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Abstract: Multi-oscula sponges are organisms composed of aquiferous modules, each 13 
of which draws water through its canal system by means of pumping units (choanocyte 14 
chambers, CC) such that the filtered water leaves the module as an exhalant jet through 15 
the osculum of the module. Here we compare relations between the characteristic 16 
parameters of sponge volume (V), osculum cross-sectional area (OSA), exhalant jet 17 
speed (U0), and filtration rate (F) of single-osculum explants and individual aquiferous 18 
modules of multi-oscula explants of the demosponge Halichondria panicea. The latter 19 
modules are identified by observing from which part of the surface administered dye 20 
will emerge from its osculum. There is fair agreement in results between the two types 21 
of modules. For both types, the filtration rate is a linear function of the modules volume, 22 
with average values of volume-specific filtration rate of 1.8 and 1.5 ml min-1 cm-3 for 23 
single- and multi-oscula sponge explants, respectively. This supports the hypothesis that 24 
the density of CCs is approximately constant for a given species. Although the 25 
individual modules in a multi-oscula sponge operate as separate aquiferous systems, the 26 
present study has shown that modules nevertheless communicate in response to external 27 
stimuli. Thus, when one module was exposed locally to ink particles, both the exposed 28 
module and its neighbouring modules reduced their OSA, U0, and F.  29 

Keywords: Exhalant jet speed; Filtration rate; Osculum area; Scaling; Aquiferous 30 
module; Contraction 31 
______________________________________________________________________ 32 

Introduction 33 
Sponges (Porifera) are among the oldest groups of multicellular organisms in the animal 34 
kingdom (Metazoa) with fossil records dating back to over 700 million years (Brian et 35 
al. 2012) They are comprised of at least eight cell types and the entire body is 36 
specialized for filter-feeding on suspended organic particles (i.e. free-living bacteria and 37 
phytoplankton) in the ambient water (Jørgensen 1966; Reiswig 1971, 1974, 1975; 38 
Bergquist 1978; Simpson 1984; Larsen and Riisgård 1994; Elliott and Leys 2007; Leys 39 
et al. 2011; Ludeman et al. 2014; Strehlow et al. 2016; Lüskow et al. 2018). Sponges 40 
lack nerves and muscles, but have muscle-like cells (myocytes) resembling smooth 41 
muscle cells which, along with chemical messenger-based systems enable sponges to 42 
react to environmental stimuli in a coordinated way of contraction-inflation behavior 43 
(Parker 1910; Bagby 1966; Perovic et al. 1999; Nickel 2004, 2011; Nickel et al. 2006; 44 
Elliott and Leys 2007, 2010; Ellwanger et al. 2007; Ludeman et al. 2014; Leys 2015).   45 

Sponges are modular organisms in which each "aquiferous module" is a functional 46 
unit that draws ambient water through numerous small inhalant openings (ostia) into an 47 
inhalant canal system by means of pumping units (choanocyte chambers, CC). These 48 
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CCs filter the water for bacteria, phytoplankton and other suspended food particles 49 
before the water leaves the module via an exhalant canal system through a single 50 
exhalant opening (osculum) to the surrounding water (Fry 1970, 1979; Ereskovskii 51 
2003). In a recent study, Goldstein et al. (2019) stated that a constant density of CCs in 52 
sponges would imply that the theoretical scaling of sponge volume (Vs), osculum cross-53 
sectional area (OSA), exhalant jet speed (U0), and filtration rate (F) could be expressed 54 
as OSA ~ Vs

2/3, U0 ~ OSA1/2 and F ~ OSA3/2. Experimental data obtained on single-55 
osculum sponge explants (i.e. single aquiferous modules) of the demosponge 56 
Halichondria panicea Pallas, 1766 showed that the observed scaling with size was close 57 
to that inferred from the hypothesis of constant CC density (Goldstein et al. 2019). 58 
Thus, the increase of U0 with increasing OSA may be expressed by a power function 59 
with an exponent of 0.5 and (based on literature data, Goldstein et al. 2019, Fig. 10 60 
therein) reach a maximum value of U0 = 6 to 8 cm s-1. This suggests that U0 approaches 61 
an upper limit which in turn implies that a sponge module of the species in question 62 
may increase only to a certain size.  63 
     According to Fry (1970, 1975) the development of an osculum may be in response to 64 
expel drawn in water from a certain volume of sponge, referred to as an aquiferous 65 
module. Thus, a multi-oscula sponge may be regarded as a "population of aquiferous 66 
modules" (Fry 1970). Because the size of the OSA seems to be closely correlated with 67 
both sponge volume and filtration rate it has been of interest in the present study to 68 
determine the size of individual modules and their filtration rate in both single-osculum 69 
and multi-oscula sponge explants. Although the aquiferous systems of the individual 70 
modules in a multi-oscular sponge are separate functional units this may not exclude - 71 
communication between modules leading to coordinated oscular contractions triggered 72 
by inorganic particles, and therefore it has been of interest to study the effect of 73 
inorganic particle overloading in multi-oscula sponges.       74 
  75 

Materials & Methods 76 
Sponges were sourced from larger colonies of the demosponge Halichondria panicea at 77 
the inlet to Kerteminde Fjord, Denmark (55°26'59"N, 10°39'40"E) and transported to 78 
the Marine Biological Research Centre laboratory. Small cuttings ranging from 0.03 to 79 
1.68 cm3 were placed on glass slides in temperature-controlled (16.1±0.9 °C) flow-80 
through aquaria with bio-filtered (blue mussels, Mytilus edulis Linneaus, 1758) 81 
seawater (23.0±0.9 PSU). Development of a single osculum (or several oscula) was 82 
regularly monitored. In addition, multi-oscula explants were produced from larger 83 
sponge fragments with several oscula and were attached to substrate plates with 84 
whipping twine. All explants were kept in flow-through aquaria and fed lab-cultured 85 
Rhodomonas salina Wislouch, Hill and Wetherbee, 1989 algal cells (~5000 cells ml-1) 86 
for 6 h every 1 to 3 days.  87 

Osculum diameter (D, mm) of the aquiferous modules in explants were measured 88 
video-microscopically using the software ImageJ v5.0.3 to determine the osculum 89 
cross-sectional area (OSA, mm²) as:  90 
 91 

OSA = π(D/2)²   .                                                      Eq. (1) 92 
 93 

To serve as a reference, the oscula of 69 sponges were photographed in situ in the 94 
inlet to Kerteminde Fjord 4 October 2018 to determine the size distribution of OSA in 95 
the field. For single-osculum explants, i.e. individual aquiferous modules, the side-view 96 
projected area (A, mm²) and height (h, mm), were measured for volume estimates (Vest, 97 
mm³) using the cone equation (Goldstein et al. 2019):  98 
 99 
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                       Vest = πA²/3h   .                                                          Eq. (2) 100 
 101 

For multi-oscula explants, the boarders of aquiferous modules were identified 102 
through observations of incurrent and excurrent water flow using fluorescence. 103 
Fluorescein dye (20 PSU, 12°C) was deposited on the exopinacoderm in small doses 104 
(~0.1 ml) using a micromanipulator. The micromanipulator was repositioned over the 105 
sponge explant (distance from explants ~0.5 mm) to determine where fluorescein 106 
stopped exiting one osculum and began exiting another. Exhalant jets were visualized 107 
with fluorescein dye while all oscula were open to ensure water flow through the entire 108 
sponge. The volume of each aquiferous module in a multi-oscula explant was directly 109 
measured (Vmea, mm³) by cutting along the invisible boarders of an aquiferous module 110 
and weighing each module individually. Comparative volume estimates (Vest, mm³) 111 
were obtained based on the relative contribution of each aquiferous module to the total 112 
volume flow through the entire explant, based on the hypothesis that volume-specific 113 
filtration rate is constant and the same for all modules, leading to the equation: 114 
 115 

Vest = Fest/∑Fest × ∑Vmea   ,                                              Eq. (3) 116 
  117 
where Fest is the estimated filtration rate of each aquiferous module, ∑Fest (ml min-1) the 118 
total filtration rate and ∑Vmea the total measured volume of the multi-oscula explant.  119 

The flow speed of the exhalant jet near expanded oscula of aquiferous modules was 120 
estimated from the motion of ink particles smaller than 6 µm (Pelikan Scribtol; dilution 121 
2×105-fold to give an estimated particle density of 104 ml−1). High-speed (60.61 fps) 122 
video recordings (duration 100 s) of the particle movement in a focal (side view) plane 123 
near the exhalant jet were analysed by particle tracking velocimetry (PTV; Goldstein et 124 
al. 2019) using the software IC Capture 2.3. The exhalant jet speed (U0), defined as the 125 
mean velocity at the osculum, was determined by extrapolating the velocity of moving 126 
particles to the osculum using exponential regression (Goldstein et al. 2019). The 127 
filtration rate of each aquiferous module was estimated from the osculum cross-128 
sectional area and the exhalant jet speed using the following equation:  129 
 130 

Fest = OSA × U0   .                                                      Eq. (4)                       131 
 132 

A comparative measure of the filtration rate was obtained for a single-osculum 133 
explant using the clearance method (Riisgård et al. 2016) during simultaneous 134 
determination of OSA and U0. The clearance method is based on the exponential 135 
decrease in algal (R. salina) concentration (C, cells ml-1) caused by a sponge explant 136 
over time. Since sponges retain R. salina cells of mean diameter 6.3 µm with 100 % 137 
efficiency (Jørgensen 1966; Bergquist 1978), the clearance rate is equal to the filtration 138 
rate (= pumping rate). Prior to experimentation, the explant was placed in bio-filtered 139 
seawater (V = 400 ml) with constant mixing for 1 h to minimise effects of external 140 
stimuli. Algal cells (R. salina) were added in an average concentration <5000 cells ml-1 141 
and samples (10 ml) were taken at fixed time intervals (15 min) to measure the algal 142 
concentration using an electronic particle counter (Elzone 5380). Samples were returned 143 
to the experimental tank after each measurement to avoid significant reduction in 144 
seawater volume. The filtration rate (Fmea, ml min-1) was calculated from the slope (b, 145 
min-1) of the regression line in a semi-ln plot for the decrease in algal concentration over 146 
time and the volume (V, ml) of seawater in the experimental tank (Riisgård et al. 2016):  147 
 148 

                              Fmea = V × b   .                                            Eq. (5) 149 
 150 
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Coordination among aquiferous modules in multi-oscula explants was explored by 151 
exposing individual modules to ~2 ml (100-fold diluted stock) of inorganic (ink) 152 
particles and simultaneously monitoring the exhalant jet speed.  153 
 154 

Statistical analyses 155 
Statistical data analyses were performed in R version 3.1.3 (R Core Team 2015). Linear 156 
models (LM) were parameterized to determine the decrease in algal concentration (C) in 157 
a semi-ln plot over time, to extrapolate the velocity field of moving particles to the 158 
osculum (x = 0) using exponential regression and for fitting power functions to the 159 
relationships between osculum cross-sectional area (OSA) and module volume (Vest or 160 
Vmea, respectively), jet speed (U0) and OSA, or filtration rate (Fest) and OSA. Generalized 161 
mixed-effect models (GLMM) with Gamma error structure were parameterized to test 162 
for differences in OSA, U0 or Fest between undisturbed and ink-exposed multi-oscula 163 
explants (fixed effect) by correcting for individual variation (random effect). 164 
 165 

Results 166 
Single-osculum sponge explants 167 

From a total number of 70 single-osculum Halichondria panicea explant cuttings, 63 % 168 
attached to substrate plates after 3±3 days, and 69 % had developed one or more oscula 169 
after 6±4 days. The average volume (V) of explant cuttings with a single osculum 170 
(osculum cross-sectional area OSA = 0.5±0.3 mm2) was V = 0.5±0.4 ml (n = 31) and the 171 
average volume of explant cuttings with more than one osculum (OSA = 1.2±0.7 mm2) 172 
was V = 0.6±0.4 ml (n = 14). The obtained data for 17 single-osculum explants of 173 
various size, including the osculum cross-sectional area (OSA), estimated explant 174 
volume (Vest), exhalant jet speeds (U0) and estimated filtration rates (Fest) is shown in 175 
Table 1. The OSA of single-osculum explants increased significantly as a function of 176 
Vest (LM, t0.21, 15 = 2.8, P = 0.012), following a power function with an exponent of 0.38 177 
(Fig. 1). Both U0 and Fest were positively correlated with OSA (Fig. 2). U0 increased as a 178 
function of OSA with a power exponent of 0.57 (LM, t0.23, 15 = 2.5, P = 0.026), reaching 179 
an upper limit of about 25 mm s-1 in the OSA range 0.2 to 1.1 mm2 (Fig. 2A). Fest 180 
increased with increasing OSA following a power exponent of 1.26 (Fig. 2B; LM, t0.15, 14 181 
= 7.8, P = 1.8×10-6). Direct measurement of the filtration rate of a single-osculum H. 182 
panicea explant (V = 1.0 cm³) using Eq. (5) was Fmea = (0.009 min-1×400 ml) = 3.6 ml 183 
min-1 (Fig. 3; LM, t0.08, 5 = -9.3, P = 2.4×10-4) was in good agreement with a 184 
simultaneous mean estimate of the filtration rate Fest = 2.7±0.8 ml min-1 obtained via 185 
particle tracking velocimetry (Table 2). The volume-specific filtration rates (FV) of the 186 
single-osculum sponges are shown in Table 1, and the mean (±S.D.) rate was estimated 187 
at 1.8±1.0 ml min-1 cm-3. 188 
 189 

Multi-oscula sponge explants 190 
The water flow through multi-oscula Halichondria panicea explants is laminar, as 191 
reflected by the thin exhalant jet visualized by fluorescein dye added locally to the 192 
exterior sponge body of a single aquiferous module (Fig. 4). The total volume of multi-193 
oscula explants was 0.7 to 4.2 ml, of which aquiferous modules constituted independent 194 
volumes of 0.1 to 3.7 ml (Table 3). The average volume of individual aquiferous 195 
modules in multi-oscula explants was 1.1±1.0 ml. The average size of an OSA in situ 196 
was 1.0±0.6 mm2

 from a size range of 0.2 to 3.1 mm2 (Fig. 5), which shows that 197 
laboratory samples were of a representative size. In the laboratory studies, occasional 198 
contractions of oscula were observed, but all reported results are for expanded oscula. 199 
The observed OSA of undisturbed aquiferous modules ranged from 0.1 to 3.1 mm2 and 200 
exhalant jet speeds of up to 57.2 mm s-1 were measured (Table 3). Corresponding 201 
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estimated filtration rates were in the range 0.1 to 6.2 ml min-1 for individual aquiferous 202 
modules and reached up to 9.4 ml min-1 for an entire multi-oscula explant (Table 3). 203 
OSA of aquiferous modules increased with increasing aquiferous module volume (Vmea), 204 
following a power function with exponent 1.01 (Fig. 6; LM, t0.20, 12 = 8.2, P = 3.01×10-205 
6). U0 of aquiferous modules increased with OSA to an exponent of 0.29 (Fig. 7A; LM, 206 
t0.31, 12 = 1.7, P = 0.11), in fair agreement with the exponent (0.38) obtained for single-207 
osculum explants (Fig. 1). A power exponent of 1.06, close to that (1.26) for single-208 
osculum explants, was observed for the relationship Fest versus OSA in multi-oscula 209 
explants (Fig. 7B; LM, t0.25, 12 = 7.62, P = 6.18×10-6).  210 

Exposing a single aquiferous module to ink particles caused contractile behaviour in 211 
the exposed and in most neighbouring modules of the multi-oscula explants (Table 3). 212 
Induced contractile behaviour was expressed by significantly reduced OSAs (GLMM, 213 
t0.27, 11 = -2.6, P = 0.011), and in some cases, additional reductions in U0 (GLMM, t1.11, 12 214 
= -2.5, P = 0.803), thus causing severe decreases in Fest (GLMM, t0.47, 12 = -2.7, P = 215 
0.006) of the entire explants when compared to undisturbed conditions (Table 3).  216 

The volume-specific filtration rate of the modules in 6 multi-oscula sponges are 217 
shown in Table 3, and the mean (±S.D.) was FV = 1.5±0.6 ml min-1 cm-3, close to that 218 
(1.8 ml min-1 cm-3) obtained for single osculum explants (Table 1). 219 
 220 

Discussion 221 
Single-osculum sponge explants 222 

For the single-osculum explants the three exponents (0.38, 0.57 and 1.26) in the power-223 
law correlations of Figs. 1, 2A and 2B deviate from those (2/3, 1/2 and 3/2) expected 224 
according to the theoretical scaling (Goldstein et al. 2019). Here, the exponent (0.38) in 225 
the power-law correlations of OSA versus Vest in Figs. 1 is significantly smaller than 2/3. 226 
As a consequence, the exponent (1.26) in the correlation for Fest versus OSA (Fig. 2B) 227 
also takes a low value (< 3/2) because the exponent (0.57) for U0 versus OSA (Fig. 2A) 228 
is close to the expected value (1/2), and because of the dependence Fest = U0×OSA. The 229 
present OSA range (0.2 to 1.1 mm2) is less than that (0.1 to 3.1 mm2) of Goldstein et al. 230 
(2019) which showed exponents (0.66, 0.45 and 1.45) of power-law correlations that are 231 
in better agreement with the theoretical scaling. However, considering only the 232 
narrower OSA range (0.2 to 1.1 mm2) in that study leads also to low values of exponents 233 
(0.56, 0.30 and 1.31), indicating a trend similar to the present. The volume-specific 234 
filtration rate of the present explants (1.8±1.0 ml min-1 cm-3) is lower and shows less 235 
variation than that (3.46 ±3.25 ml min-1 cm-3) observed by Goldstein et al. (2019), but 236 
values are of the same order of magnitude which supports the hypothesis that the 237 
density of choanocyte pumping units may be approximately constant for a given 238 
species. Also, there appears to be no size effect since the subset of values for OSA range 239 
0.2 to 1.1 mm2 gives similar results (3.64±3.44 ml min-1 cm-3). 240 

 241 
Multi-oscula sponge explants 242 

For multi-oscula sponge explant aquiferous modules the three exponents (1.01, 0.29 and 243 
1.06) in the power-law correlations of Figs. 6, 7A and 7B may be compared with those 244 
(2/3, 1/2 and 3/2) expected according to the theoretical scaling (Goldstein et al. 2019), 245 
and those (0.38, 0.57 and 1.26) of the present single-osculum explants. The observed 246 
deviations from the expected exponents may partly be explained by different ranges of 247 
OSA-values. Thus, the range of OSA was small, 0.2 to 1.1 mm2 for single-osculum 248 
explants while it was about 3 times larger, 0.1 to 3.1 mm2 for multi-oscula explants 249 
resulting in exponents in better agreement with the theoretical ones.  250 

For individual aquiferous modules (of mean volume 0.86 ml, Table 3) the mean 251 
volume-specific filtration rate (1.5±0.6 ml min-1 cm-3) is slightly less than that (1.8±1.0 252 
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ml min-1 cm-3, Table 1) of the present single-osculum explants (of mean volume 0.35 253 
ml). Further, these values may be compared to 3.2 ml min-1 cm-3 for single-osculum 254 
explants of Halichondria panicea studied by Goldstein et al. (2019) (Fig. 9), and 2.7 255 
and 6.1 ml min-1 cm-3 for larger sponges with numerous oscula studied by Riisgård et al. 256 
(1993) and Riisgård et al. (2016), respectively. However, Kumala et al. (2017) 257 
measured a mean volume-specific filtration rate of 15 ml min-1 cm-3 in small single-258 
osculum explants. The reason for up to 5 times difference in value is not clear, but 259 
highly variable filtration rates of H. panicea haves been found to be a consequence of 260 
e.g. changing flow-through that correlated with asynchronous closure of adjacent oscula 261 
so that the measured filtration rate reflected a mean value for a sponge consisting of 262 
multiple separate modules with open or closed oscula (Riisgård et al. 2016). Thus, the 263 
variability of the data used for e.g. power-function scaling may reflect environmentally 264 
induced or spontaneous contraction-inflation behavior, including closure and opening of 265 
oscula. This sensitivity emphasises that optimal experimental conditions are essential in 266 
physiological studies on sponges.  267 

If the volume-specific filtration rate were to depend on size (mean volume of 268 
specimens) one would expect it to increase with increasing size as surface area 269 
decreases relative to volume holding choanocyte chambers, but this does not seem to be 270 
the case. According to our hypothesis that the density of choanocyte pumping units is 271 
approximately constant for a given sponge species, this implies that the filtration rate 272 
should be a linear function of the sponge volume, which appears to be the case in the 273 
present study (Fig. 8) and in the study by Goldstein et al. (2019; Fig. 9). The slope of 274 
the regression line in Fig. 9 indicates a volume-specific filtration rate of 3.2 as 275 
compared to the 2.3 ml min-1 cm-3 from the arithmetic mean (Table 1 in Goldstein et al. 276 
2019). Likewise, the slopes in Figs. 8A&B indicate 1.1 and 1.8 ml min-1 cm-3 as 277 
compared to 1.8 and 1.5 ml min-1 cm-3 from the arithmetic means in Table 1 and Table 278 
3, respectively.  279 

When a single module was exposed locally to ink particles, both the exposed module 280 
and its neighbouring modules were triggered to reduce their OSA causing pronounced 281 
decrease in the filtration rate of the entire multi-oscular explants when compared to 282 
undisturbed conditions (Table 3). The underlying mechanism of this form of 283 
communication between modules leading to coordinated oscular contractions in the 284 
entire multi-oscula sponge may be suggested: sponges have no nerves or muscles, but 285 
nevertheless they react to external stimuli in a coordinated way by body contraction and 286 
OSA reduction because chemical messenger-based systems are involved (Ellwanger et 287 
al. 2007; Elliott and Leys 2007, 2010; Tompkins-MacDonald 2008; Pfannkuchen et al. 288 
2009; Nickel et al. 2011; Ludeman et al. 2014; Leys 2015).   289 
 290 

Conclusion 291 
The present study shows that a multi-oscula sponge may be regarded as a population of 292 
aquiferous modules that share the characteristics of single-osculum explants. Thus, the 293 
size of an aquiferous module in a multi-oscula sponge as well as the size of a single-294 
osculum explant is closely correlated with both OSA and filtration rate, and the power-295 
function exponents are in fair agreement with the theoretical scaling based on the 296 
hypothesis that the density of choanocyte pumping units is constant. In agreement with 297 
this suggestion, the filtration rate is a linear function of the sponge volume. Although 298 
the individual modules in a multi-oscular sponge operate as separate aquiferous 299 
systems, the present study shows that modules nevertheless communicate in response to 300 
external stimuli. Specifically, when one module is exposed locally to ink particles, both 301 
the exposed module and its neighbouring modules are triggered to reduce their OSA. 302 
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The underlying mechanism of this form of communication between modules leading to 303 
coordinated oscular contractions is suggested to be chemical messenger-based. 304 
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Table 1. Halichondria panicea. Characteristics of 17 single-osculum sponge explants of 399 
various size. D: osculum diameter; OSA: osculum cross-sectional area (Eq. 1); A: side-400 
view projected area; h: height; Vest: estimated explant volume (Eq. 2); U0: initial 401 
exhalant jet speed at distance x = 0 mm from osculum; Fest: estimated filtration rate (Eq. 402 
4); Fv = (Fest/Vest): volume specific filtration rate. 403 

ID# 
 

D 
(mm) 

OSA  
(mm2) 

A  
(mm2) 

h  
(mm) 

Vest 
(cm3) 

U0 
(mm s-1) 

Fest 
(ml min-1) 

Fv 
(ml min-1 cm-3) 

1 0.5 0.2 23.7 3.9 0.15 1.6 0.0 0.00 
2 0.5 0.2 37.2 5.6 0.26 10.8 0.1 0.39 
3 0.6 0.3 31.1 4.4 0.23 13.1 0.2 0.87 
4 0.6 0.3 20.5 2.5 0.18 14.8 0.3 1.70 
5 0.6 0.3 16.4 2.8 0.10 12.1 0.2 1.99 
6 0.7 0.4 28.4 3.2 0.26 17.7 0.4 1.53 
7 0.8 0.6 50.7 7.2 0.38 25.2 0.9 2.40 
8 0.9 0.6 34.2 4.6 0.26 10.2 0.4 1.51 
9 0.9 0.6 55.7 5.4 0.60 17.7 0.7 1.16 
10 0.9 0.7 15.4 2.9 0.90 10.7 0.4 4.63 
11 0.9 0.7 53.9 5.4 0.56 12.9 0.5 0.89 
12 1.0 0.8 34.0 5.1 0.24 9.4 0.4 1.68 
13 1.0 0.8 48.7 5.7 0.44 16.2 0.8 1.83 
14 1.1 1.0 49.5 5.2 0.50 14 0.8 1.61 
15 1.1 1.0 53.5 6.6 0.45 15.9 1.0 2.20 
16 1.2 1.1 45.7 4.9 0.45 19.7 1.3 2.90 
17 1.2 1.1 58.6 5.9 0.61 23.9 1.6 2.63 

       Mean±S.D. 1.8±1.0 
 404 

 405 

Table 2. Halichondria panicea. Hydrodynamic characteristics of a single-osculum 406 
sponge explant (Vest = 1.0 cm3) over time. D: osculum diameter; OSA: osculum cross-407 
sectional area (Eq. 1); U0: initial exhalant jet speed at distance x = 0 mm from osculum; 408 
Fest: estimated filtration rate (Eq. 4); Fmea: measured filtration rate (clearance method; 409 
Fig. 3). 410 

Time 
(min) 

D 
(mm) 

OSA 
(mm2) 

U0 
(mm s-1) 

Fest 
(ml min-1) 

Fmea 
(ml min-1) 

0 1.6 1.9 31.1 3.5  
15 1.3 1.4 39.0 3.3  
30 1.4 1.5 33.3 2.9  
45 1.1 0.9 32.2 1.7  
60 1.3 1.4 42.2 3.5  
75 1.1 1.0 41.5 2.5  
90 1.1 0.9 25.7 1.4  

Mean ±SD  1.3 ± 0.3  2.7±0.8 3.6 
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Table 3. Halichondria panicea. Exhalant jet speeds and filtration rates of 6 multi-oscula 411 
sponge explants (ID#) prior and post local exposure to ink particles (exposed aquiferous 412 
modules marked with **, subsequently affected modules marked with *). O#: osculum 413 
number; D: osculum diameter; OSA: osculum cross-sectional area (Eq. 1); U0: initial 414 
exhalant jet speed at distance x = 0 mm from osculum; Fest: estimated filtration rate (Eq. 415 
4); Vmea: measured volume of the aquiferous module corresponding to each osculum; 416 
Vest: estimated volume of aquiferous module (Eq. 3); Fv = (Fest/Vmea): volume-specific 417 
filtration rate. 418 

ID# O# D 
(mm) 

OSA 
(mm2) 

U0 
(mm s-1) 

Fest 
(ml min-1) 

 Vmea 
(cm3) 

Vest 
(cm3) 

Fv  

(ml min-1 cm-3) 
1 1 0.4 0.1 24.4 0.1  0.1 0.1 1.0 
 2 0.7 0.4 19.4 0.5  0.3 0.3 1.7 
 3 0.8 0.6 33.8 1.2  0.7 0.7 1.7 
 4 1.1 1.0 50.6 3.0  1.6 1.7 1.9 
    Ʃ 4.8  2.7 2.8  

1 1* 0.4 0.1 23.4 0.1  - - - 
   2** 0.4 0.1 11.1 0.1  - - - 
 3* 0.6 0.3 6.8 0.2  - - - 
 4* 0.6 0.3 15.3 0.3  - - - 
    Ʃ 0.7  - - - 

2 1 1.6 2.0 50.2 6.0  3.7 3.8 1.6 
 2 1.4 1.5 - -  - - - 
    Ʃ -  - -  

2 1* 1.5 1.8 60.7 6.5  - - - 
 2** 1.3 1.4 - -  - - - 
    Ʃ   - -  

3 1 1.6 1.9 28.0 3.2  1.3 1.2 2.5 
 2 2.0 3.1 33.5 6.2  2.3 2.3 2.7 
    Ʃ 9.4  3.6 3.5 - 

3   1** 0.6 0.3 0.0 0.0  - - - 
 2* 0.7 0.3 0.0 0.0  - - - 
    Ʃ 0.0  - -  

4 1 0.7 0.4 14.0 0.3  0.4 0.4 0.8 
 2 1.6 1.9 12.4 1.4  1.7 1.8 0.8 
    Ʃ 1.7  2.1 2.2  

4   1** 0.6 0.2 8.6 0.1  - - - 
 2* 1.4 1.6 13.2 1.3  - - - 
    Ʃ 1.4  - -  

5 1 0.3 0.1 17.3 0.1  0.2 0.2 0.5 
 2 0.9 0.6 42.0 1.5  1.1 1.2 1.4 
 3 0.6 0.3 57.2 1.0  0.8 0.8 1.3 
    Ʃ 2.6  2.1 2.2 - 

5 1* 0.1 0.0 10.2 0.0  - - - 
   2** 1.1 1.0 28.6 1.7  - - - 
 3* 0.6 0.3 21.1 0.4  - - - 
    Ʃ 2.1  - -  

6 1 0.4 0.1 3.1 0.3  0.2 0.2 1.5 
 2 0.9 0.6 14.5 0.5  0.5 0.6 1.0 
    Ʃ 0.8  0.7 0.8  

6 1* 0.3 0.1 3.5 0.4  - - - 
   2** 0.9 0.6 16.0 0.6  - - - 
    Ʃ 1.0  - -  
        Mean ± S.D. 1.5±0.6 
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 419 
Figure 1. Halichondria panicea. Osculum cross-sectional area (OSA) as a function of 420 
the volume (Vest) of a single-osculum sponge explants. Data from Table 1. 421 
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 422 
Figure 2. Halichondria panicea. (A) Exhalant jet speed (U0) and (B) estimated filtration 423 
rate (Fest) as a function of the osculum cross-sectional area (OSA) in single-osculum 424 
sponge explants. Data from Table 1. 425 
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 426 
Figure 3. Halichondria panicea. Semi-ln plot of reduction in algal (Rhodomonas salina) 427 
concentration (C, cells ml-1) over time in an aquarium (400 ml) with a single-osculum 428 
sponge explant.  429 
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 430 
Figure 4. Halichondria panicea. Side-view images of exhalant jet indicated by 431 
fluorescent dye exiting an osculum indicated by a black dot (A; O1, B; O2, C; O3, D; 432 
O4, white arrows) in a four-oscula sponge explant (ID1). Micromanipulator (green 433 
arrow) positioned over each aquiferous module (O1, O2, O3, O4). Dashed lines mark 434 
boarders mapped between aquiferous modules. 435 

436 
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 437 

Figure 5. Halichondria panicea. Sponges in situ (upper; scale bar: 20 mm) and (lower) 438 
in situ size distribution of osculum cross-sectional area (OSA).   439 
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 440 
Figure 6. Halichondria panicea. Osculum cross-sectional area (OSA) as a function of 441 
aquiferous module size (Vmea) in multi-oscula explants (ID#). Data from Table 3. 442 
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 443 
Figure 7. Halichondria panicea. (A) Exhalant jet speeds (U0) and (B) estimated 444 
filtration rates (Fest) as a function of the osculum cross-sectional area (OSA) in 445 
aquiferous modules of multi-oscula explants (ID#). Power function of regression line 446 
and equation shown. Data from Table 3.  447 



18 
 

 448 
Figure 8. Halichondria panicea. Filtration rate (Fest) as a function of aquiferous module 449 
size (Vest) in single-osculum explants (A, data from Table 1) and multi-oscula explants 450 
(ID#) (B, data from Table 3). 451 
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 452 

Figure 9. Halichondria panicea. Filtration rate (Fest) as a function of aquiferous module 453 
size (Vest) in single-osculum sponge explants. Data from Goldstein et al. (2019, Table 1 454 
therein). 455 


