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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. 
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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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terised from flow cytometry by the absence of photosyn-
thetic pigments and therefore autofluorescence. 
 The aim of our study was to identify and quantify food 
particles from water samples collected in situ from two 
species of calcareous sponges, Leucosolenia echinata and 
Leucetta sp., and to investigate the populations of micro-
organisms that these sponges are removing from the water 
column. These species are particularly abundant and widely 
distributed along the south coast of the Wellington region 
and therefore potentially important in the cycling of food 
particles between the water column and the overlying rocky 
subtidal habitats. 

MATERIALS AND METHODS 

Study sites 

 We examined sponge picoplankton removal at two sites 
within the Taputeranga Marine Reserve on the south coast of 
Wellington, New Zealand (Fig. 1). Wellington’s south coast 
is a high energy environment, with its tidal and oceanic 
flows strongly influenced by Cook Strait weather [18]; water 
temperatures range between 11ºC in winter to 16 ºC in 
summer (Berman & Bell in press, this edition). This dyna-
mic marine environment supports high sponge abundance 
and diversity, particularly on the sides of gulleys and cre-
vices, and underneath rocks, boulders and overhangs in the 
rocky subtidal ecosystems that characterise this coast [19]. 
Two widespread calcareous sponges, Leucosolenia echinata 

and Leucetta sp., were selected for this investigation because 
they are very common in the study area and their well 
defined exhalent oscula reduce the risk of sampling error and 
make sampling in situ easier. 

Sampling 

 Seawater samples were collected in situ by SCUBA bet-
ween 7 and 10 m depth. Samples for flow cytometry were 
collected in March 2009 in pairs, following the sampling 
method described by Pile [8, 9], from four specimens of each 
species using 5-ml sterile plastic syringes with blunt-ended 
needles (Fig. 2). Sample collection consisted of water being 
slowly drawn from the inhalent stream at a distance of ~3 cm 
from the sponge ostia, and then from the exhalent water 
inside the oscular aperture; 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. [20] 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 h prior to analysis. 

Flow Cytometry Analysis 

 To quantify the picoplankton populations, seawater 
samples were analysed using a BD LSR II SORP (Special 

 
Fig. (1). Map of the south coast of Wellington showing the two study sites, Mermaids Kitchen and The Sirens, within Taputeranga Marine 
Reserve, Wellington New Zealand. This map was compiled by Benjamin Magaña-Rodríguez on June 2009. 
Data sources: New Zealand Territorial Authority data, Wellington Digital Elevation Model image. Projection and Datum: NZMG 1949. 
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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 
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 excite the phycobili-
proteins and the emitted orange fluorescence was detected 
using a 575/26 nm band-pass filter. Two sets of flow cyto-
metric experiments were carried out: The first set of experi-
ments 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 sp. cells were iden-
tified based on both orange and red fluorescence 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 [8, 
21]. Prochlorococcus sp. cells were distinguished by the 
presence of red florescence and the lack of orange fluore-
scence. Heterotrophic bacteria were identified as being DNA 
positive events lacking both red and orange fluorescence. 
When using flow cytometry, heterotrophic bacteria can only 
be differentiated from Prochlorococcus by staining cells 
with specific nucleic acid fluorochromes e.g Hoechst 33342 
[16]. Finally, viruses (0.002-0.2 µm size fraction) are abun-
dant, active components of aquatic ecosystems, but they are 
very difficult to quantify and classify [15]. Despite these 
problems, some authors have been able to distinguish 
different populations of viruses in natural seawater samples 
[20, 22, 23] using several fluorochromes (e.g. SYBR Green). 
In the present study we did not quantify viruses. 
 Data analysis was performed using FlowJo (version 
8.8.6; TreeStar, Ashland, OR), and data were presented using 
log-scale pseudo-colour dot plots for all parameters (SSC-A, 
FSC-A, orange fluorescence, red fluorescence). These plots 
showed three different populations of micro-organisms, 
Synechococcus, Prochlorococcus and heterotrophic bacteria 
that were mainly distinguished from the fluorescence emitted 
after excitation by the blue and green lasers. 

Data Analysis 

 We applied a three-way ANOVA to determine if there 
was a significant difference between ambient and exhalent 
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Fig. (2). Schematic representation of in situ underwater sampling method. Ambient water was collected from the inhalent current ~3 cm from 
the sponge ostia, and the exhalent water was collected with a 10-ml syringe with a blunt-ended needle from the oscular aperture. 
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water in the cell concentrations of each type of picoplan-
ktonic 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 of 
homogeneity of variances were performed, respectively. 
When assumptions were not met, we square-root transfor-
med the data for cell counts and arcsine transformed the 
percentage data. A posteriori Tukey test was carried out 
when significant results were obtained. 
 The mean removal efficiency for the types of 
picoplankton removed by each species was calculated using 
the following equation: 
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Where RE is the mean removal efficiency; amb is the mean 
cell count for ambient water; and exh is the mean cell count 
for exhalent water [9, 10]; negative retention rates resulting 
from exhalent cell concentrations being lower than ambient 
ones, obtained from three specimens, 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 applied. All statistical 
analyses were performed using R ver. 2.7.2 (R Development 
6 Core Team 2009). 

RESULTS 

 The results from the first set of flow cytometric experi-
ments (refer to the methods section) identified distinct 

 
Fig. (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 sp., Synechococcus sp., and heterotrophic bacteria 
found in ambient and exhalent 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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populations of Prochlorococcus sp. and Synechococcus sp. 
Once these populations could be clearly detected by the flow 
cytometer, the second set of experiments was performed 
using samples stained with Hoechst. The results from this 
analysis yielded a third population of micro-organisms, 
heterotrophic bacteria, and differences in the concentration 
of cells between ambient and exhalent water were observed 
in both sponge species (Fig. 3). As a result, the diet of 
Leucosolenia echinata and Leucetta sp. consisted of 
heterotrophic bacteria, Prochlorococcus and Synechococcus. 
An extra population of micro-organisms appeared in the 
exhalant water samples from both species (Fig. 3). From the 
flow cytometric analysis, we 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 
(Prochlorococcus, Synechococcus and heterotrophic bac-
teria). It is well known that sponges release bacterial cells 
different to the ones removed from the ambient water. This 
matter this will be further addressed on the discussion 
section. 

Picoplanktonic Concentrations in the Water Column 

 We found significant differences in the number of 
picoplanktonic organisms between ambient and exhalent 
water from both Leucosolenia echinata and Leucetta sp. We 
also found significant differences in the cell counts between 
the different picoplanktonic organisms, and we detected that 
there was a significant difference between the sponge species 
and types of picoplankton (Table 1; Fig. 4A).  
Table 1. Three-Way Analysis of Variance Showing Diffe-

rences in Cell Concentrations per 500 µl between 
Leucosolenia echinata and Leucetta sp., Picoplank-
tonic Organisms, and Environment (Ambient and 
Exhalent Water) 

 

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  

NS: p > 0.05; * p < 0.01, ** p < 0.001. 
 
 The overall concentration of heterotrophic bacteria (8.1 ± 
4.4 x 103 cells ml-1) was significantly higher than 
Prochlorococcus (2.2 ± 1.5 x 103 cells ml-1) which was also 
significantly higher than Synechococcus (3.1 ± 2.0 x 102 
cells ml-1) in both ambient and exhalent water from 
Leucosolenia echinata and Leucetta sp. (Fig. 4B). The 
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). Additionally, 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  
 

 
Fig. (4). Box plots showing mean cell counts of (A) differences 
between each group of picoplanktonic organism (heterotrophic 
bacteria, Synechococcus, Prochlorococcus) measured for both 
sponge species, and (B) picoplanktonic organisms quantified from 
the water surrounding both study species. 

 
surrounding Leucetta sp. (118818 ± 41533 cells ml-1) than in 
the water surrounding Leucosolenia echinata (51625 ± 
12894 cells ml-1) (Fig. 5A, B). 

Sponge Prey Removal 

 Both sponge species had similar overall removal 
efficiencies (two-way ANOVA, F1,18 = 0.89, p >0.05), 
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though we detected significant differences in the removal 
rates of the three types of picoplankton by each species 
(Table 2; Fig. 6A, B). The posteriori Tukey test revealed that 
the removal efficiency of heterotrophic bacteria (10-25%) 
was significantly lower than that on Prochlorococcus (52-
57%) and Synechococcus (53-55%) for both species (Fig. 7). 
 

 
Fig. (5). Mean cell counts for each group of picoplanktonic 
organism found in ambient and exhalent water from Leucosolenia 
echinata and Leucetta sp. 

 
Table 2. Two-Way Analysis of Variance Showing Differences 

in the Removal Efficiency (Percentage Removed) of 
both Sponge Species and Types of Picoplankton. 
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.  

 

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  

NS: p > 0.05; * p < 0.01. 

 
Fig. (6). Box plots showing mean removal efficiency expressed as 
(A) percentage of picoplankton retained by both sponge species and 
(B) percentage retained of each type of picoplanktonic organism per 
sponge species. 

 
Fig. (7). Retention efficiency, expressed as percentage removal of 
each group of picoplanktonic organism in Leucosolenia echinata 
and Leucetta sp. 
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DISCUSSION 

 Our study is the first to investigate the natural diet of 
calcareous sponges in temperate rocky subtidal reefs using 
flow cytometry. The results for our two calcareous species 
showed lower removal efficiencies, particularly on hetero-
trophic bacteria, and overall lower removal efficiencies on 
Prochlorococcus and Synechococcus compared to published 
data for other temperate demosponges [9-11]. Also, we 
found a much higher concentration of heterotrophic bacterial 
cells 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.  

Removal Efficiency of Calcareous Sponges 

 Direct measurements have corroborated that both tropical 
and temperate sponges, as well as freshwater sponges, have 
high capture rates of picoplankton [24]. The results from our 
study confirm the effectiveness of flow cytometry in 
analysing the diet composition of sponges. The retention 
efficiencies of the two calcareous sponges we studied ranged 
between 10 and 57%, for the same picoplanktonic organisms 
analysed in previous studies using flow cytometry. These 
removal efficiencies are lower than those obtained in situ 
from temperate demosponges in recent studies [10, 11], 
where removal efficiencies range between 60% and 90%; 
these are similar to the removal rates reported for tropical 
sponges [9, 25]. The removal rates we 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 [26] 
and in addition to their differences in spicule composition, 
water flow in calcareous sponges differs from demosponges 
due to their body construction and aquiferous system [27]. 
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 [28, 29]. 
 Francis and Poirrier [30] 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 our 
results showed higher removal rates of Prochlorococcus and 
Synechococcus by both species, these percentages were 
lower than those obtained for other temperate demosponges. 
In their study of the metabolism of the calcareous sponge 
Clathrina clathrus from the Mediterranean, Burlando et al. 
[31] suggested that biochemical variations (e.g. tissue sugar 
content, 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 [32], 
are relevant to our study as we 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 aquifeous 
system [32]. 

 We measured retention efficiencies of between 10% and 
25% for heterotrophic bacteria in both study species. These 
values are markedly lower than those previously reported for 
temperate demosponges, where retention efficiencies of 
heterotrophic bacteria range from 43-90% [8, 10, 11, 33]. In 
Wilkinson’s [13] work, the percentage of heterotrophic 
bacteria removed by the calcareous sponge Pericharax 
heteroraphis was 95.5%. Although this species is a tropical 
sponge, it is the only removal efficiency value that has been 
measured for a calcareous sponge that we can compare with 
our results. It is possible that the low removal efficiencies 
obtained from our results may have also been influenced by 
the time of year when samples were collected and by a high 
concentration of micro-organisms present in the water 
column that these sponges may only need to remove a small 
fraction of them in order to meet their nutritional require-
ments. On the other hand, total uptake may be influenced by 
the patchy distribution of the micro-organisms 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 [8]. 
 There is little information available on the ecology and 
physiology of calcareous sponges. Leys & Eerkes-Medrano 
[28] investigated particle uptake in a calcareous sponge by 
feeding sponges with bacteria and latex microspheres, both 
in situ and in vitro. Although their results do not consider the 
feeding ecology of calcareous sponges, they do 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 our 
study as they observed uptake of 1-µm sized natural bacteria, 
similar to our findings where we measured the removal of 
micro-organisms of 1 µm or less in size from the ambient 
water as shown in our flow cytometric plots (see results 
section for more detail). In conclusion, we demonstrate that 
calcareous sponges feed on picoplankton (plankton < 2µm), 
similar to data previously published for demosponges. 
 The additional population that appeared in the exhalent 
water can be explained in light of the existing literature. It is 
known that the internal tissue of marine sponges is the 
habitat of symbiotic bacteria [32, 34]. Wilkinson et al. [13] 
in their study of four species of marine sponges, reported 
evidence that sponges are able to discriminate between bac-
teria normally found in the ambient water (regarded as food), 
and symbiotic bacteria isolated from the sponges themselves. 
They showed that symbiotic bacteria passed readily through 
the sponge, whereas seawater bacteria were retained. 
Similarly, Gili et al. [35] reported that bacterial colonies 
growing in plates with exhaled 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 our study species, future work 
is needed to investigate whether or not the released cells are 
live micro-organisms and if these cells are symbiotic bacteria 
or other types of bacteria. 

CONCLUSION 

 We conclude that both sponge species we studied are 
efficient feeders on Synechococcus sp. and Prochlorococcus 
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sp. 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, suggesting a higher grazing 
efficiency upon these prey types and a markedly lower 
removal efficiency of heterotrophic bacteria. Comparison of 
removal efficiencies between species and classes is difficult 
due to the variability within each species and group [11]. 
Future studies are needed to evaluate if the ambient 
heterotrophic bacterial concentrations change through time 
and if there is a correlation between the concentration of 
dissolved nutrients in the water and the concentration of 
these picoplanktonic organisms. Aspects of the nutritional 
ecology of calcareous sponges are yet to be described, and 
related to seasonality and availability of micro-planktonic 
populations in temperate ecosystems, but this will be a focus 
of our future work. 
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