1983), and
bacteria in the water column (picoplankton) can be utilised by various groups
of suspension-feeders, including sponges. In this regard, there are numerous
studies that have examined the importance of picoplankton as a food resource
for different species of suspension-feeding invertebrates (see Table 4.6). The
results from these studies show that these organisms can ‘sidestep’ the mi-
crobial loop by efficiently capturing picoplanktonic cells and directly utilising
the organisms at the base of the microbial food web as a primary food source
(Gili & Coma 1998). Examples of suspension-feeding organisms that have the
ability to filter such particles are presented in Table 4.6, and include sponges,
corals (Richter et al. 2001; Ribes et al. 2003), bivalves and ascidians (Ribes
et al. 2005). The results from this study confirmed the assumption that
sponge feeding represents a significant biomass link by coupling benthic and
pelagic habitats. Furthermore, the results suggest that the fluxes of carbon
provided from the micro-organisms they filter place sponges within an im-
portant functional group of organisms that link the pelagic microbial food
web to the benthos (Reiswig 1974, 1975; Duckworth et al. 2006).
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Table 4.6: Taxonomic groups of suspension-feeders and examples of studies
where different species have been shown to feed on picoplanktonic cells (0.2–2
µm in size).

Group Species Source
Sponges Spongia officinalis Topçu et al. 2010

Callyspongia sp. Hanson et al. 2009
Aphrocallistes vastus Yahel et al. 2007
Rhabdocalyptus dawsoni
Luffariella variabilis Pile 2005
Auletta constricta
Aplysilla sulphurea
Haliclona anonyma Stuart & Klump 1984

Ascidians Phallusia julinea Pile 2005
Halocynthia sp.
Didemnum sp.
Polycarpa pedunculata
Trididemnum solidum Bak et al. 1998
Ciona intestinalis Petersen & Riisgård 1992
Various species Jørgensen et al. 1984
Pyura stolonifera Stuart & Klump 1984

Ciliates Strombidium sulcatum Christaki et al. 1998
Uronema sp.

Bivalves Mercenaria mercenaria Kach & Ward 2008
Crassostrea virginica
Argopecten irradians

Mussels Mytilus edulis Kach & Ward 2008
Bathymodiolus childressi Pile & Young 1999
Aulacomya ater Stuart & Klump 1984
Choromytilus meridionalis
Perna perna

Corals Corallium rubrum Picciano & Ferrier-Pages 2007
Stylophora pistillata Houlbeque et al. 2004
Galaxea fascicularis
Tubastrea aurea
Madracis mirabilis Bak et al. 1998

Polychaete Ditrupa arietina Sponges
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In this study, the combined characteristics of the seven sponge species
analysed were extrapolated to a defined study area, and the estimated volume
of water (89,821 m3), as well as the rocky reef area (3.02 km2), allowed us
to calculate the proportion of the available picoplanktonic C that sponge as-
semblages consume in this area. Because sponges are found worldwide and in
high abundances in most hard substratum habitats, these organisms must be
included in all energy flow models or food-web networks. This is important,
since in some of these models, suspension-feeders provide an essential path-
way for energy flow (see Whipple 1999; Baird et al. 2004). The construction
of such food-web models gives quantitative information on the species and
communities involved in marine systems, as well as their rates of consumption
and production, dietary composition, and the flow of energy and materials
between the system components (Baird et al. 2004). These models can then
be incorporated in conservation, restoration, and management programmes.
The data obtained from this study including biomass consumption (mg C
m−2), diet composition, carbon flow, and the feeding ecology of sponges,
could be incorporated in these models in the future. This information will
be important for future studies examining the ecological functioning of mar-
ine ecosystems, since understanding how changes in primary production or
temperature impact ecosystems requires reliable models based on realistic
representations of energy fluxes through ecosystems (Maury et al. 2007).

Since sponges play an important role in the balance and dynamics of car-
bon and nutrients in the water column (Díaz & Rutzler 2001), the results
from this study represent an important step in developing a better under-
standing of the ecology of sponge-dominated assemblages on subtidal rocky
reefs. Furthermore, this study shows that sponge assemblages are important
components in temperate rocky habitats and that they play a key role in the
transfer of energy from the water column to the benthos. This is particu-
larly relevant since sponge feeding within the microbial loop could represent
a significant biomass link with sponges being a sink for picoplankton (het-
erotrophic bacteria, Prochlorococcus and Synechococcus), and the linkages
between sponges and the water column may have important implications for
determining overall community structure (Menge et al. 1999). I also suggest
that the effective use and substantial consumption of the picoplankton by
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sponges might help to explain their ecological success and their capacity to
reach high biomass in many marine systems.

In conclusion, this is the first study to estimate the contribution of a
sponge assemblage (rather than focusing on individual sponge species) to
the particulate carbon flow in a temperate rocky reef through the sponges
feeding activity and it is the first such study for a temperate rocky subtidal
community. In this study I demonstrated the clear importance of sponges
in linking pelagic and benthic habitats. It remains to be elucidated if nutri-
ent fluctuations and the abundance of picoplanktonic organisms present in
the water column change over time (i.e. seasonally). These issues will be
investigated and discussed in the following chapters (Chapter 5 and 6).
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Chapter 5
Utilisation of nutrients by sponge
assemblages

Abstract

In this chapter, the nutrient fluxes of several sponge species were investigated in order
to estimate the amount of nutrients that sponges remove from the water column (or
release into it) at the assemblage level, as well as to increase our understanding of the
availability and utilisation of nutrients over time. For the nutrient analysis (nitrate, nitrite,
ammonium, phosphate and silicate), water samples were collected in situ from the ambient
and exhalant current of several sponge species following the sampling methods used to
measure the removal of food particles (see Chapter 2). A general pattern of uptake/release
of a particular nutrient could not be detected across all sponges. The results yielded
significant differences in nutrient concentrations between the inhalant-exhalant current
of the water filtered by some of the species, but there was no consistent pattern. Only
one of species, Haliclona venustina, exhibited ammonia excretion throughout the 2-yr
period. In addition, there was no clear pattern associated with time of year and the
nutrient levels measured in the water column. Nutrient concentrations in the water column
varied spatially and temporally, suggesting high levels of temporal and spatial variation
in nutrient availability. The significant assimilation and excretion of nitrate and nitrite
by some of the study species may indicate microbial activity inside the sponges. If the
assumption is that the sponge species studied here harbour associated symbionts, then it is
possible that these temperate sponges could act as nitrifiers as sponges do in other tropical
and temperate systems and that they contribute to nutrient recycling in the temperate
subtidal rocky reef studied. As a result of sponge feeding and metabolism of particles,
sponges excrete dissolved inorganic and organic waste back into the water column, and
thus are major contributors to the cycling of essential elements.

84



Introduction

5.1 Introduction

Nitrogen has been intensively studied due to its role as a limiting nutrient in
the marine environment (e.g. Zehr & Ward 2002; Zehr & Kudela 2011); it in-
fluences the trophic biology and ecology of marine organisms and ultimately
their ecological distribution and abundance (Fiore et al. 2010). Nitrogen
can potentially be taken up as dissolved inorganic nitrogen (DIN), dissolved
organic nitrogen (DON) and particulate organic nitrogen (PON) (Davy et
al. 2002). In seawater, there are three main forms of dissolved inorganic
nitrogen (DIN): nitrate (NO−

3 ), nitrite (NO−
2 ) and ammonium (NH+

4 ). The
level of dissolved inorganic nitrogen (DIN) in marine environments mainly
depends on biological processes that constitute sinks and sources for these
nutrients (Valiela 1984). Nitrate is the most important form of DIN in the
oceans, and both ammonium and nitrate are generally considered to be the
most important sources of regenerated and newly produced nitrogen for bio-
logical processes (Karl 2002; Suratman et al. 2008). Ammonium is often
the most abundant form of inorganic nitrogen found in surface water lay-
ers following a period of productivity when the phytoplankton blooms have
removed most of the nitrate and phosphate (Dugdale 1967). Soluble and
particulate organic nitrogen compounds resulting from decaying organisms,
together with nitrogen excreted by plants and animals, are rapidly broken
down to ammonia (NH3) by different types of bacteria, and ammonia is also
excreted directly by animals together with urea and peptides (Grasshoff et
al. 1999). Understanding ammonium consumption (e.g. by phytoplankton
and nitrifying bacteria) and its generation by major food web components is
very important, since estimates of the flux of ammonium through food webs
from the biomass and metabolic activities of bacteria, phytoplankton, and
zooplankton suggests that heterotrophic micro-organisms are responsible for
most of the ammonium that is regenerated and assimilated by phytoplankton
(Koike et al. 1986). Nitrification is the process of ammonium transformation
to nitrite and subsequently to nitrate (Schlappy et al. 2010).

Nitrification mediated by sponges has been investigated in tropical (Díaz
& Ward 997; Weisz et al. 2007) and temperate systems (Jiménez & Ribes
2007). In a coastal temperate system, sponges were found to nitrify at higher

85



Introduction

rates than planktonic communities in productive waters, suggesting that
sponges may be using alternative sources of nitrogen such as DON, and/or
consuming associated bacteria (Jiménez & Ribes 2007). Sponges have also
been found to assimilate and release DON and PON, as well as DIN in the
form of ammonia, nitrite and nitrate (Corredor et al. 1988; Díaz & Ward
1997; Pile 1997; Bayer et al. 2008). On a coral reef in Australia, Davy et al.
(2002) calculated the nitrogen flux between the sponge Haliclona cymiformis
and its symbiotic rhodophyte partner by measuring ammonium uptake and
excretion. They determined that the sponge-algal symbiosis can remove inor-
ganic nitrogen from the surrounding water as ammonium and nitrate (most
likely as a result of algal assimilation), and that the sponge releases waste
ammonium that may potentially provide all of the nitrogen required by its
rhodophyte partner. These studies present plausible data that nutrients are
linked to all ecological processes and can interact with the benthos and the
water column (Valiela 1984).

Phosphorus (P) is an essential nutrient utilised by all organisms for en-
ergy transport and growth (Benitez-Nelson 2000), and it enters the oceans
predominantly through rivers (Benitez-Nelson 2000). In the ocean, total dis-
solved phosphorus is partitioned between a dissolved inorganic phosphorus
pool (also referred to as soluble reactive phosphorus or phosphate, PO3−

4 ),
and a dissolved organic phosphorus pool (DOP) (Orrett et al. 1987). Dis-
solved nitrate and phosphate are important for ocean productivity; both
nutrients become exhausted in the surface layers of the oceans through up-
take by phytoplankton, and are vertically transported by upwelling or mix-
ing processes (Dugdale 1967; Michaels et al. 1996; Tyrrell 1999). Silicate,
a dissolved form of silicon (Si), is a major ocean nutrient and constitutes
a fundamental nutrient for diatoms, silicoflagellates, radiolarians and many
sponges (De la Rocha et al. 2000; Maldonado et al. 2005). These organisms
are silicon biomineralisers that polymerise silica to build skeletons of biogenic
silica (BSi) (De la Rocha et al. 2000; Maldonado et al. 2005). Recent studies
have provided data suggesting that siliceous sponges play an important role
in Si-cycling in diverse marine environments, with substantial contributions
to the processes of BSi production and dissolution (Maldonado et al. 2005;
Maldonado et al. 2010). While the evidence from these studies suggests that
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the effects of silicate retention by sponges at the global-scale may be more
important than previously thought, a numerical amount cannot be provided
because of insufficient knowledge of global patterns of sponge BSi content
and biomass distribution in the oceans (Maldonado et al. 2005).

The importance of suspension-feeders in marine ecosystems, and in par-
ticular the role they play through their filtering activities in controlling and
maintaining water quality in aquatic systems is described in more detail
in Chapter 4. Recent studies have demonstrated that sponges with large
amounts of sponge-associated bacteria can utilise dissolved organic matter
(DOM), but that in these cases this ‘food source’ supplies the majority of
the carbon and energy needs of the sponge (Yahel et al. 2003; de Goeij et al.
2008). As also described in earlier chapters, sponges feed on suspended micro-
organisms such as heterotrophic and photosynthetic bacteria that constitute
the 2–5 µm size fraction of the planktonic population. These picoplanktonic
organisms are involved in the transformation and processing of dissolved in-
organic nutrients before they become available to other marine organisms
(Azam & Hodson 1977; Partensky et al. 1999). As a result of sponge feeding
and metabolism of particles, sponges excrete dissolved inorganic and organic
waste back into the water column, and thus are major contributors to the
cycling of essential elements (Dame & Olenin 2005). These studies present
plausible data that nutrients are linked to all ecological processes and can
interact with the benthos and the water column (Valiela 1984).

Marine organisms utilise/need major nutrients such as phosphate, nitrate,
ammonium and silicate for metabolic functions. In sponges, nutrients are ac-
quired by phagocytosis of bacteria that are removed from the water column
(Hentschel et al. 2002). The large biomass of sponges, their high filtration
rates, and their associations with micro and macro-organisms, strongly sug-
gest that they have an important role in the balance and dynamics of carbon
and nutrients, and links between the water column and benthos (Díaz &
Rutzler 2001). Due to the suspension-feeding activities of sponges, a cer-
tain number of transient bacteria are trapped within the vascular system,
or stay attached to the sponge surface (Friedrich et al. 2001). Hence, in
addition to a passing seawater microbial population serving as a food source
(Hentschel et al. 2002); sponges harbour a great diversity of bacteria in their
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tissues which can comprise as much as 40% of their biomass (Vacelet 1975;
Vacelet & Donadey 1977). Various micro-organisms have evolved to reside
in sponges, forming sponge–microbe associations. These micro-organisms
include cyanobacteria, a diverse range of heterotrophic bacteria, facultative
anaerobes and unicellular algae (Hentschel et al. 2002; Taylor et al. 2007;
Mohamed et al. 2008). Sponge-associated prokaryotes are thought to medi-
ate dissolved organic carbon (DOC) and to be capable of utilizing dissolved
organic matter (DOM) from ambient water (Ribes et al. 1999a). Some stud-
ies have suggested that the symbiotic organisms can be a source of energy to
sponges (Reiswig 1971b, 1975) and that they can contribute to the sponge’
health and nutrition (Mohamed et al. 2010). Indeed, several lines of evid-
ence indicate that some sponges obtain a significant portion of their nutrients
from the bacterial symbionts (Wang 2006).

In this chapter, five nutrient fluxes were measured: nitrate (NO−
3 ), nitrite

(NO−
2 ), ammonium (NH+

4 ), phosphate (PO3−
4 ) and silicate (SiO2). These nu-

trients were measured because they constitute important sinks and sources in
the marine environment and because sponges are involved in the transforma-
tion and cycling process of dissolved inorganic nutrients before they become
available to other marine organisms as mentioned above. Three main ques-
tions were addressed related to the utilisation of inorganic nutrients by 10
sponge species: (1) Do nutrient concentrations in the water column change
over time? (2) Are there differences in the ambient nutrient concentration
compared with the exhalant water for different sponge species? and (3) Does
the flux identified in (2) show temporal variation for the different sponge
species? The purpose of analysing water samples both in a single season
multi-species survey and over time for three other species, was to provide in
situ estimates of the utilisation of nutrients from a diversity of species (on a
short-term basis including the species from the multi-species survey), and to
investigate if there are differences in the use/production of nutrients over a
2-yr period.
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5.2 Methods

5.2.1 Study site and species description

Nutrient fluxes of sponge assemblages were examined at two sites located
within the Taputeranga Marine Reserve on the south coast of Wellington,
New Zealand. The study area was described in previous chapters emphas-
ising the high abundance and diversity of sponges that are found living in
the rocky subtidal ecosystems that characterise this coast. For the present
study, seven sponge species were used to examine the amount of nutrients
removed by sponges from the water column at the assemblage level (i.e. a
multi-species survey). These species were Dysidea sp., Haliclona sp., Plakina
sp., Polymastia sp., Tethya bergquistae, Leucetta sp., and Leucosolenia echin-
ata. In addition, three common and conspicuous demosponges were selected
for a seasonal study (Haliclona venustina, Strongylacidon sp., and Crella in-
crustans). All the species were chosen because they are very common in the
study area and their well defined exhalant oscula reduced the risk of sampling
error and made sampling in situ easier.

The seasonal study species Haliclona venustina is often found on vertical
rock walls on the sides of channels, and boulders; it is yellow coloured, has
big well defined oscula (∼ 4 − 5 mm diameter), and it can be seen with
finger-like outgrowths rising from the basal mass. Crella incrustans is a very
conspicuous encrusting species found on boulders, rock walls, and crevices;
it has a bright orange-red colour and a smooth surface with raised and well
defined oscula (∼ 4− 5 mm diameter). Strogylacidon sp. is commonly found
on boulders and rock walls; it has well defined oscula (∼ 3−4 mm diameter)
and a smooth surface, with a blue-grey colour (Berman et al. 2008) (see
species photos in Appendix A).

5.2.2 Sampling

Two separate sets of seawater samples were collected: samples for a multi-
species survey and samples collected at three different times per year (winter,
spring, and autumn) over a 2-yr period (2009 and 2010). Both surveys were
collected across the two sites. It was not possible to collect samples during
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winter time in the second year due to bad weather conditions, and a few
methodological problems were encountered with some samples during collec-
tion and during the nutrient analysis; hence no summer data were available.
The multi-species survey was carried out during the high tide of the sampling
days in: November 2008, January, February and March 2009 and included
the seven sponge species listed above. All samples were collected in situ us-
ing SCUBA from specimens found at 7 to 10 meters depth. Ambient and
exhalant water samples were collected from three specimens of all the study
species following the same sampling method described for the flow cytometry
samples (see Chapter 2); the only difference here was that 10-ml sterile plastic
syringes with blunt-ended needles were used. Sample collection consisted of
water being slowly drawn from the inhalant current at a distance of ∼ 3 cm
from the sponge ostia, and then from the exhalant water inside the oscular
aperture; care was taken to avoid contact with sponge tissue. Immediately
after collection, water samples were transferred to 15-ml sterile polypropyl-
ene test tubes, kept in the dark, transported on ice and frozen (−20 °C) in
an upright position until analysis.

5.2.3 Nutrient analysis

On the day of analysis, samples were thawed at room temperature, with the
exception of those for silicate analysis that were kept in the dark at 4 °C
for 24 hr prior to analysis. This was because dissolved silicate is reported
to polymerise or crystallise during the freezing process; samples have to be
given sufficient time for depolymerisation to occur (Kirkwood 1994). All
glassware used for the analyses was washed with a phosphate-free detergent
and acid rinsed (10% diluted HCl). The precision of each analysis depends
on measuring the exact weight of chemical/reagent to make up the working
solutions, so considerable care was taken during this process. The working
stock solution, as well as the working standards, were prepared fresh daily.
The determination of ammonium is very sensitive to traces of this nutri-
ent in the laboratory so all the samples were covered with parafilm during
the analysis. All samples were measured for inorganic nutrient content with
a SANplus Segmented Flow Analyser following SKALAR methods (Skalar,
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Breda, The Netherlands). Unfortunately, the seasonal samples collected for
silicate analysis could not be measured due to serious problems with the silic-
ate analysis resulting in an unresolved technical failure of the machine. An
increase or decrease in the exhalant concentration of nutrients (compared to
the ambient concentration) was interpreted as the uptake or excretion/release
or uptake/use, respectively of that particular nutrient by a sponge.

5.2.4 Data analysis

For each of the seven sponge species from the multi-species survey, a paired
t-test was used to evaluate differences between inhalant and exhalant water
nutrient levels (data met assumptions of normality and equal variance). This
was done separately for the five different nutrients (NO−

2 , NO−
3 , NH+

4 , PO3−
4 ,

SiO2), where nutrient concentrations were expressed in µM. The Shapiro-
Wilk test was used to examine the assumption of normality. To analyse the
samples collected over the 2-yr period, a paired t-test was conducted where
each sponge species was analysed separately for each nutrient per season.
Statistical differences were determined at the 5% level and all statistical
analyses were conducted by R ver. 2.10 (R Development 6 Core Team 2011).

5.3 Results

5.3.1 Changes in nutrient fluxes in the water column over time

The levels of dissolved inorganic nutrients in the ambient water that was
collected from around the sponges varied greatly between samples and over
time during the 2-yr study period. Nitrate concentrations ranged from 0.39
to 1.81 µM (spring and winter of the first year, respectively). Nitrite generally
showed very low levels over the study period (range from 0.05 to 0.46 µM); the
highest levels of nitrite measured from the ambient water were from spring
of the first year (0.64±0.48 µM). Ammonium levels ranged from 2.08 to 9.50
µM (spring of the first year and autumn of the second year, respectively).
Phosphate concentrations remained low during the study period, ranging
from 0.25 to 0.34 µM, except in autumn of the second year when the levels of
this nutrient were very high (9.02 µM). Looking at the results in more detail,
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Figure 5.1: Seasonal variation in the ambient nutrient levels (µM) over the
2-yr study period.

the highest concentration of nitrate measured from the ambient water was in
winter of the first year (2.07±0.23 µM), and the highest levels of ammonium
and phosphate from the ambient water were detected during autumn of the
second year (10.56±1.34; 10.47±0.79 µM, respectively). The average nutrient
concentrations across the 2-year study period in the ambient seawater were:
1.16 µM of nitrate, 0.17 µM of nitrite, 6.03 µM of ammonium and 2.06 µM
of phosphate (Fig. 1).

5.3.2 Nutrient fluxes for the multi-species survey

The results from the multi-species survey yielded significant differences in
nutrient levels between the ambient and exhalant water for some, though
not all, of the species (Table 1). These differences were detected in the
ammonium levels of Leucetta sp., which showed an increase of this nutrient
in its exhalant water, along with Plakina sp. and Haliclona sp. In addition,
the nitrate levels from the ambient water around T. bergquistae decreased.
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The phosphate levels were higher in the exhalant water from Haliclona sp.,
and Plakina sp. (Table 1). There were no further significant differences.

Table 5.1: Fluxes of nitrate (NO−
3 ), nitrite (NO−

2 ), ammonium (NH+
4 ), phos-

phate (PO3−
4 ) and silicate (SiO2) from the inhalant and exhalant current of

the sponge species. Nutrient levels are expressed in µM and data presented
are averages (n = 3, ± StdDev). Results from the one-way analysis of vari-
ance are also shown for the interaction between sponge species and nutrients.
Significance at the 5% level

Species Inh Exh Statistic / ANOVA

NO−
3

T. bergquistae 1.27± 0.05 0.48± 0.02 F1,4 = 960.05; P < 0.001
Haliclona sp. 0.59± 0.05 0.55± 0.07 F1,4 = 0.95; P = 0.38
Plakina sp. 0.64± 0.10 0.66± 0.04 F1,4 = 0.11; P = 0.76
Dysidea sp. 0.65± 0.08 0.69± 0.05 F1,4 = 0.37; P = 0.57
Polymastia sp. 1.30± 0.05 1.32± 0.11 F1,4 = 0.04; P = 0.84
L. echinata 0.41± 0.05 0.39± 0.01 F1,4 = 0.17; P = 0.69
Leucetta sp. 0.42± 0.01 0.43± 0.03 F1,4 = 0.14; P = 0.72

NO−
2

T. bergquistae 0.09± 0.00 0.13± 0.02 F1,4 = 12.32; P < 0.01
Haliclona sp. 0.07± 0.01 0.08± 0.01 F1,4 = 1.86; P = 0.24
Plakina sp. 0.03± 0.01 0.02± 0.02 F1,4 = 0.03; P = 0.87
Dysidea sp. 0.02± 0.00 0.03± 0.02 F1,4 = 0.08; P = 0.78
Polymastia sp. 0.07± 0.01 0.12± 0.06 F1,4 = 2.44; P = 0.19
L. echinata 0.01± 0.00 0.01± 0.00 F1,4 = 2.92; P = 0.16
Leucetta sp. 0.01± 0.00 0.02± 0.01 F1,4 = 0.37; P = 0.57

NH+
4

T. bergquistae 7.33± 1.76 9.77± 1.72 F1,4 = 2.97; P = 0.16
Haliclona sp. 6.78± 0.72 15.99± 2.77 F1,4 = 31.17; P < 0.001
Plakina sp. 5.95± 0.34 8.76± 0.84 F1,4 = 28.51; P < 0.001
Dysidea sp. 6.05± 0.41 8.44± 2.01 F1,4 = 4.09; P = 0.11
Polymastia sp. 5.73± 0.93 6.01± 1.25 F1,4 = 0.09; P = 0.77

continued on next page...
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Species Inh Exh Statistic / ANOVA

L. echinata 6.96± 0.42 6.8± 0.68 F1,4 = 0.11; P = 0.75
Leucetta sp. 6.06± 0.78 8.15± 0.88 F1,4 = 9.56; P < 0.01

PO3−
4

T. bergquistae 0.44± 0.01 0.45± 0.02 F1,4 = 0.34; P = 0.59
Haliclona sp. 0.05± 0.02 1.86± 0.58 F1,4 = 29.35;P < 0.001
Plakina sp. 0.37± 0.05 0.39± 0.07 F1,4 = 0.21; P = 0.67
Dysidea sp. 0.37± 0.00 0.4± 0.05 F1,4 = 1.49; P = 0.29
Polymastia sp. 0.82± 0.10 0.78± 0.04 F1,4 = 0.27; P = 0.63
L. echinata 0.56± 0.03 0.58± 0.01 F1,4 = 0.87; P = 0.40
Leucetta sp. 0.58± 0.01 0.57± 0.01 F1,4 = 4.58; P = 0.09

SiO2

T. bergquistae 0.96± 0.02 0.92± 0.05 F1,4 = 1.38; P = 0.30
Haliclona sp. 1.36± 0.01 0.32± 0.11 F1,4 = 39.8; P < 0.001
Plakina sp. 1.32± 0.02 1.18± 0.01 F1,4 = 142; P < 0.001
Dysidea sp. 0.96± 0.03 0.96± 0.01 F1,4 = 2e-04; P = 0.99
Polymastia sp. 0.93± 0.01 0.92± 0.01 F1,4 = 2.98; P = 0.16
L. echinata 0.70± 0.01 0.65± 0.03 F1,4 = 8.00; P < 0.01
Leucetta sp. 0.64± 0.00 0.61± 0.02 F1,4 = 9.46; P < 0.01

5.3.3 Changes in nutrient fluxes over time

The utilisation of nutrients by sponges varied with time of year. For C.
incrustans, the paired t-test indicated significantly higher nitrite levels in
exhalant waters in winter, but lower exhalant levels in spring and autumn of
the second year. Also, a significantly higher level of ammonium was detected
in the exhalant water compared to ambient water in the spring of the first
year. Finally, the analysis for this species showed significantly higher phos-
phate levels in the exhalant water in spring of the first year and significantly
lower exhalant levels in spring of the second year (Fig. 2, Table 2). For H.
venustina, the paired t-test indicated significantly higher exhalant levels of

94



Results
Changes in nutrient fluxes over time

nitrate in autumn of the first year and significantly lower exhalant nitrite
levels in spring and autumn of the second year. For this species significantly
higher exhalant ammonium levels were observed in spring and autumn of
the first year. The analysis also showed significantly higher exhalant phos-
phate levels in spring and autumn of the first year (Fig. 3, Table 3). For
Strongylacidon sp., the paired t-test indicated significantly higher exhalant
levels of nitrate in spring and autumn of the first year. This species also
exhibited significantly lower exhalant nitrite levels in spring of the second
year and during autumn of both years. Significantly lower exhalant levels of
ammonium were detected in winter and significantly higher exhalant levels of
ammonium were detected in spring and autumn of the first year. Finally, the
analysis for Strongylacidon sp. showed significantly lower phosphate levels
during winter and significantly higher levels in spring of the second year and
autumn of the first year (Fig. 5, Table 4). No other significant differences
were observed between ambient and exhalant nutrient levels.
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Figure 5.2: Dissolved nutrient concentrations (µM) from ambient (inhalant)
and exhalant water samples taken from Crella incrustans showing increase
or decrease (n = 3, ± StdDev) of each nutrient over time.
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Table 5.2: Paired t test showing differences between inhalant and exhalant
water nutrient levels (µM) for each season and each of the inorganic nutri-
ents studied for Crella incrustans. Data presented are averages (± StdDev).
Significance at the 5% level, df = 2

Crella incrustans

Nutrient Season Inh Exh t P

NO−
3

Win2008 2.07 ± 0.23 1.51 ± 0.67 1.11 0.38

Spr2008 0.39 ± 0.05 0.80 ± 0.30 −2.42 0.13

Spr2009 1.20 ± 0.45 1.28 ± 0.38 −1.94 0.19

Aut2009 1.52 ± 0.04 1.50 ± 0.06 1.32 0.31

Aut2010 1.72 ± 0.45 2.22 ± 1.71 −0.68 0.56

NO−
2

Win2008 0.04 ± 0.01 0.08 ± 0.02 −7.00 < 0.05

Spr2008 0.54 ± 0.76 0.07 ± 0.04 1.03 0.40

Spr2009 0.10 ± 0.01 0.09 ± 0.02 4.58 < 0.05

Aut2009 0.09 ± 0.01 0.09 ± 0.00 5.23 < 0.05

Aut2010 0.11 ± 0.00 0.11 ± 0.01 −0.19 0.86

NH+
4

Win2008 3.49 ± 0.23 2.18 ± 0.40 3.58 0.06

Spr2008 2.11 ± 0.32 4.36 ± 0.42 −11.94 < 0.01

Spr2009 7.58 ± 0.76 8.84 ± 0.63 −2.59 0.12

Aut2009 7.58 ± 0.76 8.94 ± 0.43 −3.81 0.06

Aut2010 9.24 ± 1.08 9.94 ± 2.69 −0.52 0.64

PO3−
4

Win2008 0.34 ± 0.01 0.31 ± 0.04 1.06 0.39

Spr2008 0.27 ±0.02 0.69 ± 0.01 −22.03 < 0.01

Spr2009 0.33 ± 0.04 0.17 ± 0.03 4.62 < 0.05

Aut2009 0.33 ± 0.04 0.36 ± 0.19 −0.30 0.78

Aut2010 8.34 ± 0.03 7.32 ± 2.43 0.71 0.54
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Figure 5.3: Dissolved nutrient concentrations (µM) from ambient (inhalant)
and exhalant water samples taken from Haliclona venustina showing increase
or decrease (n= 3, ± StdDev) of each nutrient over time.
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Table 5.3: Paired t test showing differences between inhalant and exhalant
water nutrient levels (µM) for each season and each of the inorganic nutrients
studied for Haliclona venustina. Data presented are averages (± StdDev).
Significance at the 5% level, df = 2

Haliclona venustina

Nutrient Season Inh Exh t P

NO−
3

Win2008 1.68 ± 0.20 1.39 ± 0.85 0.51 0.65

Spr2008 0.42 ± 0.03 2.42 ± 1.94 −1.75 0.22

Spr2009 1.02 ± 0.17 1.20 ± 0.24 −2.01 0.18

Aut2009 1.45 ± 0.07 1.67 ± 0.08 −4.92 < 0.05

Aut2010 0.90 ± 0.14 1.09 ± 0.28 −2.43 0.13

NO−
2

Win2008 0.04 ± 0.03 0.05 ± 0.06 −0.84 0.48

Spr2008 0.64 ± 0.48 0.06 ± 0.05 2.20 0.15

Spr2009 0.12 ± 0.01 0.03 ± 0.01 88.46 < 0.001

Aut2009 0.08 ± 0.00 0.05 ± 0.02 2.32 0.14

Aut2010 0.12 ± 0.01 0.05 ± 0.03 10.35 < 0.01

NH+
4

Win2008 3.45 ± 0.06 12.12 ± 15.93 −0.93 0.44

Spr2008 2.44 ± 0.13 5.37 ± 0.80 −6.74 < 0.05

Spr2009 7.55 ± 1.42 13.32 ± 3.42 −2.65 0.11

Aut2009 7.55 ± 1.42 15.08 ± 0.37 −7.46 < 0.05

Aut2010 8.69 ± 1.33 11.49 ± 2.46 −3.17 0.08

PO3−
4

Win2008 0.37 ± 0.14 1.43 ± 1.80 −1.00 0.42

Spr2008 0.24 ± 0.01 0.59 ± 0.11 −5.48 < 0.05

Spr2009 0.32 ± 0.03 0.67 ± 0.17 −3.78 0.06

Aut2009 0.32 ± 0.03 0.77 ± 0.01 −20.59 < 0.01

Aut2010 8.27 ± 3.32 8.14 ± 1.78 0.04 0.969
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Figure 5.4: Dissolved nutrient concentrations (µM) from ambient (inhalant)
and exhalant water samples taken from Strongylacidon sp. showing increase
or decrease (n= 3, ± StdDev) of each nutrient over time.
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Table 5.4: Paired t test showing differences between inhalant and exhalant
water nutrient levels (µM) for each season and each of the inorganic nutrients
studied for Strongylacidon sp. Data presented are averages (± StdDev).
Significance at the 5% level, df = 2

Strongylacidon sp.

Nutrient Season Inh Exh t P

NO−
3

Win2008 1.67 ± 0.28 0.58 ± 0.25 52.26 < 0.001

Spr2008 0.38 ± 0.25 0.30 ± 0.02 0.47 0.67

Spr2009 0.79 ± 0.06 0.84 ± 0.08 −1.73 0.22

Aut2009 1.44 ± 0.08 1.63 ± 0.06 −6.88 < 0.05

Aut2010 0.79 ± 0.06 0.84 ± 0.08 −1.14 0.36

NO−
2

Win2008 0.07 ± 0.05 0.06 ± 0.03 0.32 0.77

Spr2008 0.21 ± 0.22 0.07 ± 0.03 0.94 0.44

Spr2009 0.11 ± 0.00 0.06 ± 0.01 7.91 < 0.05

Aut2009 0.09 ± 0.01 0.08 ± 0.00 6.30 < 0.05

Aut2010 0.11 ± 0.00 0.06 ± 0.01 6.03 < 0.05

NH+
4

Win2008 3.09 ± 0.09 2.09 ± 0.15 10.43 < 0.01

Spr2008 1.67 ± 0.13 2.09 ± 0.24 −4.25 0.05

Spr2009 7.69 ± 1.73 9.01 ± 3.64 −0.45 0.69

Aut2009 7.80 ± 0.37 11.56 ± 1.11 −5.65 < 0.05

Aut2010 10.56 ± 1.34 11.14 ± 3.10 −0.24 0.83

PO3−
4

Win2008 0.31 ± 0.01 0.25 ± 0.02 5.14 < 0.05

Spr2008 0.24 ± 0.02 0.62 ± 0.62 −1.02 0.41

Spr2009 0.33 ± 0.04 0.68 ± 0.14 −4.38 < 0.05

Aut2009 0.38 ± 0.02 0.74 ± 0.04 −19.40 < 0.01

Aut2010 10.47 ± 0.79 8.91 ± 0.27 3.61 0.06
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5.4 Discussion

In this study, sponges were treated as a ‘black-box’ where the nutrient
fluxes for individual sponges were studied, rather than the total amounts
released/taken-up or the mechanisms by which this happens. These will be a
focus of future studies. The uptake or release of nutrients from/to the water
that sponges filter was measured in situ. Significant differences in the up-
take and/or release of some of the dissolved nutrients for most of the species
in the multi-species survey were found, as well as differences in the uptake
and release of nutrients were also found for the three sponge species stud-
ied seasonally across the two–year period. However, no general patterns of
uptake/release of a particular nutrient could be detected across all sponge
species or time intervals.

Sponges ingest nitrogen with their food and, like many other marine in-
vertebrates they usually excrete ammonium as a metabolic waste product
(Brusca & Brusca 1990). Considering the large amount of food particles (pi-
coplankton) that sponges remove from the water column (see results section
in Chapter 4), a large efflux or release of ammonium was expected. How-
ever, only H. venustina, Plakina sp. and Leucetta sp. from the multi-species
survey had significantly higher exhalant ammonium levels compared to am-
bient water. From the seasonal study, C. incrustans showed a significant
release of this nutrient during spring of the first year, H. venustina showed a
significant release of ammonium during spring and autumn of the first year,
while Strongylacidon sp. only excreted ammonium during spring and au-
tumn of the first year. Photosynthetically active micro-organisms, such as
cyanobacteria and eukaryotic algae, in addition to other micro-organisms,
are often located in the outer-light-exposed tissue layers of sponges (Rüztler
1985; Wilkinson 1992); it is possible that the activity of these organisms
may be important in explaining the fluxes reported in this study. The lack
of ammonium excretion by some sponges, or at certain times of year, could
be indicative of different microbial populations in different sponge species,
and/or changes in the activities of these microbial consortia in response to
changes in the environment (e.g. seasonal temperature). In those cases where
no ammonium release was detected, it may be that these associated microbes
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are taking up all the waste ammonium and either assimilating it or convert-
ing it to nitrite/nitrate. However, the results did not show evidence of release
of nitrite/nitrate for species that did not produce ammonium. This is per-
haps surprising and it is not currently possible to explain this result without
further consideration of the specific microbial communities associated with
these sponges.

T. bergquistae and Strongylacidon sp. were the species that showed lower
nitrate levels in the exhalant water compared to the inhalant water. Again
this is likely to be explained by the activity of microbes assimilating this
nutrient. C. incrustans was the only species that exhibited release of ni-
trite. Given that bacteria and archaea are the only organisms able to oxidize
ammonium (Francis et al. 2005; You et al. 2009); the significant excretion
of nitrite by C. incrustans suggests that this species may harbour micro-
organisms that are responsible for the nitrite flux observed (Jiménez & Ribes
2007). However, it remains to be elucidated if the three species mentioned
above are photosynthetic sponges or not, although there are studies that have
determined the presence of phototrophic micro-organisms in other sponges
(See Gaino et al. 2006; Lemloh et al. 2009; Sipkema & Blanch, 2010). In
contrast, H. venustina released nitrate during autumn of the first year, while
Strongylacidon sp. released nitrate in autumn of the first year indicating
the presence of nitrifying bacteria. This release of nitrate and nitrite can be
interpreted as evidence that these sponges may be active sites of nitrification
(Corredor et al. 1988; Díaz & Ward 1997). Nitrite levels were lower in the
exhalant water of C. incrustans, H. venustina and Strongylacidon sp. at dif-
ferent times of the year (spring and autumn 2009 and autumn 2010), while
Strongylacidon sp. released nitrate during autumn of the first year. In this
case, it is possible that nitrite might be removed and used by nitrifying bac-
teria to produce nitrate. While it is possible to explain the lack of differences
in N levels between inhalant and exhalant water by sponges stopping pump-
ing, which in turn may have reduced the oxygen concentrations in the sponge
creating an anaerobic environment suitable for denitrification (see Hoffmann
et al. 2009; Schlappy et al 2010), this is unlikely. Measurements of exhalant
flow/pumping rates were conducted for most of these species (see Chapter
4) with no evidence of regular pumping inactivation.

103



Discussion

It was mentioned earlier (see introduction 5.1), that sponges are hosts
to nitrogen-fixing symbionts. Symbiotic nitrifying bacteria metabolise am-
monium excreted by the sponges and other symbionts by oxidizing it to
nitrate (Corredor et al. 1988). In a recent study, Mohamed et al. (2010)
demonstrated that nitrification in sponges is a metabolic capacity of the
sponges’ symbionts. In the present study the symbiotic associations were
not examined; nevertheless, the significant uptake and release of DIN com-
pounds, and especially nitrate and nitrite, by some of the study species may
indicate microbial activity inside the sponges.

The analyses detected silicate uptake only for Plakina sp. and Haliclona
sp., which is perhaps surprising. It is, however, important to mention that
our samples were not filtered (to remove diatoms from seawater) prior to stor-
age, therefore it is possible that our silicate analyses failed to detect silicate
uptake by other species that are heavily skeletonised sponges such as Tethya
sp. and Polymastia sp., because the amount they consumed was very low
as to compensate the silicate increase in the stored water samples resulting
from diatom dissolution. Very little is known about silicate uptake rates and
retention by sponges, although a recent study showed that the retention of
a dense bathyal population of hexatinellid sponges was substantial, and that
silicate silicate retention of a dense temperate sponge was far from negligible
(Maldonado et al. 2005). Other authors have suggested that silica uptake is
intimately linked to processes governing sponge growth (Reincke & Barthel
1997), while it is also affected by factors such as seasonality (Turon et al.
1998). One of the aims of the current study was to examine the natural
fluctuations in silica in the water column over time. However, due to com-
plications with the auto-analyser (see methods) this analysis could not be
performed. Nevertheless, the results obtained from the multi-species survey
suggest that some of the species are using silicate, which is likely to be for
spicule synthesis. As expected the calcareous sponges did not show evidence
of silica uptake. More interannual studies of BSi production in the field are
needed in order to provide a more realistic quantification of the use of silicate
by sponges (Maldonado et al. 2005).

There were no clear trends in the nutrient concentrations in the water
column (ambient water) over time, suggesting high levels of temporal and
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spatial variation. There was, however, one pattern observed in the levels of
phosphate measured: the levels of this nutrient in the water column were
significantly higher in autumn of the second year than at other times. Since
phosphate enters the ocean mainly through rivers, this spike of phosphate
levels in autumn could be a pulse in the environment; it is possible that
during that time of the year, there was lots of rainfall and the massive spike
was due to storm water outfalls. Also levels of ammonia in the water column
were significantly lower during the spring and winter of the first year and
significantly higher during autumn of the second year, while the levels of
nitrate in the water column were significantly lower during spring of the first
year than at other times. It is possible that a lack of clear pattern of nutrient
uptake/release of nutrients in some of the study species, and the fact that not
all species showed significant uptake/release at different times of the year,
may be related to high levels of temporal fluctuations in parameters such
as water temperature, sponge size, concentration of food and oxygen in the
water column (Ayling 1983; Cloern 1996; Ribes et al. 1999b).

To conclude, the nitrate and nitrite excretion results reported here for
some sponge species, suggest organic nitrogen mineralization by the sponge’s
metabolism and the presence of micro-organisms inside the sponges that may
play a role in nitrification (Díaz & Ward 1997). However, future research
in the study area is needed to examine the putative symbiotic associations
using microscopy and molecular techniques in order to verify their presence.
Other studies have suggested that temperate sponges are important nitrifiers
in other regions. If the sponge species studied here do harbour microbial
symbionts, it is likely that they might be nitrifiers as in other temperate
systems and therefore, contribute to nutrient recycling in temperate subtidal
rocky reefs of New Zealand. However, more work on the physiology and
ecology of any microbial partners is needed in order to fully understand the
nutrient fluxes observed here and their ecological importance.
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Chapter 6
Temporal fluctuations in food
utilisation by three common species of
demosponges

Abstract

Previous studies have found that cold and temperate ecosystems exhibit a marked sea-
sonal variation in environmental conditions that strongly affects the dynamics of benthic
organisms. Spatial and temporal changes in food quality, quantity and availability affect
important processes, such as growth, metabolism and the spatial distribution of benthic-
suspension feeding organisms. In this chapter, the temporal variation of the food particles
(picoplanktonic organisms) present in the water column and the consumption rates by
three demosponges (Crella incrustans, Haliclona venustina and Strongylacidon sp.) were
examined. Three sampling times over a two-year period were used to examine temporal
changes in particle retention efficiency, relative to their abundance in the water column.
The sampling of water carried out over time allowed a realistic measurement of changes
in the concentration of picoplanktonic organisms over time. The major findings from this
chapter were that the picoplanktonic species composition in the water column changed
seasonally and inter-annually, and that there were temporal differences in the proportions
of the different types of picoplankton consumed by the study species. Sponges consumed
different proportions of picoplanktonic cells in relation to their concentration in the water
column, and therefore the amount of carbon gained by the sponges changed temporally.
Although the retention efficiencies of heterotrophic bacteria by the three sponge species
were similar to those of Prochlorococcus and Synechococcus, heterotrophic bacteria were
the most abundant food source throughout the 2-yr study period and represented the main
source of carbon for the study species. This suggests that sponges do select food particles
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that optimise their nutritional intake. A marked seasonal variation in food resources and
consumption of carbon was not observed for the study species. However, the fact that
these sponges are obtaining their major carbon source from the same type of picoplankton
all year round implies that in terms of carbon use, the sponges get sufficient energy from
consuming heterotrophic bacteria to meet metabolic demands. These estimates support
the conclusion that sponges actively select food particles that optimise their nutritional
intake, but it remains to be elucidated if the picoplankton identified in this study consti-
tutes major food sources or if there are other particles that supply more carbon destined
for the biological processes of the study species. Also, since the food particle abundance
identified in this study remains the same all year round, further research is needed in order
to determine if the study species exhibit seasonal differences in growth.

6.1 Introduction

In the marine environment, changes in the population dynamics of phyto-
plankton have significant implications for ecosystem functioning and are the
main biological trigger of seasonal variation (Bavestrello et al. 2006). The
population dynamics of the phytoplankton can be interpreted as a response
to changes in individual processes that regulate the biomass (in measures
such as carbon, nitrogen, or chlorophyll concentration), species composition,
and the spatial distribution of the phytoplankton (Cloern 1996). Nearly half
of global primary production occurs in the oceans where the phytoplank-
ton shows considerable seasonal variation (Cloern & Jassby 2008). An ex-
ample of such seasonal patterns are phytoplankton blooms which are events
of rapid production and accumulation of phytoplankton biomass in response
to increased sunlight, water column stability, changing physical forces such
as tides, winds or rainfall and river runoff (Cloern 1996). Phytoplankton
blooms in spring are a well known phenomenon in temperate waters (Ca-
dee 1986). These blooms or changes in phytoplankton biomass, affect the
biochemical composition and reactivity of the suspended particulate matter
and synthesis of organic matter required for the reproduction and growth of
heterotrophs including bacteria, zooplankton, and benthic organisms (Cloern
1996).

Phytoplankton biomass responds quickly to environmental fluctuations
because algal cells have the capacity to divide daily under optimal conditions
(Cloern & Jassby 2008). In polar and temperate latitudes the abundance of
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phytoplankton shows cyclic variation (Boero et al. 1996), and it is possible
to recognise the involvement of the phytoplankton dynamics at every level
of trophic chains from shallow to deep water (Bavestrello et al. 2006). In
shallow waters, productivity variation elicits a seasonal pattern in the activ-
ity of benthic organisms that implies a very rapid response to fluctuations
in the food supply to the benthos (Graf 1989). In temperate areas, benthic
organisms in shallow waters have more immediate access to planktonic pro-
duction because of their proximity to the photic layer, and because of tidal
or wind vertical mixing (Gili et al. 1998). The feeding activity of benthic
suspension-feeders is highly influenced by the species composition and the
intensity of phytoplankton blooms (Beukema & Cadee 1991). Localised low
levels of primary production result in food limitation to suspension-feeders
(Helson et al. 2007) and since these benthic organisms graze on phyto-
plankton; changes in productivity can affect the production and transport of
particulate food to the benthos (Graf et al. 1982).

Cold and temperate ecosystems exhibit a marked seasonal variation in
environmental conditions that strongly affects the dynamics of benthic or-
ganisms (Coma & Ribes 2003). Similarly, spatial and temporal changes in
food quality, quantity and availability affect important processes such as the
growth, metabolism and spatial distribution of benthic-suspension feeders
(Graf et al. 1982; Smaal et al. 1986; Gremare et al. 1997). Temperature and
food availability have been proposed as the most important environmental
factors affecting the dynamics of benthic invertebrates (Coma et al. 2000);
however, competition for space, food abundance, and water movement are
also likely to be important factors explaining seasonal patterns of growth, re-
production, and abundance of temperate benthic suspension-feeders (Boero
et al. 1986; Coma et al. 2000). Studies of the seasonal patterns of the
activity and secondary production of benthic suspension-feeders have been
primarily conducted in cold temperate seas, and from these studies, an an-
nual trend has emerged. The most characteristic aspects of these temporal
patterns are winter dormancy and summer activity of organisms (Coma et
al. 2000), with settlement and recruitment occurring during spring (Duck-
worth & Battershill 2001). Some of the most important suspension-feeding
groups that are subjected to such seasonal variations include hydroids (Gili
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et al. 1998), ascidians (Ribes et al. 1998), bivalves (Ahn et al. 2003; Cloern
& Jassby 2008) and sponges (Turon et al. 1998; Duckworth & Battershill
2001). In addition, several studies have also demonstrated marked seasonal
variation in the feeding activity of other abundant benthic suspension-feeders
including holothurians, polychaetes and bryozoans (Barnes & Clarke 1995).
In sponges, seasonal studies have focused on aspects of their reproductive
biology (Witte et al. 1997), population dynamics, changes in environmental
factors affecting sponge growth (Turon et al. 1998; Bell 2008), survival and
metabolite biosynthesis (Duckworth et al. 2003; 2004); which will also be
influenced by food consumption and energy extraction from the environ-
ment. As discussed in previous chapters (see Chapters 1 and 3), sponges
are sessile suspension-feeders that acquire their food by filtering suspended
particulate matter (planktonic particles) from the water column, thereby
linking the pelagic and benthic environments. Because temporal patterns in
the water column are strongly related to dominant environmental factors,
the study of temporal fluctuations in the quality and quantity of the food
supply to sponges is of great interest in order to elucidate if sponges can
change their feeding strategies in response to temporal differences in food
availability (Duckworth & Battershill 2001). Hence, investigating variation
in the concentration of food particles over time and examining changes in
the amount of food available, and therefore the proportion consumed, was
the focus of the present chapter.

This chapter addresses four main questions related to the temporal vari-
ation of food particles and consumption of picoplankton by three sponge spe-
cies: 1) does the amount and relative proportion of the picoplanktonic species
composition in the water column change seasonally and inter-annually? 2)
Are there any temporal differences in the proportions of the different types
of picoplankton consumed by the study species? 3) Do sponges consume dif-
ferent proportions/amounts of picoplanktonic cells in relation to their con-
centration in the water column (if they change seasonally)? And 4) Does
the amount of carbon gained by the sponges change temporally? In order to
answer these questions and to determine whether there are changes in the
retention efficiency of each species, a factorial ANOVA was used to test the
effect of picoplankton and time of year on the retention efficiency of each

113



Methods

species. Similarly, the same analysis was used to test the effect of picoplank-
ton and time of year on the number of cells present in the ambient water
over the study period. Water samples were analysed over time to test the
hypothesis that there are temporal changes in the amount of picoplankton
available to sponges, which might result in changes in the amount of pico-
planktonic organisms consumed by the sponges over time, or in the propor-
tions of different picoplanktonic organisms. I also investigated the proportion
of the picoplanktonic organisms consumed by sponges to determine if there
is any relationship between the proportions of the organisms retained and
the ambient cell concentration, and test whether or not food concentration
is important to the proportions of the picoplanktonic organisms consumed
by the sponges.

6.2 Methods

6.2.1 Study sites and species description

The study sites are located within the Taputeranga Marine Reserve on the
south coast of Wellington in New Zealand (see Chapter 2 for more de-
tails). Three encrusting demosponges were studied; Haliclona venustina
(Bergquist), Strongylacidon sp., and Crella incrustans (Carter, 1885). These
species were chosen because they are very common and their well defined ex-
halant oscula reduce the risk of sampling error facilitating in situ sampling.
Here, it is worth mentioning that in retrospect, it would have been a better
idea to include these species in the multi-species survey (Chapter 4). How-
ever, we realised the importance of this at the time of water sample analysis
when the thesis work was so far along the line that I could not change the
sampling design any more. The study species H. venustina is often found
on vertical rock walls, on the sides of channels, and boulders; it is yellow
coloured, has big well defined oscula (∼ 4 − 5 mm diameter), and it can be
seen with finger-like outgrowths from basal mass. C. incrustans is a very
conspicuous encrusting species found on boulders, rock walls, and crevices;
it has a bright orange-red colour and a smooth surface with raised and well
defined oscula (∼ 4− 5 mm diameter). Strogylacidon sp. is commonly found
on boulders and rock walls; it has well defined oscula (∼ 3 − 4 mm dia-
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meter) and has a smooth surface with a blue-grey colour (see species photos
in Appendix A).

6.2.2 Sampling and data analysis

Sampling was carried out at three different times of each year in: winter
(samples collected between June and August), spring (samples collected
between September and November), and autumn (samples collected in March
and April) of 2008, 2009 and 2010. Due to unfavourable/poor weather con-
ditions that limit dive time in the study area, three sponge specimens from
each species were used for this study. Methodological problems were en-
countered with some samples during collection and during the flow cyto-
metry analyses; hence no summer data were available. Seawater samples for
flow cytometry analysis were collected in situ by SCUBA divers following
the sampling method described in previous chapters (see Chapters 2 and 3).
After collection, water samples were fixed and prepared for flow cytometry
analysis, and the flow cytometry analysis was carried out as explained in
Chapter 2.

The efficiency of the sponges in retaining picoplanktonic particles (the
retention efficiency), was calculated from the difference in concentrations
between ambient (inhalant) and exhalant water samples as Equation 2.1:

The difference between cell concentrations in ambient and exhalant wa-
ter samples calculated by flow cytometry, gave the number of cells removed
(consumed) by the study species:

No.cellsremoved = Camb− Cexh (6.1)

Here, it is important to clarify that the term removal or consumption
is being defined as the amount of food that the sponge actually consumes.
It refers to the amount of food that is available in the surrounding water,
which then enters the inhalant canal of the sponge and is finally taken into
its cells (i.e. the amount of carbon consumed by the sponge). The amount
of carbon consumed by each cell type was calculated by multiplying the
number of cells retained by the mean quantity of carbon contained in each
cell according to its type, by using carbon conversions from the literature
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as previously specified in Chapter 4. The percentage of carbon represented
by each cell type retained by the study species was calculated according to
Topçu et al. (2010) using the formula:

%Qc(i) = Qc(i) ∗ 100∑
Qc(i) (6.2)

Where %Qc(i) is the percentage of carbon represented by the ith cell
type retained, Qc(i) is the quantity of carbon represented by the ith cell
type retained, and ∑

Qc(i) is the sum of all Qc(i). This calculation gave the
total quantity of carbon consumed by each of the sponges. These calculations
were calculated for each replicate (specimen) from each species.

To examine if the retention efficiency of picoplanktonic organisms var-
ied with time of year, a factorial ANOVA was conducted where each sponge
species was analysed separately (see Table 6.1 for a description of the terms
included). Since retention efficiency was expressed as percentage data, the
ANOVA was conducted on arcsine-square root transformed data to meet as-
sumptions of normality and equal variance. Likewise, to examine changes
in the proportion of picoplanktonic organisms removed (consumed) by the
study species over time, a factorial ANOVA was conducted and data were
logarithm-transformed to meet the assumptions of parametric analysis when
necessary (Table 6.1). The same analysis was performed to examine changes
in the concentration of picoplanktonic cells over time, and the factorial model
included the terms number of cells, picoplankton, time of year, and all inter-
actions among these terms (Table 6.1). To determine if the amount of carbon
gained by the sponges changed temporally, a factorial ANOVA was conduc-
ted and data were logarithm transformed to meet the assumptions when
necessary (Table 6.1). The assumption of homogeneity of variances was ex-
amined using Bartlett’s test (P < 0.05 in all cases). To examine if there
was a relationship between the number of cells consumed and the number of
cells present in the ambient water, a correlation analysis was conducted. To
determine the significance of the correlation, the Pearson product-moment
correlation coefficient (PMCC) analysis was used. All statistical analyses
were performed by R ver. 2.10 (R Development 6 Core Team 2011).
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Table 6.1: Attributes (and levels) used in the analysis. Variable type codes:
C continuous, N nominal

Variable Type Terms (attributes)
Retention efficiency C arcsine-square root transformed

data (arcsin
√

x)
Picoplankton N 3 attributes: 1) heterotrophic

bacteria, 2) Prochlorococcus, 3)
Synechococcus

Time of year N 6 attributes: Autumn2009,
Autumn2010, Spring2008,
Spring2009, Winter2008,
Winter2009

Ambient cells C logarithm transformed (loge)
Cells removed C logarithm transformed (loge)
Carbon gained C logarithm transformed (loge)

6.3 Results

6.3.1 Temporal variation of picoplankton removal

The diet composition of C. incrustans, H. venustina and Strongylacidon
sp. included heterotrophic bacteria, Prochlorococcus and Synechococcus and
these picoplanktonic organisms were found throughout the 2-yr cycle. Reten-
tion efficiency varied significantly among picoplanktonic organisms and with
sampling periods for the three study species as indicated by the factorial
ANOVA (Table 6.2). C. incrustans mainly retained heterotrophic bacteria
during spring of the first year (94 − 96%) and autumn of the second year
(61 − 83%), and showed a very low retention of these cells during winter of
the first year (1 − 10%); the retention of Prochlorococcus was higher during
autumn of the first year (81− 93%) and Synechococcus were retained with a
higher efficiency during winter of the first year (88− 90%) (Fig. 6.1, a). H.
venustina mainly retained Prochlorococcus during autumn of the first year
(97%) and heterotrophic bacteria during spring of the first year and winter
of the second year (95− 98%, same range for both times of the year), with a
lower retention in winter of the first year (3− 20%), whereas Synechococcus
were retained with no more than 59% over the sampling period. No Pro-
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chlorococcus were retained by this species during spring of the first year, but
were retained in spring of the second year (Fig. 6.1, b). Strongylacidon sp.
mainly retained Prochlorococcus during winter of the first year (49 − 87%)
and heterotrophic bacteria during spring of the first year (64 − 80%). Con-
trastingly, this species had a very low retention of heterotrophic bacteria
during winter of the first year (2−5%) and no Prochlorococcus were retained
by this species during spring of the first year, but were retained in spring of
the second year with a low efficiency (9− 11%); Synechococcus were retained
with a higher efficiency during autumn of the first year (42 − 67%) and a
very low retention was measured during spring of the first year (3 − 15%)
(Fig. 6.1, c).

Table 6.2: Factorial analysis of variance showing the interaction between
picoplankton and time of year, on the retention efficiency of each of the
study species. Significance at the 5% level.

C. incrustans H. venustina Strongylacidon sp.
Source of
variation

df F value, P value F value, P value F value, P value

Picoplankton 2, 36 21.151 < 0.001 0.788 < 0.001 1.656 < 0.001
Time of year 5, 36 20.726 < 0.001 9.816 < 0.001 4.943 < 0.001
Picoplankton *
Time of year

10, 36 16.844 < 0.001 21.695 < 0.001 20.282 < 0.001

6.3.2 Changes in picoplankton concentration over time

Ambient concentrations of picoplanktonic cells in the study area (as determ-
ined from ambient samples collected next to the study species) varied sig-
nificantly over time, as indicated by the factorial ANOVA (Table 6.3). The
analysis showed that the concentration of each picoplankton type varied sig-
nificantly over the sampling periods. The overall average number of cells and
sampling times indicated that heterotrophic bacteria were the most abundant
cell type in the water column throughout the 2 yr period (2.6×106±2.7×106

cells ml−1), followed by Synechococcus (9.8× 103 ± 6.4× 103 cells ml−1) and
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Figure 6.1: Retention efficiency (± StdDev) across sampling times during the
2-yr study period for a) C. incrustans, b) H. venustina and c) Strongylacidon
sp. Retention efficiency is expressed as the percentage removal of hetero-
trophic bacteria (HetBAct), Prochlorococcus (Prochlo), and Synechococcus
(Synecho) cells by the three study species as determined by the factorial
ANOVA.
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then Prochlorococcus (9.0× 103 ± 6.4× 103 cells ml−1). With respect to the
time of year, heterotrophic bacteria were more abundant in spring of the
second year (4.8× 106 ± 2.6× 106 cells ml−1), and the lowest concentration
was observed in the autumn of the first year (2.8×105±1.8×105 cells ml−1).
Synechococcus were found in higher numbers during winter of the second year
(1.5× 104 ± 9.1× 103 cells ml−1), and the lower concentration was observed
in spring of the first year (3.0 × 103 ± 9.5 × 102 cells ml−1). Prochlorococ-
cus showed higher numbers in winter of the first year (1.5× 104 ± 5.3× 103

cells ml−1) and a lower concentration was found in spring of the first year
(1.3× 102 ± 1.4× 102 cells ml−1, P < 0.001) (Fig. 6.2).

Table 6.3: Factorial analysis of variance showing the effect of picoplankton
and time of year on the number of cells present in the ambient water. Signi-
ficance at the 5% level

Source of variation
Ambient cells

df F value, P value

Picoplankton 2, 144 851.802 < 0.001
Time of year 5, 144 40.807 < 0.001
Picoplankton * Time of year 10, 144 21.991 < 0.001

6.3.3 Temporal variation in the particles consumed by each species

The number of cells removed or consumed by the three study species varied
significantly between the different types of picoplankton and with sampling
periods, as indicated by the factorial ANOVA (Table 6.4). The three species
showed a higher consumption of heterotrophic bacteria than the two types
of cyanobacteria over the 2-yr period. C. incrustans consumed more het-
erotrophic bacteria during spring of both years (1.7 ×106 ± 1.0 × 105 cells
ml−1, spring 2008 and 1.4 × 106 ± 3.4 × 105 cells ml−1, spring 2009) and
the lower consumption was found during winter and autumn of the first year
(9.8 × 104 ± 1.0 × 105 and 5.5 × 104 ± 3.1 × 104 cells ml−1, respectively);
more Prochlorococcus were consumed by this species during autumn of the
first year (1.5 × 104 ± 3.7 × 103 cells ml−1), and less during spring of the
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Figure 6.2: Ambient concentration of picoplankton (± StdDev) showing dif-
ferences in the number of cells present in the water column over time. The
number of cells was plotted in log scale in order to visually compare the
concentrations of each type of picoplankton.
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first year (1.3× 102± 4.1× 101 cells ml−1); this species consumed more Syn-
echococcus in winter of the second year (1.2× 104± 3.6× 103 cells ml−1) and
less in autumn of the first year (1.1x103± 9.7x102 cells ml−1) (Fig. 6.3, a).
H. venustina consumed more heterotrophic bacteria in winter of the second
year (6.6 × 106 ± 4.0 × 106 cells ml−1) and less in winter of the first year
(2.8×105±2.2×105 cells ml−1); this species consumed more Prochlorococcus
in autumn of the first year (1.5×104±1.3×103 cells ml−1) and less in spring
of the first year (3.6×101±1.6×101 cells ml−1); this species consumed more
Synechococcus in winter of the second year (4.9× 103 ± 2.0× 103 cells ml−1)
and less in spring of the second year (1.1× 103 ± 3.4× 102 cells ml−1) (Fig.
6.3, b). Finally, Strongylacidon sp. removed more heterotrophic bacteria in
spring of the second year (3.5×106±2.3×106 cells ml−1) and less in winter of
the second year (6.0× 103± 5.5× 103 cells ml−1); more Prochlorococcus were
consumed by this species during winter of the first year (1.1×104±5.3×103

cells ml−1) and less during spring of the first year (3.2 × 101 ± 7.8 × 100

cells ml−1); this species consumed more Synechococcus in autumn of the first
year (6.4 × 103 ± 3.3 × 103 cells ml−1) and less in spring of the first year
(1.8× 102 ± 1.9× 102 cells ml−1) (Fig. 6.3, c).

Table 6.4: Factorial analysis of variance showing the interaction between
picoplankton and time of year, on the number of cells removed by each of
the study species. Significance at the 5% level

Source of
variation

C. incrustans H. venustina Strongylacidon sp.
df F value, P value F value, P value F value, P value

Picoplankton 2, 36 21.151 < 0.001 0.788< 0.001 1.656 < 0.001
Time of year 5, 36 20.726 < 0.001 9.816 < 0.001 4.943 < 0.001
Picoplankton *
Time of year

10, 36 16.844 < 0.001 21.695 < 0.001 20.282 < 0.001

122



Results
Temporal variation in the particles consumed by each species

Win2008 Spr2008 Aut2009 Win2009 Spr2009 Aut2010

Crella incrustans

0

5

10

15

20
a) HetBact

Prochlo
Synecho

Win2008 Spr2008 Aut2009 Win2009 Spr2009 Aut2010

Haliclona venustina

0

5

10

15

20
b)

Win2008 Spr2008 Aut2009 Win2009 Spr2009 Aut2010

Strongylacidon

0

5

10

15

20
c)

Season

C
el

ls
 c

on
su

m
ed

  (
lo

g e
)

Figure 6.3: Number of cells consumed of each type of picoplankton by the
three study species over time: a) C. incrustans, b) H. venustina and c)
Strongylacidon sp. The number of cells consumed was plotted in log scale in
order to visually compare the concentrations of each type of picoplankton.
Data presented are averages (± StdDev).
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6.3.4 Correlation between the abundance and removal of picoplankton

A correlation analysis was conducted to determine if sponges consumed dif-
ferent proportions of picoplanktonic cells in relation to their concentration in
the water column. This analysis was performed considering an overall aver-
age removal and abundance of picoplankton over the study period, including
the three food types and the three sampling times/seasons. The results in-
dicate a significant correlation between the number of cells removed by C.
incrustans (r2 = 0.96; P < 0.001), H. venustina (r2 = 0.97; P < 0.001) and
Strongylacidon sp. (r2 = 0.94; P < 0.001), and the abundance of cells in the
ambient water (Fig. 6.4).

6.3.5 Amount of carbon gained by the sponges over time

The amount of carbon gained by the three study species varied significantly
among each type of picoplankton and with sampling periods, as indicated
by the factorial ANOVA (Table 6.5). Heterotrophic bacteria constituted the
most important carbon source, and most of the carbon was supplied by this
type of picoplankton for the three species throughout the study period. On
an annual basis, consumption of heterotrophic bacteria provided the study
species with 809.4 mg C y−1, while consumption of Prochlorococcus and Syn-
echococcus provided with 10.4 and 21.8 mg C y−1, respectively. In terms of
picoplanktonic biomass, the major part of the carbon consumed by C. in-
crustans in winter originated from heterotrophic bacteria constituting 65%
of the carbon retained by the sponge, while 29% was supplied from Syne-
chococcus and 6% from Prochlorococcus. During spring most of the carbon
was also supplied by heterotrophic bacteria and constituted 97% of the total
carbon retained with only 2% and 1% supplied from Synechococcus and Pro-
chlorococcus, respectively. In autumn most of the carbon was supplied by
heterotrophic bacteria representing 85% of the total carbon retained by the
sponge. For H. venustina, the major part of the carbon retained in winter
and spring originated from heterotrophic bacteria representing 99% with only
1% supplied by Synechococcus; in autumn most of the carbon was supplied
by heterotrophic bacteria and constituted 96% with 2% supplied by each
type of cyanobacteria. For Strongylacidon sp., heterotrophic bacteria sup-
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Figure 6.4: Relationship of the logarithmically converted number of cells
removed (vertical axis) and the number of cells present in the ambient water
(horizontal axis). Data used for the correlation analysis includes the three
types of picoplankton present in the ambient water and the number of cells
removed by each species in each of the sampling times over the 2-yr period.
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plied 43% of the total carbon retained in winter with 34% and 23% supplied
from Synechococcus and Prochlorococcus, respectively. In spring 99.5% of the
total carbon retained was supplied by heterotrophic bacteria, and in autumn
87% was supplied by heterotrophic bacteria with 9% and 4% supplied from
Synechococcus and Prochlorococcus, respectively (Fig. 6.5).

Table 6.5: Factorial analysis of variance showing the interaction between
picoplankton and time of year, on the amount of carbon gained by each of
the study species. Significance at the 5% level.

Source of
variation

C. incrustans H. venustina Strongylacidon sp.
df F value, P value F value, P value F value, P value

Picoplankton 2, 45 43.666 < 0.001 75.947 < 0.001 39.424 < 0.001
Time of year 2, 45 0.1226 0.8849 3.8650 < 0.05 11.372 < 0.001
Picoplankton *
Time of year

4, 45 8.0023 < 0.001 2.9293 < 0.05 15.462 < 0.001
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Figure 6.5: Average amount of carbon (mg C DW y−1) consumed by the three
study species during the sampling times of autumn, spring and winter over
the study period. The bars represent each of the picoplanktonic organisms
that sponges removed from the water column over different times of the year.
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6.4 Discussion

6.4.1 Temporal variation of picoplankton in the water column

The amount of food (picoplankton) present in the water column varied sig-
nificantly over the 2-yr study period. The samples collected from the sur-
rounding water of the three study species, revealed significant differences in
the concentrations of picoplankton at the different time intervals. The res-
ults showed that on average, heterotrophic bacteria (1.2×107±9.6×106 cells
ml−1) and Synechococcus (4.2× 104±1.7× 104 cells ml−1) were more abund-
ant throughout the second year, and Prochlorococcus (2.9 × 104±9.3 × 103

cells ml−1) were more abundant in the first year. In terms of interannual
differences, heterotrophic bacteria showed stronger annual variation in the
concentrations of each of the picoplanktonic organisms in the sampling times
(autumn, spring and winter) between both years. Contrastingly, Prochloro-
coccus and Synechococcus varied significantly between spring of both years.
It is important to note that the quality and quantity of organic matter vary
both temporally and spatially in response to physical and biological factors,
and depend on the intensity of the primary production in the water column
(Danovaro & Fabiano 1997). Events such as La Niña or El Niño have dif-
ferent impacts on New Zealand’s climate. The last La Niña event was in
2007/08 (NIWA), so it is possible that water temperature and wind pat-
terns may also have an effect on the abundance of picoplankton in the study
area. These factors may have affected the abundance of cyanobacteria in
the water column of spring of the first year, resulting in lower numbers of
Prochlorococcus at that time of the year. It is worth mentioning that the
conclusions presented here about the temporal variation of picoplankton in
the study area, are being drawn based on six sampling occasions over a 2-
year study period. Although temporal studies usually yield more conclusive
evidence when monitored year-round and in the long term (> 5 years), the
results presented here provide an important contribution to the knowledge
of bacterioplankton concentration in the water column, with the time frame
available to carry out this research.
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6.4.2 Do sponges consume picoplanktonic particles in relation to their abund-
ance in the water column?

In terms of the number of cells consumed, heterotrophic bacteria represented
the most important group, followed by Prochlorococcus and then Synechococ-
cus. The removal (consumption) of food particles by the sponge species also
varied significantly over time. For the three species, heterotrophic bacteria
represented 79 to 93% of the total cells consumed in winter, spring and au-
tumn, respectively, whereas Prochlorococcus and Synechococcus represented
only 0.5 to 14% of the cells removed at the same time periods over the 2-yr
period. It is interesting that the number of cells removed by the three spe-
cies across the sampling periods were consistent with temporal fluctuations
in resource (food) abundance. The PMCC analysis was used to determine if
these changes in number of cells removed were the result of the declines or in-
creases in the different picoplanktonic groups available in the water column.
A significant correlation was found in most cases; the only exceptions were
C. incrustans and H. venustina where no significant correlation was found
between the number of heterotrophic bacteria and Synechococcus consumed
in relation to their abundance in the water column. However, when the cor-
relation analysis was performed considering an overall average removal and
abundance of picoplankton over the study period (including the three food
types and the three times of year/seasons), the results indicate a significant
correlation between the number of cells removed by C. incrustans (r2= 0.96;
P < 0.001), H. venustina (r2 = 0.97; P < 0.001) and Strongylacidon sp. (r2

= 0.94; P < 0.001), and the abundance of cells in the ambient water.
The hypothesis that sponges exploit the food particles that are more

abundant in the water column could not be tested in the one-off, multi-
species study described in Chapter 4 (as there was not enough variation in
the food concentrations). However, in the current chapter the hypothesis that
the consumption of planktonic particles is proportional to the concentration
or availability of food particles was tested using the results obtained from
this 2-yr study. Coma et al. (2001) showed for the first time, that sessile
suspension-feeders consumed a broad spectrum of planktonic particles ap-
propriate to each filtering mechanism in proportion to their abundance in
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the water column. In the sponge species studied here, such a positive re-
lation between particle concentration and retention efficiency was observed
for heterotrophic bacteria, suggesting that the study species seemed to ex-
ploit the most abundant food-type (heterotrophic bacteria) in the ambient
water. The three types of picoplankton were retained with different effi-
ciencies by the sponge species over the 2-yr period. On an annual basis,
the three species had high retention rates of Prochlorococcus during autumn
(64%) and winter (53%); but high retention of heterotrophic bacteria during
spring (64%). These results demonstrated that the study species removed
both prokaryotic and cyanobacterial cells, but with varying efficiencies. C.
incrustans showed a higher retention efficiency of Prochlorococcus all through
the study period; in contrast, H. venustina showed a higher retention for het-
erotrophic bacteria, and Strongylacidon sp. had a higher retention efficiency
of Synechococcus throughout the study period. These differences in uptake
or retention of picoplanktonic cell types may be explained by capture mech-
anisms and particle digestibility (Topcu et al. 2010), variation in choanocyte
numbers and physiological mechanisms of feeding (Ley & Eerkes-Medrano
2006), and complexity of aquiferous systems (Weisz et al. 2008). Yahel
et al. (2006) examined the mechanisms involved in the selective retention
of particles in hexactinellid glass sponges and concluded that the selective
retention observed involved individual processing, recognition, sorting and
transport of each particle through the sponge’s syncytial tissue. However,
the exact mechanism by which sponges are able to select food particles is
uncertain.

The term retention rate (or retention efficiency) refers to the rate at which
particles are retained from the water pumped through the sponge’s aquiferous
system (Turon et al. 1997). Although selectivity is often understood as an
active choice for different types of particles, in the sponge literature, particle
uptake is associated with the preference (also termed selectivity) for certain
particles (e.g. Yahel et al. 200; Hanson et al. 2009; Topçu et al. 2010).
Several studies have shown different particle retention efficiencies between
co-occurring species (Pile et al. 1997; Kowalke 2000; Pile 2005), suggesting
that particle selectivity depends on the size of the particles filtered (Van De
Vyver et al. 1990; Turon et al. 1997) and that both particle concentra-
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tion and size affect retention ability (Huysecom et al. 1988; Duckworth &
Battershill 2001). In previous chapters I discussed that Synechococcus and
Prochlorococcus are larger than heterotrophic bacteria, and in Chapter 3 the
preference for different particle sizes by different sponge species was discussed
concluding that for the seven species studied, particle size was an import-
ant factor influencing the retention of food particles given that five of the
sponges retained bigger cells (cyanobacteria) with a high efficiency and two
sponge species had high retention of smaller cells (heterotrophic bacteria). It
is possible that the cell size can be a plausible explanation for the different
retention efficiencies observed for the study species in this chapter. The res-
ults from my study suggest that the smaller food particles were retained with
higher efficiency during spring (overall average across species, 64%), and big-
ger cells (Prochlorococcus) were retained with higher efficiency during autumn
and winter (overall average across species 64% and 53%, respectively) over
the 2-yr period, showing the ability of the study species to select particles.
Active selection based on particle size has already been demonstrated by
other authors (Ribes et al. 1999a; Topçu et al. 2010), and in a recent in
situ study of the sponge Callyspongia sp. from the west coast of Australia,
Hanson et al. (2009) showed an overall preference for Synechococcus over
heterotrophic bacteria suggesting that cell size is an important factor in the
differential uptake of the two types of picoplankton identified in their study.
In support of this concept, a study looking at particle uptake by a calcareous
sponge showed that the mechanism of food uptake at the cellular level varied
with the size and type of particles (Leys & Eerkes-Medrano 2006).

6.4.3 Can sponges select food particles that optimise their nutritional in-
take?

In Chapter 4, I discussed the premise that sponges are responsible for a large
proportion of the energy flow from the plankton to the benthos. The results
from the present chapter indicate that the study species feed more efficiently
on smaller cells (heterotrophic bacteria) than on bigger cells (Prochlorococcus
and Synechococcus), and that the higher concentration in the water column
of heterotrophic bacteria meant that they contributed the most to sponge
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diets with a greater carbon uptake. This was corroborated from calculations
of overall carbon consumed by the study species at different time intervals
(winter, spring, summer) over a two-year period. The proportions of the
picoplanktonic organisms retained by the sponge species changed between
species and over time, and the main source of carbon for the three species
came from heterotrophic bacteria. The high abundance of heterotrophic
bacteria in the ambient water throughout sampling periods and over the two-
year study period, may explain why these picoplanktonic cells comprised a
major food source for the three species studied. In this study, heterotrophic
bacteria were the most abundant food source throughout the 2-yr study
period and represented the main source of carbon for the study species.
These results are in agreement with previous studies where heterotrophic
bacteria have been found to be one of the primary sources of carbon for
sponges (Ribes et al. 1999b; Trussell et al. 2006; Yahel et al. 2007).

In general, the three species studied here consumed the different food
particles throughout most of the study period except for H. venustina and
Strongylacidon sp. that did not retain Prochlorococcus during spring of the
first year, which corresponded with a period of lower abundance of this cell-
type in the water column. Environmental factors such as temperature, sa-
linity and water movement can influence food consumption (Bastolla et al.
2005; Tsounis et al. 2006), and previous studies have suggested that tem-
perature and nutrient availability influence the abundance and distribution
of Prochlorococcus (Partensky et al. 1999; Bertilsson et al. 2003). As previ-
ously discussed, the removal of food particles was found to be influenced by
the concentration of particles available in the water column. So, it is possible
that environmental conditions affected the biomass of Prochlorococcus during
spring of the first year when the lower numbers of these cells where registered;
and therefore, influenced the removal of these particles by H. venustina and
Strongylacidon sp.

There is a predominant pattern of growth and reproduction of sponges
during spring and summer (Garrabou & Zabala 2001; Coma & Ribes 2003;
Bell 2008). In previous studies, the observed differences among months ap-
pear to be consistent with the demands of seasonal cycles in growth and
reproduction, suggesting that endogenous metabolic demands are an im-
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portant factor determining feeding behaviour of temperate sponges (Barthel
1986; Ribes et al. 2003). The relatively constant retention and consumption
of food particles throughout the year, together with a lack of any temporal
trend in cell concentrations and energy (carbon) intake, suggests that the
dynamics of the sponge species studied here do not appear to be subjected
to seasonal patterns. However, it remains to be elucidated if sponges ex-
hibit different growth and production rates as a result of differences in food
quality and quantity over annual cycles in the study area. The ability of
sponges to efficiently capture picoplankton (particles smaller than 2 µm) has
been comprehensively discussed throughout this thesis. However, there is
also evidence that sponges are able to capture larger cells (up to 50 µm) such
as phytoplankton (Reiswig 1971b; Frost 1981; Yahel et al. 1998), and Ribes
et al. (1999a) found that the contribution of such large cells in the energy
budget of the sponge Dysidea avara varied seasonally, following the plank-
tonic composition of the water column. In this study, the presence of larger
food particles (2− 10 µm) was not assessed but it is worth considering that
the availability of larger particles in the water column might vary seasonally,
thus influencing consumption of other smaller particles.

To conclude, the results indicate that there is a wide range of food con-
centrations in the rocky reefs where the study species are living, over which
retention rate of sponges varies temporally. This emphasises the importance
of understanding temporal variations in productivity, and suggests that such
variations are likely to have important implications for suspension-feeders.
The sponge species analysed here seem to exhibit different feeding beha-
viours at varying food concentrations as well as different retention rates
across sampling periods; indicating that consumption is proportional to avail-
ability, and sponges exploit the most abundant food particles in the water
column and also select the food particles that optimise their nutritional in-
take. Finally, an in situ study such as this, with little control over either
food or temperature effects on sponges, cannot fully explain the interactions
between feeding, food availability and energy demand. However, the findings
from this study suggest that the dynamics of the sponge species throughout
the year do not appear to be related to food availability, although it remains
to be elucidated if changes in food quality and quantity over temporal scales
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have an effect on biological processes of sponges in the temperate rocky reef
studied. In the next and final chapter, the temporal results from this study
regarding the consumption of carbon by the study species from the pico-
planktonic particles removed, will be integrated into a preliminary carbon
budget where I will infer the potential for the carbon consumed to support
sponge metabolism as well as other processes such as sponge growth and
reproduction.
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Thesis summary

Chapter 7
General discussion: The importance of
picoplanktonic feeding to temperate
sponges, and their ecological
significance

7.1 Thesis summary

One major topic that has been discussed throughout this thesis is the poten-
tial for suspension-feeders to affect water column dynamics (i.e. the trans-
portation of particulate organic matter, planktonic organisms and detritus
from pelagic to benthic environments) as a result of their feeding activities.
As mentioned in previous chapters, sponges are able to retain particles in
the size range of 0.8 − 50 µm with varying efficiencies. The sponge species
studied here were found to feed mainly on picoplankton. Here it is worth
mentioning that only in a few ambient samples, the fluorescence emission of
a small percentage (∼ 0.4− 7%) of larger cells (∼ 5µm) was detected; hence
these cells were not included in any further analysis. Marine cyanobacteria
of the genera Synechococcus and Prochlorococcus comprise the prokaryotic
component of the oxygenic photosynthetic picoplankton (Heldal et al. 2003)
and were found in the water samples collected on the south coast of Welling-
ton throughout the study period. These microscopic cells contribute around
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half of the carbon fixed in marine systems and hence are of particular eco-
logical significance with regard to global carbon cycling (Partensky et al.
1999). At my study sites, where there is a high diversity and abundance of
sponges, I was interested in investigating the amount of the available pico-
planktonic particles that sponges were removing, as well as how much carbon
was supplied to sponges from these cells. Furthermore, I was also interested
to determine if there was any differential utilisation of picoplankton that
enables co-existence of different sponge species in this habitat.

The diet of the sponge species analysed in this thesis was comprised of
three types of picoplanktonic organisms: heterotrophic bacteria, Prochloro-
coccus, and Synechococcus. In Chapter 2, I found that two species of cal-
careous sponges removed Prochlorococcus and Synechococcus with a higher
efficiency than heterotrophic bacteria. This study was the first to investig-
ate the natural diet of calcareous sponges in a temperate rocky subtidal reef
using flow cytometry and provided evidence for differences in the diets of cal-
careous sponges and demosponges. In order to corroborate if such differences
could be detected by analysing dietary differences, I included the two species
of calcareous sponges with five demosponges in Chapter 3, where the pref-
erence for different particle sizes by different sponge species was discussed.
One of the main conclusions was that for the seven species studied, particle
size was an important factor influencing the retention of food particles given
that five of the sponges retained bigger cells (cyanobacteria) with a high
efficiency and two sponge species had high retention of smaller cells (hetero-
trophic bacteria). The differences in retention of the three cell types suggest
that the study species prefer some food particles over others, and I proposed
that niche partitioning is a potential mechanism that enables co-existence of
different sponge species in this habitat. Furthermore, the results from this
study raised questions about whether or not fewer larger cells (Prochloro-
coccus and Synechococcus) were able to provide the same amount of energy
required to meet the sponges’ metabolic demands as smaller, more abundant
cells (heterotrophic bacteria), when retained with a high efficiency.

Correspondingly, the results from Chapters 4 and 6, indicated that the
study species fed more efficiently on smaller cells (heterotrophic bacteria)
than on bigger cells (Prochlorococcus and Synechococcus), and that higher
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concentrations of heterotrophic bacteria in the water column meant that
they contributed the most to sponge diets with a greater carbon uptake. It’s
been suggested that sponges, due to their high abundance, high filtration
capacity, and a heterogeneous diet, may be important to nutrient dynamics
in coastal ecosystems. In Chapter 4, I showed that sponge assemblages on a
subtidal rocky reef, are capable of consuming a considerable proportion of the
available picoplankton, and are therefore responsible for the transfer of large
amounts of carbon from the water column to the benthos, so demonstrating
the potential importance of sponges to energy flow in this ecosystem. It’s
been suggested that sponges, due to their high abundance, high filtration
capacity, and a heterogeneous diet, may be important to nutrient dynamics
in coastal ecosystems (Richter 2001; Ribes et al. 2005). Because throughout
this thesis I found that sponges can efficiently filter and consume organic
particles (picoplankton) from the water column, in Chapter 5 I investigated
if sponges also increase the concentration of nutrients in the water column,
and if the importance of sponges could be related to nutrient dynamics, their
effect on water column nutrient concentrations and therefore ecosystem func-
tioning. The results from this chapter showed that water column nutrient
concentrations varied spatially and temporally; with the higher concentra-
tions of ammonium and phosphate found during autumn, and the higher
concentrations of nitrate found during winter. As a result of sponge feeding
and metabolism of particles, sponges excrete dissolved inorganic and organic
waste back into the water column, and thus are major contributors to the
cycling of essential elements.

7.2 Carbon budgets

Although suspension-feeding is considered to be one of the most widespread
feeding strategies among benthic organisms, the natural feeding ecology and
energetics of benthic suspension-feeders are poorly known (Ribes et al. 2000).
Previous studies have estimated annual carbon requirements for different spe-
cies of suspension-feeders by integrating information on ingestion, absorption,
faeces production, respiration and secondary production into a carbon or en-
ergy budget. Some of these species include types of: bivalves (Riisgard &
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Randlov 1981; Loo & Rosenberg 1996), polychaetes (Newell et al. 1982),
corals (Fabricius et al. 1998; Ribes et al. 2003) and other cnidarians (Coma
et al. 1998). Also, several studies have estimated the energy costs of the vari-
ous physiological activities in sponges (e.g. Stuart & Klumpp 1984; Barthel
1986; Ribes et al. 1999), but only a few have integrated calculations for en-
ergy demand into a more complete energy model (Reiswig 1981; Barthel 1988;
Koopmans et al. 2010). Such models or budgets can examine how matter
and energy are invested in different processes such as pumping, reproduc-
tion, growth and maintenance of sponges (Coma et al. 1998; Koopmans et
al. 2010). In the remainder of this chapter, I will integrate all the information
gathered on the feeding ecology of the three species of demosponges (Crella
incrustans, Haliclona venustina and Strongylacidon sp.) that were examined
over a two-year period (Chapter 6), and incorporate it into a preliminary car-
bon budget (indicative of an energy budget) for each species. These budgets
will then be used to deduce the capacity of carbon obtained via heterotrophic
suspension-feeding to support sponge metabolism, as well as infer the poten-
tial for this carbon to support other processes such as sponge growth and
reproduction.

A simplified carbon budget was constructed for each of the study species
by including both direct measurements and a number of assumptions based
on the general energy budget equation proposed by Crisp (1971):

C = P + R + G + U + F (7.1)

Where C is consumption, P is production (growth), R is respiration, G

is gonad (reproduction), U is excretion, and F is egestion. The components
included in the present budget are: consumption (C) and respiration (R)
which were obtained from direct measurements. Data on growth (P ), repro-
duction (G), F (faeces) and excretion (U) were not available for the study
species and thus were not included in the calculations. Given that the use of
carbon/energy for basal metabolism is considered the priority in any budget,
any carbon remaining can then be assumed to be available for one or more
of the other processes (Muscatine et al. 1981; Muscatine et al. 1984). For
the budget calculations, an annually averaged value of retention efficiency
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was used per species, and all the measurements were normalised to g DW
per sponge species and expressed as annual rates of carbon consumption.

7.2.1 Carbon consumption in respiration

Because only small sponge samples (< 1 cm3) could be removed from the
marine reserve, three sponge specimens of each of the study species of sim-
ilar size to those surveyed, were collected from a nearby site to carry out
respiration measurements in the laboratory (see Appendix B for methodolo-
gical details). The specimens collected from outside the marine reserve were
selected based on previous size measurements taken from in situ photographs
of the study species (Chapter 6). The respiration rate of the whole sponge
was divided by its dry weight and then converted into carbon units, using a
conversion factor of 0.3182 mg C mg−1 O2 (Reiswig 1981). Respiration was
calculated as an annual rate of oxygen consumption for each of the study
species assuming that it remains constant over the year. Here it is import-
ant to mention that this assumption is probably inaccurate since respiration
is likely to change over different times of year and in response to changes
in temperature and feeding activity (Riisgård & Larsen 2000; Coma et al.
2002). However, there were no practical alternatives to this approach.

7.2.2 Carbon acquisition by feeding

Consumption was defined as the amount of carbon gained by the removal of
picoplankton from seawater. It refers to the amount of food that is available
in the surrounding water, which then enters the inhalant canal of the sponge
and is finally taken into its cells. The amount of carbon consumed was
calculated for each type of picoplankton by multiplying the number of cells
retained (Equation 6.1) by the mean quantity of carbon contained in each
cell according to its type (using carbon conversions from the literature), as
described in Chapter 4. The amount of carbon gained by each species was
normalised to grams of dry tissue weight of sponge, and expressed as the
annual amount of carbon gained by each species (mg C g DW y−1). The same
sponge specimens collected for the respiration experiments were subsequently
used for determinations of weight and volume (Appendix C).
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7.2.3 Carbon requirements of the study species

The average annual consumption of carbon by C. incrustans from the three
types of picoplankton it filtered was 53.9 mg C g DW yr−1and the annual
respiration rate was 752.6 mg C g DW yr−1. Considering the estimated
respiration rate of the sponge per year, and the annual retention efficiency
(53%), it means that feeding on picoplankton had the potential to supply a
very small amount (3.1%) of the sponge’s annual respiratory carbon demands.

The budget for H. venustina was somewhat different from that of C. in-
crustans. This species had a much higher annual carbon consumption from
the picoplankton it filtered with a value of 175.4 mg C g DW yr−1, and the
respiration rate for this species was 669 mg C g DW yr−1. Considering the
estimated respiration rate of the sponge per year and an annual retention ef-
ficiency of 45%, feeding on picoplankton contributed to 11.8% of the sponge’s
annual respiratory carbon demand.

The budget of Strongylacidon sp. showed that this species had an annual
carbon consumption of 47.2 mg C g DW yr−1from the three types of pico-
plankton it filtered, and the respiration rate of this species was 529.6 mg C g
DW yr−1. Considering the estimated respiration rate of the sponge per year
and an annual retention efficiency of 37%, feeding on picoplankton therefore
contributed only a very small proportion (3.3%) of the respiratory carbon
demand.

7.2.4 The importance of feeding on picoplankton to the metabolism of tem-
perate sponges

It is not surprising that the proposed budgets vary between species since the
results from Chapter 6 previously showed that the feeding activity of the
three species varied significantly throughout the year, and the retention of
food particles was different for each species and it varied among sampling
periods. The values presented above on the contribution of the respiratory
demand of the three species imply that respiration is not supported fully by
feeding on picoplankton. This means that these particles cannot be the only
source of food in the diet of the study species. Therefore, the study species
must be obtaining carbon from elsewhere in order to support their remaining
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metabolic requirements, as well as growth and reproduction. Other possible
sources of carbon include dissolved organic carbon (DOC) and other forms
of particulate organic carbon (POC), both live (i.e. planktonic organisms)
and detrital (Ribes et al. 2000). The ability of sponges to efficiently capture
other types of plankton (< 10 µm) such as pico- and nanoeukaryotes has been
documented (Pile 1997, 2005; Caralt et al. 2008), and some authors have
been able to distinguish different populations of viruses in natural seawater
samples and their removal by sponges (Marie et al. 1999; Patten et al. 2006).
Heterotrophy is a common form of carbon acquisition in sponges, either via
consumption of microbes from seawater or via microbial uptake of DOC
(Yahel et al. 2003).

Crucially, it has been suggested that only sponges with large amounts
of sponge-associated bacteria can utilise dissolved organic matter (DOM),
but that in these cases this ‘food source’ supplies the majority of the car-
bon and energy needs of the sponge (e.g. Yahel et al. 2003). For this
reason, the utilisation of DOM by sponges should be more appropriately de-
scribed as ‘DOM-feeding by the sponge–microbe association’ (de Goeij et al.
2008a; 2008b). It should also be considered that the sponges’ nutritional
needs may be supplemented by their microbial symbionts, and in particular
photosynthetically-active microbes (Barthel 1988). Indeed in some sponges,
carbon nutrition depends heavily on cyanobacterial symbionts that enable
the sponge to obtain the major portion of its carbon photosynthetically;
this is referred to as phototrophy (Wilkinson 1983; Cheshire & Wilkinson
1991). Some temperate sponges are known to contain photosynthetic sym-
bionts (Roberts et al. 1999; Taylor et al. 2004), and one temperate species
has been demonstrated to sustain itself photosynthetically through associ-
ation with symbionts (Cheshire et al. 1995). The presence of symbionts in
the sponges was not assessed in this work and therefore the potential contri-
bution of photosynthetic carbon cannot be determined here. However, the
presence and function of both phototrophic and heterotrophic microbes in
the sponges studied here are important topics for future research.
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7.2.5 The ecological role of sponges in carbon and nutrient flow

Here I describe each of the components presented in the carbon-flow dia-
gram (Fig. 7.1) in terms of the available information on the energetics or
carbon demands of sponges. Primary production in the oceans is the first
step in the food chain and results from allochthonous nutrient inputs to
the euphotic zone (new production) and from nutrient recycling in the sur-
face waters (regenerated production) (Eppley & Peterson 1979). The seston
includes free-living bacteria, pico- and nanoeukaryotes, dinoflagellates, di-
atoms, ciliates and POC (suspended detrital particles with their associated
bacteria, faecal material from micro and mesozooplankton, dead phytoplank-
ton and bacterial cells) (Heymans & Baird 1995). In sponges, the retained
food is then used for two purposes: to supply nutrients for sponge biomass
and to supply energy, in which case the carbon is converted to carbon di-
oxide, which is assumed to take place via aerobic metabolism (Koopmans
et al. 2010). Of the particles that sponges remove, a certain portion will
be taken up by the sponge (absorbed), and another will leave the sponge
again as either faeces or pseudo-faeces, which consist of undigested material
exocytosed as larger membrane-covered units (Barthel 1988). The absorp-
tion component represents the carbon gained from the ingested food that
will be destined for physiological processes, with the most important being
respiration, production (growth and reproduction), and excretion.

Oxygen consumption is a measure of respiration rate that can be con-
verted into carbon or energy equivalents, and represents a measure of that
part of the food intake that is required to provide energy to support life
processes (Clarke 1991). Oxygen consumption, calculated on the basis of
respiration rate, has been measured in different sponge species (e.g. Reiswig
1974; Wilkinson 1983; Kowalke 2000; Hadas et al. 2008), but only a few
studies having examined the respiration rates of sponges in temperate eco-
systems (e.g. Barthel 1988; Thomassen & Riisgard 1995; Coma et al. 2002;
this study; Murray 2009). Respiration is the component that may cause
significant modifications to the budget, as the values are typically obtained
from laboratory measurements (as they were here) where the sponges may
be stressed and are not necessarily exposed to natural variations such as
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Figure 7.1: Carbon flow diagram modified from Loo & Rosenberg (1996),
integrating the measured and the estimated components of the three study
species into a preliminary carbon budget. The values of consumption and
respiration are expressed in mg C g DW yr−1, DW. UNK=unknown
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seasonal food supply and water temperate; such factors can alter respiration
rates considerably (Coma et al. 1998). After respiration the most likely uses
of carbon are for growth and reproduction. While growth was not measured
during this study, there are various studies that have recorded the growth
rates of sponges in the field (e.g. Ayling 1983; Barthel 1986;Duckworth 2003;
Duckworth et al. 2004; Knott et al. 2006). Furthermore, growth varies with
time of year, with lower growth rates generally being measured in winter
(De Caralt et al. 2008; Koopmans & Wijffels 2008). In terms of carbon
use, growth determines the percentage increase in body mass over time, and
the temporal variation in growth of some species may result from seasonal
differences in food availability (Duckworth & Battershill 2001). Reproduc-
tion of sponges has been studied in a moderate number of species world-wide
compared with other taxa (Ilan et al. 2004). In most sponges maturation
events usually take place seasonally (Reiswig 1981). In a study of two cold
water sponges, Barthel (1986) suggested that adult sponges degenerate after
reproduction in summer. A Mediterranean sponge, during its reproductive
period (spring–summer), experiences the reduction of the number of func-
tional pumping units and the transformation of choanocyte chambers into
spermatogonia (de Caralt et al. 2007). Studies looking at reproduction in
New Zealand sponges indicated that some species seem to be reproductively
active in summer and early autumn correlating with periods of relatively poor
growth, and other species appear to be reproductively active throughout the
year (Ayling 1980; Duckworth & Battershill 2001).

When nutrients in the water column are depleted, degeneration and disin-
tegration of sponges provide a nutrient pulse to primary producers (Barthel
1988). Sponges remove part of the regenerated primary production during
the time of their strongest growth and release nutrients into the euphotic
zone, thus stabilising the regenerative cycle and reducing sedimentation of
phytoplankton to the benthos (Barthel 1986). Sedimentation accounts for
losses of organic matter, where unutilised production is assumed to become
incorporated into sedimentary POC (Heymans & Baird 1995). Sponges en-
hance sedimentation with the particles that pass through them undigested,
and this process influences the flow of energy and matter from the water
column to the benthos (Barthel 1988). The eliminated biomass accounts for
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the sponge biomass that will enter the sedimentation process and the detrital
food chain, as well as the amount of biomass that will be reconverted into
dissolved plant nutrients and DOM (Barthel 1988), and the biomass lost by
predation. Previous field studies carried out in New Zealand have suggested
that only a minor share of sponge biomass is transported directly to higher
trophic levels (Ayling 1981; Duckworth & Battershill 2001). The majority
seems to be recycled within the euphotic zone, or to enter the detrital food
chain (Barthel 1988).

7.3 Future research and concluding remarks

The budgets proposed here must be considered as preliminary and approxim-
ate due to the number of assumptions and limitations involved. To be more
comprehensive, such budgets should include total consumption, and must in-
clude the capture of both dissolved and particulate resources (Reiswig 1981).
One of the main conclusions from the carbon budget calculations was that
feeding on picoplankton had the potential to supply only a very small amount
of the sponge’s annual respiratory carbon demands, meaning that the diet
of these species was not sufficiently resolved, therefore leaving a deficit in
the budget that can only be satisfied by other sources. Possible sources of
this carbon include DOC and photosynthethic symbionts. However, it is also
important to note that the study species might have been stressed when the
respiration rates were measured in the laboratory, so resulting in artificially
high respiration values. Given that respiration is such an important aspect
of the carbon budget, future work should examine the seasonal variation in
the respiration rate of the study species using an in situ technique to better
represent the physiological energetics of sponges in their natural habitat, and
minimise the impacts of handling-related stress (Coma et al. 2002).

Although the data included in the budgets here were measured as pre-
cisely as possible, some parameters remain unknown, such as the influence of
water flow on picoplankton capture and respiration rates. Also, other meas-
urements such as estimates of growth and reproduction are needed in order
to build a more comprehensive budget. A non-destructive method for meas-
uring growth in situ that could be applied in the study area would be to take

148



Future research and concluding remarks

monthly photographs to monitor volume and sponge surface area changes in
time (Garrabou & Zabala 2001; Koopmans & Wijffels 2008). There is also
the need to measure carbon content in sponge tissues by using an element
analyser (Koopmans et al. 2010) or by stable isotope analysis (Topçu et
al. 2010). The resulting values can be used to obtain more insight in the
carbon usage of sponges in relation to energy and biomass increase; similar
approaches can also be applied to our understanding of nitrogen acquisition
and usage.

The preliminary budgets presented here provide an important first step
towards understanding the nutritional requirements of sponges. As men-
tioned previously, picoplanktonic organisms are one of the major components
of food webs and play key roles in biogeochemical cycles and energy flow.
The results from this thesis showed that sponge assemblages on the subtidal
rocky reef studied are capable of consuming a considerable proportion of the
available picoplankton, and are therefore responsible for the transfer of large
amounts of carbon from the water column to the benthos. However, while
the study species consume a great amount of picoplankton this is still inad-
equate for supporting their basal metabolism, since feeding on picoplankton
had the potential to supply only a small amount of the sponge’s annual res-
piratory carbon demands. This also brings the idea of niche partitioning and
the question of whether or not there was any differential utilisation of pico-
plankton by the three species used in the carbon budgets. Different retention
efficiencies were observed among the three study species for the three types of
picoplankton, which is in agreement with the results obtained from Chapter
3. Considering the annual retention efficiency for each type of picoplank-
ton by the study species, Strongylacidon sp. may fit within group I where
species had higher retention rates of Prochlorococcus and Synechococcus, and
lower retention of heterotrophic bacteria. C. incrustans and H. venustina
may fit within group II where species had higher retention of Prochlorococ-
cus and heterotrophic bacteria, and removed less Synechococcus. However,
a further analysis is needed to integrate these three species with the species
from Chapter 3 in order to support the hypothesis of partitioning of food
resources between these co-existing sponge species.

The ability of sponges to directly consume picoplankton represents a cru-
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cial step in the understanding of energy flow and ecosystem functioning. I
have mentioned that sponges play an important role in the flow of carbon
through marine ecosystems as they have the ability to control the cycling of
nutrients, organic matter, plankton and detritus. Hence, another important
aspect studied in this thesis was nutrient availability. The results from this
thesis showed that there were seasonal changes in nutrient and food availab-
ility, but it remains to be elucidated if the study species show seasonal trends
in respiration rate, and if an increase/decrease in these parameters is related
to an increase/decrease in water temperature, nutrient levels and suspended
particulate matter. The broader implications of the results obtained from
the nutrient uptake/release of the study species could be important, since
nutrient fluxes relate to the ecological importance of sponges, specially due
to their release of ammonium and nitrate into the water column as these nu-
trients are considered to be the most important sources of regenerated and
newly produced nitrogen for biological processes. Indeed, the information
gathered throughout the duration of this thesis can be used to inform future
studies of the feeding ecology and physiology of these important benthic or-
ganisms, and to recognise the important role that sponges play in the balance
and dynamics of carbon and nutrients in the water column.
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Study species photographs
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(a) Dysidea sp. (b) Leucosolenia echinata

(c) Leucetta sp. (d) Haliclona sp.

(e) Polymastia sp. (f) Tethya bergquistae

(g) Crella incrustans (h) Haliclona venustina

(i) Strongylacidon sp. (j) Plakina sp.

Figure A.1: Sponge species photos
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Appendix B
Respiration Protocol

Three sponge specimens of each of the study species (Crella incrustans,
Haliclona venustina and Strongylacidon sp.) were collected to carry out res-
piration measurements in the laboratory. The laboratory work was conducted
at the Victoria University Coastal Ecology Lab (VUCEL) in Wellington, New
Zealand. After collection, sponges were carefully transported to the labor-
atory and were placed in a tank with a constant flow of unfiltered seawater
(pumped directly from the sea), and left to acclimatise for three days. To
ensure that all the specimens were in good condition before the respiration
experiments were performed, a small amount of fluourescein dye was released
next to each specimen to corroborate pumping activity.

The experiments were conducted in winter when water temperature was
12.4 ± 0.8 °C (Berman unpub. data). The experimental set up consisted
of a glass aquarium tank (water bath) half-filled with seawater, three acrylic
respiration chambers, a magnetic stirrer, oxygen electrodes, a lamp, a clamp
and a computer. Prior to the beginning of the experiment, the respiration
chambers were cleaned and the internal volume was calculated. Then, one at
a time, sponges were placed inside an open respiration chamber and main-
tained in individual buckets with a constant supply of flow-through filtered
seawater (filtered by a 1 µm mesh size filter) to clean off debris, micro-
organisms and sediment. All experiments were conducted inside a cold room
where the ambient temperature could be controlled and adjusted to the water
temperature coming in from the seawater supply.
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To measure oxygen consumption, a single sponge specimen was placed in a
respiration chamber that was sealed making sure no air bubbles were trapped
in the chamber with the sponge. Then, the chamber with the sponge inside
was mounted on top of a magnetic stirrer to guarantee mixing of the water,
while also keeping the sponge active. The chamber was fitted with oxygen
electrodes that were used to monitor changes in oxygen concentration. The
oxygen electrodes were held in a clamp during all the respiration experiments
because they are very delicate and easy to break, hence care was taken when
handling them.

Both light (with the lamp switched on) and dark (chamber wrapped in foil
paper) experiments were conducted for each sponge specimen. This was done
to determine if there was a rate of oxygen production (net photosynthesis),
considering the possibility of associated microbes in the study species. Two
readings (one light, one dark) of each sponge specimen were taken for long
enough for the oxygen levels in the chamber to drop to about 80% (usually for
20−35 min). The data collected were transferred to an excel data sheet. The
rate of oxygen depletion in the chambers was plotted against time to check
if it was a linear decrease. Dissolved oxygen was measured with an IBOX
3-fiber-optic oxygen meter (PreSens GmbH, Germany) respirometer oxygen
meter. The rate of oxygen per hour used in the chamber was calculated, and
this was correlated back to the volume of water in the chamber so the oxygen
per ml water could be calculated, and then related to how much oxygen was
used per gram of sponge tissue. After all the experimental runs, sponge
specimens were used for determinations of weight and volume.

157



Appendix C
Sponge volume and mass protocol

After the respiration experiments, the sponge specimens were subsequently
used for determinations of weight and volume. Volume measurements were
carried out by displacement volume where sponge specimens were tied to
thin thread and suspended in a known mass or volume of seawater. The
difference in mass was multiplied by the density of the water resulting in the
sponge volume.

For weight determinations, clean aluminium trays were labelled and weighed.
Each sponge specimen was dabbed with absorbent tissue to remove excess
water and weighed in the tray to obtain the wet weight (WW). Then, samples
were placed in a drying oven at 60 ºC for 48 hours to remove all moisture.
After this time samples were weighed again to obtain the dry weight (DW).
Next, samples were placed in clean and labelled metal crucibles and trans-
ferred to the furnace where they were heated at 480 ºC for 6 hours. After this
time the samples were weighed again to obtain the ash-free weight (AFDW).

158



Appendix D
Papers published and submitted

Below I indicate the current and intended publication status of my thesis
chapters:

Published

Chapter 2 Perea-Blázquez A., Price K., Davy S.K. & Bell J.J. (2010). Diet
Composition of two temperate calcareous sponges: Leucosolenia echin-
ata and Leucetta sp. from the Wellington South Coast, New Zealand.
The Open Marine Biology Journal, 4, 65-75 (see below).

Chapter 5 Perea-Blázquez A., Davy S.K. & Bell J.J. Nutrient utilisation
by shallow water temperate sponges in New Zealand. Hydrobiologia,
10.1007/s10750-011-0798-x, 1-14 (see below).

In review

Chapter 3 Perea-Blázquez A., Davy S.K. & Bell J.J. Differential food re-
source use by temperate subtidal sponges. In review, submitted to:
Journal of Experimental Marine Biology and Ecology, 05/07/2011

Chapter 4 Perea-Blázquez A., Davy S.K. & Bell J.J. Estimates of Partic-
ulate Organic Carbon Flowing from the Pelagic Environment to the
Benthos through Sponge Assemblages. In review, submitted to: PLoS
ONE, 15/07/2011

159



To be submitted

Chapter 6 Perea-Blázquez A., Davy S.K. & Bell J.J. Fluctuations in food
utilisation by three common species of demosponges over time.

Chapter 7 Perea-Blázquez A., Davy S.K. & Bell J.J. The importance of
picoplanktonic feeding to temperate sponges, and their ecological sig-
nificance.

160



 The Open Marine Biology Journal, 2010, 4, 65-73 65 

 
 1874-4508/10 2010 Bentham Open 

Open Access 

Diet Composition of Two Temperate Calcareous Sponges: Leucosolenia 
echinata and Leucetta sp. from the Wellington South Coast, New Zealand 
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Abstract: Sponges are an important component of benthic ecosystems in New Zealand, and as suspension feeders they 
can process large volumes of water meaning that their interaction with the water column is likely to be of great 
importance. Our research focuses on the functional role of sponges as suspension feeders in temperate rocky subtidal 
ecosystems on the Wellington South Coast, New Zealand. We investigated the diet composition of two common species 
of calcareous sponges (Leucosolenia echinata and Leucetta sp.) by identifying and quantifying food particles from water 
samples using flow cytometry, and estimating the removal efficiency for these species. The natural diet of both species 
included heterotrophic bacteria, Prochlorococcus sp. and Synechococcus sp., similar to that previously reported for 
demosponges. We found significant differences in the number of picoplanktonic organisms present between ambient and 
exhalent water for both study species. Prochlorococcus and Synechococcus were removed with the highest efficiency 
irrespective of sponge species (52-57%). Both species had similar overall removal efficiencies, but we detected significant 
differences in the removal rates of the three types of bacteria in each species. Our study is the first to investigate the 
natural diet of calcareous sponges in temperate rocky subtidal reefs using flow cytometry and we provide evidence for 
differences in the diets of calcareous sponges and demosponges. 

Keywords: New Zealand, diet composition, calcareous sponges.  

INTRODUCTION 

 Sponges, as suspension feeders, depend on food in the 
water column [1], and have evolved mechanisms to capture 
food that is highly diluted within seawater and too small to 
be detected and captured individually [2]. Benthic suspen-
sion feeders in shallow-water marine ecosystems are capable 
of transferring large quantities of material from the overlying 
water column to the sea floor [3]. The high abundance of 
sponges in many benthic habitats is therefore likely to result 
in a considerable interaction between sponges and the water 
column, with sponges being an important link to higher 
trophic levels [4]. 
 Although the functional roles of sponges on coral reefs 
(e.g. bioeroders, reef consolidators/stabilisers) have been 
well described [e.g. 4-6], there are far fewer studies focusing 
on the functional roles that sponges play in temperate 
regions. Furthermore, very little is known about the New 
Zealand sponge fauna and its ecology compared with other 
temperate regions, such as southern Australia and northern 
Europe. Sponges are important components of benthic 
ecosystems in New Zealand and due to their high abundance, 
high filtration capacity, and a heterogeneous diet, sponges 
may be important in influencing nutrient dynamics in New 
Zealand coastal ecosystems [7]. 
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 While the feeding ecology of tropical demosponges has 
been well studied [8-10], there are few studies examining the 
natural diet of marine sponges in temperate regions [11, 12], 
and to our knowledge only one study has estimated the 
removal efficiency of a calcareous sponge [13]. Wilkinson et 
al. [13] investigated the removal efficiencies of four tropical 
sponges from Australia including one calcareous species 
(Pericharax heteroraphis), which was measured by collec-
ting in situ water samples and analysing them using the pour-
plate counting technique. The authors found that all study 
species efficiently filtered heterotrophic bacteria from the 
ambient water with removal efficiencies of between 98% and 
99% for the demosponges, and 95.5% for the calcareous 
sponge [13]. To date, there have been no studies on sponge 
feeding for New Zealand species. 
 In the last two decades, flow cytometry has become a 
valuable tool in aquatic and environmental microbiology, 
and has largely been used to determine cell numbers, cell-
size distribution, and additional biochemical and physiolo-
gical characteristics of individual cells from different popula-
tions of picoplankton (plankton <2 µm in size) [14, 15]. The 
prokaryotic fraction of natural marine pelagic communities is 
composed of both heterotrophic and autotrophic organisms 
[16]. These micro-organisms have been discriminated using 
flow cytometry as follows: Prochlorococcus (0.6-0.8 µm 
size), photosynthetic organisms that harvest light using 
divinyl-chlorophylls a and b [17] and only emit red fluore-
scence; Synechococcus (1µm size), photosynthetic prokaryo-
tes characterised by the dual fluorescence of their pigments. 
The other major prokaryotic group is the diverse hetero-
trophic bacteria (ranging between 0.2-2 µm in size), charac-
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Abstract Major nutrients such as phosphate, nitrate,

ammonium and silicate, are involved in the metabolic

processes of marine organisms. Sponges take up and

produce inorganic nutrients and the extent at which

they affect the budgets available for other organisms

has received little attention. For this reason, we

investigated nutrient fluxes for several sponge species

in order to estimate whether sponges were net

producers or consumers of nutrients from the water

column, and how these patterns changed over time.

Nutrient fluxes were examined on the south coast of

Wellington, New Zealand. For the nutrient analysis

(nitrate, nitrite, ammonium, phosphate and silicate),

water samples were collected in situ from the inhalant

and exhalant water of different sponge species.

Samples were analysed both in a multi-species survey

and over a two-year period for three other species to

determine any temporal changes in fluxes. Our results

yielded significant differences in nutrient concentra-

tions between the inhalant and exhalant water for

some of the species, but there was no clear pattern

associated with the time of year. The levels of

dissolved inorganic nutrients in the ambient water

varied considerably over the 2-year study period. It is

possible that a lack of a clear pattern of nutrient

uptake/release of nutrients in some of the study

species, and the fact that not all species showed

significant uptake/release at different times of the

year, may be related to high levels of temporal and

spatial variation in the ambient nutrient availability,

as well as other temporal fluctuations in parameters,

such as water temperature, sponge size, and concen-

tration of food in the water column. Finally, we

believe that the activity of specific microbial commu-

nities associated with these sponges may be important

in explaining the fluxes we have reported.

Keywords Nutrient fluxes � In situ � Sponges �
Temporal � Variation � Temperate ecosystem

Introduction

Marine organisms utilise major nutrients including

phosphate, nitrate, ammonium and silicate for met-

abolic functions. Nitrogen has been intensively

studied due to its importance in nutrient fluxes and

transformations that occur in the marine environment
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