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Abstract—The pumping rate of the White Sea sponge Halichondria panicea (Pallas, 1766) (Porifera: Demo-
spongiae) was estimated under laboratory conditions. We used live specimens with a wet weight of 3.5 to 35.5 g
and one to eight oscula. The pumping rate of a sponge was determined as the sum of pumping rates of all its
oscula, which was calculated as the product of the maximum velocity of the excurrent f low from an osculum
by the cross-sectional area of that osculum. The velocity was measured using a microthermistor sensor. The
pumping rate of the sponge was found to be related to its weight by a power relationship with an exponent of
approximately 3. Sponges weighing 25 g and over surpass in pumping activity solitary animals such as the
bivalves Mytilus edulis and Hiatella arctica and the ascidian Styela rustica, in which the relationship is either a
linear or power one, with an exponent less than one. The advantage of the sponge over solitary organisms seems
to be due to its modular organization, which ensures not only a constant increase in the number and size of
oscula as the individual grows, but probably also leads to a periodic restructuring of the irrigation system.
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INTRODUCTION

In the North Atlantic and Pacific, the sponge Hali-
chondria panicea (Pallas, 1766) is one of the most
widespread species in epibenthic communities that
form on both natural and artificial substrates [5, 10, 13,
16, 21, 29, 30]. This species of sponge is also found in
the Mediterranean Sea and the Indian Ocean [24, 40].

It is known that H. panicea is characterized by a
high growth rate [35, 48], is resistance to epibiosis
[17], and has the ability to inhabit a wide range of envi-
ronments, being found not only in the subtidal but also
in the intertidal zone [1, 30]. In addition, H. panicea
possesses toxic properties [8, 9, 12, 23], which are
apparently due to symbiotic bacteria [15, 31, 44]. This
suggests that H. panicea is a highly competitive ecolog-
ically aggressive organism. However, the competitive
capacity of epibenthic organisms is not provided only
by these properties. An important aspect of competi-
tive relationships among sessile filter-feeding animals
is the struggle for food [18–20, 34, 36, 50]. However,
some authors believe that food competition between
species in epibenthic communities is not crucial due to
the excess of food in plankton or differences in food
spectra [22, 37, 46]; nevertheless, this aspect of rela-
tionships should also be taken into account. The com-
petitive abilities of filter feeders are made up of such
indices as the efficiency of settling of suspended mat-
ter, its assimilation, the overlap of the food spectrum,

and behavioral response characteristics. The ability to
intercept water f lows, which directly depends on the
pumping activity of an animal, is the most important
mechanism in food competition [49].

Studies of the most common species of animals
that form the basis of perennial fouling communities
in Kandalaksha Bay of the White Sea allowed the
ranking of species in descending order of water pump-
ing activity: the mussel Mytilus edulis, the solitary
ascidian Styela rustica, and the bivalve Hiatella arctica
[3]. This sequence correlates well with the position
occupied by each of the species in fouling communi-
ties: the dominant species are M. edulis and S. rustica,
the subdominant is H. arctica [6, 7]. In this work, we
studied the pumping activity of the sponge H. panicea,
which also plays a noticeable role in the fouling com-
munities of the White Sea [10]. Due to the large com-
petitive abilities of H. panicea [11], we assumed, as a
hypothesis to be tested, that the pumping activity of
H. panicea exceeds that of the mussel M. edulis and the
sea squirt S. rustica; their White Sea representatives
were previously assessed in terms of this index [3].

MATERIALS AND METHODS
The study was performed at the White Sea Biolog-

ical Station of the Zoological Institute of the Russian
Academy of Sciences, which is located in Chupa Inlet
of Kandalaksha Bay of the White Sea (66°20.230′ N;
158
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33°38.972′ E). Test animals were collected in the
vicinity of the station from fouling on ropes at a depth
of 1.0–2.5 m. Sponges were carefully detached from
the substrate and placed in 10-liter intensively aerated
flow-through aquaria for 2 days before testing for
acclimation to laboratory conditions. Natural sea
water (salinity 24‰, temperature 10°C) was used.
Since the pumping activity of filter-feeding organisms
depends on the water temperature [14, 43], experi-
ments with animals were carried out at a constant tem-
perature of 10°C. A total of 20 specimens with a wet
weight of 3.5 to 35.5 g and one to eight oscula were col-
lected and tested.

The pumping rate of a sponge was determined as
the sum of pumping rates of all oscula found in that
specimen. The osculum pumping rate was determined
as the product of the excurrent f low velocity from an
osculum and the osculum cross-sectional area. The
velocity of water was determined using a setup that was
developed on the basis of the system for measuring
fluid f low velocity [33, 42]. The principle of operation
of the device is to measure the resistance of a thermis-
tor sensor heated by direct current. The thermistor in
the f low is cooled by the movement of the f luid in pro-
portion to the f low velocity [42]. The measuring ele-
ment in the device was an MT-54 microthermistor
sensor (resistance 2.5 kΩ), which was incorporated in
an asymmetric resistor bridge connected to the mea-
suring device [3].

Before starting work, the device was calibrated by
artificially creating water f lows of different velocities.
For this purpose, a set of burettes with a known flow
rate was used. The obtained values of the output volt-
age drop (voltage difference in calm water and flow)
were used to construct a calibration curve of the form:

where V is the velocity of water f low (mm/s); ΔU, the
voltage drop (mV).

When measuring pumping activity, the sensor was
placed in the center of the excurrent water f low from
the osculum at a distance as close as possible to it, and
at least 10 readings were sequentially recorded. The
maximum value from each series of measurements was
used for analysis. Based on the values of the excurrent
flow velocity, the pumping rate was calculated by the
formula:

where E is the pumping rate (L/h); V, is the velocity of
the excurrent water f low (mm/h); S, is the cross-sec-
tional area of the osculum (mm2), which was calcu-
lated as the area of a circle. The diameter of each oscu-
lum was measured under a binocular loupe using an
eyepiece micrometer immediately after recording the
maximum velocity of the excurrent f low from that
osculum. After all measurements, the wet weight of
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sponges was determined by weighing on a VLKT-500
electric balance with an accuracy of 0.1 g. The animals
were preliminarily dried for a while on a filter paper
until the release of water had ceased.

In addition to pumping rate (E), we calculated the
intensity of pumping activity (weight-specific pump-
ing rate, I), viz., the amount of water pumped by a
sponge per unit time per unit weight of that specimen.
As well, we calculated the “effectiveness” indices of
oscula: the relation of the pumping rate of the entire
sponge to the total cross-sectional area of all oscula
and the relation of weight-specific pumping rate to the
total cross-sectional area of all oscula.

Mathematical processing of data was performed
using the Statistica 7 (StatSoft) and OriginPro 9.0
(OriginLab) software packages. In the text and tables,
the mean error serves as the index of variation of a
character (if it is not specified).

RESULTS
The relationships of the total and specific pumping

rates with the body weight in Halichondria panicea are
best described by exponential E (I) = abW or allometric
(power) E(I) = aWb functions, where E is the pumping
rate, L/h; I, is the specific pumping rate, L/h × g; W,
is the weight of the specimen, g; and a and b are the
coefficients of the equation (Fig. 1, Table 1). However,
the total and specific pumping rates were approxi-
mately the same in specimens weighing up to 20 g.
These indices were significantly increased in speci-
mens with a weight exceeding 20 g. The increase in the
pumping rate of the whole sponge is due to an increase
in the total oscula cross-sectional area, which is made
up of an increase in the number and size of the oscula.
The relationship of these parameters with the sponge
weight can be described by a linear function (Fig. 2,
Table 2).

Nevertheless, no general relationship between the
cross-sectional area of an osculum and the maximum
excurrent velocity from the osculum was found (Fig. 3).
The excurrent flow velocity from the oscula varied widely
from 2 to 773 mm/s and averaged 71 ± 10 mm/s. The
median (30 mm/s) was less than the mean since most
oscula tested had relatively low to moderate f lows. The
excurrent f low velocity varied among oscula of the
same specimen. For 7 out of 20 tested specimens, a
statistically significant positive correlation was found
between the osculum cross-sectional area and the
excurrent f low velocity from the osculum (r = 0.74–
0.99). The correlation was statistically insignificant for
the remaining specimens; among them four had a neg-
ative correlation.

The nature of the relationship of the efficiency of
oscula (the sponge pumping rate related to the cross-
sectional area of all oscula) and the specific efficiency
of oscula (weight-specific pumping rate relative to the
cross-sectional area of all oscula) with the weight of
 No. 3  2022
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Fig. 1. The relationship of the pumping rate (a) and the
specific pumping rate (b) of the sponge Halichondria pan-
icea with the body weight. Dots denote empiric data; lines
are the calculated regression lines: a solid line represents
an allometric (power) function and a dotted line represents
an exponential function.
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the sponge is noteworthy (Fig. 4). The former index
increases with the weight of the sponge, which can
best be described by a linear regression. However, the
accuracy of such an approximation is not high, the
coefficient of determination is only 0.32. The latter
index can be considered constant, independent of the
weight of the sponge. However, with an average value
of 0.017 ± 0.0036 for all sponges we tested, it f luctuates
within a significant range, from 0.0029 to 0.078. Per-
haps, these relationships are not monotonic functions.
The location of points on the graphs suggests the pres-
ence of two maxima. The first maximum was observed
at a sponge weight of approximately 10 g, and the sec-
ond one occurred at a weight of 30 g. For better visu-
alization, these maxima on the graphs (Fig. 4) are
described by a polynomial of the fourth degree.

The relationships between the pumping rate and
body weight for filter-feeders dominating the fouling
communities in the White Sea (Fig. 5) show that spec-
imens of H. panicea weighing up to 15–20 g do not
outperform their competitors in this characteristic,
viz., the bivalves Mytilus edulis, Hiatella arctica and the
sea squirt Styela rustica, which have the same or even
lower body weight. However, larger sponges signifi-
cantly outperform solitary filter-feeding organisms in
pumping activity.

DISCUSSION
It is known that the pumping rate of sponges is vari-

able and depends on external conditions: temperature
and water current velocity [27, 41, 43]. In addition,
sponges may experience a periodic short-term
decrease in pumping activity that is not associated
with environmental factors [32, 41]. According to the
method used in our study, we recorded the maximum
possible rate of pumping activity for each osculum
and, consequently, for the whole sponge.

Our data contradict the statement of Kumala et al.
[32] that in Halichondria panicea the velocity of excur-
rent f low from the osculum is a constant value equal to
23 ± 1.3 (confidence interval) mm/s. Our measure-
ments show that the excurrent velocity varies from 2 to
RUSSIAN JOUR

Table 1. The parameters of equations of nonlinear regression
rate (I, L/h × g) and body weight (W, g) in the sponge Halich

a and b, the parameters of equations; R2, the coefficient of determin

Species
Exponential function, E(I) = abW

A b R2

Pumping rate, E 2.6 ± 1.01 1.11 ± 0.011 0.91

Weight-specific
pumping rate, I

0.19 ± 0.1066 1.08 ± 0.01 0.82
773 mm/s. Therefore, it can be considered constant
only in the narrow sense that it does not depend on the
osculum cross-sectional area (Fig. 3). In our opinion,
the differences in the estimates are due to that the cited
authors indirectly determined the water velocity as the
ratio of the filtration rate, determined from the clear-
ance rate, to the osculum cross-sectional area of
NAL OF MARINE BIOLOGY  Vol. 48  No. 3  2022

 between the pumping rate (E, L/h)/weight-specific pumping
ondria panacea

ation; n, the size of the sample.

Allometric (power) function,
E(I) = aWb

n

a b R2

0.00078 ± 0.000958 3.3 ± 0.34 0.93 20

0.0009 ± 0.00121 2.3 ± 0.37 0.80 20



THE PUMPING RATE OF THE WHITE SEA 161

Fig. 2. The relationship of the total cross-sectional area of
oscula (a), the number of oscula (b), and the average cross-
sectional area of oscula (c) with the body weight of the
sponge Halichondria panicea. Dots denote empiric data;
dotted lines represent the calculated regression lines.
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Fig. 3. The relationship between the osculum cross-sec-
tional area (mm2) and the maximum excurrent velocity
from the osculum (mm/s).
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sponge [32]. We performed a direct measurement of
the f low velocity. It is probably also important that we
used both uni- and multiosculum specimens in the
experiments.

The above authors [32] conducted a study on sin-
gle-osculum explants and reported a filtration rate of
0.28 ± 0.06 (confidence interval) mL/min. According
to our results, such estimates of pumping activity should
apply to specimens weighing approximately 2.5 g,
RUSSIAN JOURNAL OF MARINE BIOLOGY  Vol. 48 
which approximately corresponds to the sponge sizes
reported in the cited work. When determining the
excurrent velocity in single-osculum explants of
H. panicea using video recording, Goldstein et al. [26]
showed that the velocity varied within a fairly wide
range from 5.9 to 53 mm/s, which is consistent with
our data. However, these investigators found a positive
relationship between the excurrent f low velocity and
the osculum cross-sectional area, which is described

by a power function: U0 = 2.59OSA0.45 (R2 = 0.55),

where U0 is the velocity of water f low, mm/s and OSA
is the osculum cross-sectional area, mm2. Using pre-
dominantly multiosculum specimens, we did not find
convincing evidence for a relationship between these
parameters. Apparently, the relationship is clear in
single-osculum individuals representing a single aqui-
ferous module, while in multi-osculum individuals it
is less pronounced due to the more complex multi-
module irrigation systems.

Thomassen and Riisgård [48] found that the filtra-
tion rate of H. panicea is described by an allometric

equation: F = 28.35DW0.914, where F is the filtration
rate, mL/min; DW, the weight of a dry sponge,
g. Since the exponent is close to unity, this depen-
dence is almost linear. According to our data, the rela-
tionship between the pumping rate and weight is also
described by an allometric function, but with an expo-
nent of approximately 3, and the function is nonlinear.
For specimens with a wet weight of up to 10 g, our esti-
mates of the filtration rate of H. panicea and those
reported by Thomassen and Riisgård [48] are similar;
however, the estimates substantially differ for sponges
with a greater weight. In our opinion, in this case, this
is also caused by different methodological approaches
to determining sponge pumping activity. As men-
tioned above, the estimates we obtained reflect the
maximum possible pumping rate of a sponge. Tho-
massen and Riisgård [48] assessed pumping activity
from the water clearance rate. With this method of
 No. 3  2022
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Table 2. The parameters of the equation of linear regression
(y = a + bx) of the number of oscula (Nos) and the average
cross-sectional area of an osculum (Sos) and the total (S)
cross-sectional area of oscula on the body weight of the
sponge Halichondria panacea

a and b, the parameters of the equation; R2, the coefficient
of determination; n, the size of the sample.

Species А b R2 n

Nos 2.5 ± 0.57 0.14 ± 0.028 0.57 20

Sos 3.2 ± 3.33 0.7 ± 0.17 0.47 20

S –30 ± 16 6.1 ± 0.79 0.77 20
estimation, the result only reflects the operation of the
sponge’s irrigation system for a fixed period of time.
However, during testing, some oscula may be inactive
due to their intrinsic property to periodically open and
close, including in response to various external influ-
ences [28, 43]. The greater the number of oscula is in
a sponge, the higher the likelihood of underestimating
results is. In addition, assessment of sponge pumping
activity from water clearance rate depends on the qual-
ity of particles used for this purpose; hence, this
method has been criticized [25].

As noted above, Goldstein et al. [26] determined
the excurrent velocity from the osculum using video
recording, which can be considered a direct measuring
method. However, these authors calculated a linear
relationship between the pumping rate and the volume
of a single-osculum sponge H. panicea: F ≈ 2.3 × Vs,

where F is pumping rate, mL/min; and Vs, the volume

of the sponge, cm3. This contradicts the results of our
studies, indicating a power or allometric dependence.
The reason for the discrepancy is as follows. The rela-
tionship we obtained between the average cross-sec-
RUSSIAN JOUR

Fig. 4. The relationship of the effectiveness of oscula.
(a) The pumping rate relative to the total cross-sectional
area of all oscula, (b) weight-specific pumping rate of
sponge relative to the total area of all oscula. Dots denote
empiric data; lines represent the calculated regression
lines: a solid line represents a linear relationship; a dotted
line represents a polynomial of the fourth degree. 
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(a)
tional area of oscula and the sponge weight is linear,
while Goldstein et al. [26] describe it as being para-

bolic: OSA = 1.31 × , where OSA is the osculum

area (mm2) and Vs is the sponge volume (cm3). This is

what determines the linear nature of the relationship
they obtained between sponge volume and pumping
activity. We performed calculations using the data
from Goldstein et al. [26]. The relationship between
oscula area and sponge volume is better described by a
linear function: OSA = 1.33 × Vs + 0.19. The coeffi-

cient of determination for a linear function is 0.83,
while for a parabolic one it is 0.66. It only remains to
wonder why the above authors used the parabolic
function. Most likely this is due to the fact that it well
suited to the theoretical constructions of the authors
that are related to the arrangement of the choanocyte
chambers in the sponge H. panicea (see: [26]). It
should be noted that a study performed on 20 species
of both uni- and multiosculum Demospongiae (see:
[39]) showed that the sponge volume and the area of
oscula are allometrically related, with an exponent of
0.6 to 1.0 in different species. It is possible that the
mathematical model proposed by Goldstein et al. [26]
works satisfactorily within single-osculum specimens,
but it is unsuitable for specimens of H. panacea with
multiple oscula. Undoubtedly, single-osculum explants

0.66
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Fig. 5. The relationship of the pumping rate of Mytilus edu-
lis, Styela rustica, Hiatella arctica [3], and Halichondria
panicea with the body weight of the animal.
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of H. panicea provide a relatively simple and convenient
biological model for studying the filtration activity of
sponges; however, the findings obtained on single-
osculum specimens cannot be completely extrapo-
lated to animals with multiple oscula.

As follows from a comparison of the pumping
activity of fouling animals (Fig. 5), specimens of
H. panicea weighing less than 15 g have moderate
pumping rates, while those weighing 25 g and more
surpass the largest mussels in this index and are thus
beyond competition in shallow water fouling commu-
nities in the White Sea. Specimens weighing 40 g
pump water at a rate of approximately 150 liters per
hour. This powerful pumping activity, along with tox-
icity [8, 9, 12, 23, 31] and high somatic growth rates
[16, 48], probably contributes to the high competitive
ability of H. panicea [11].

The superiority of H. panicea over its competitors
in terms of water pumping is due to the fact that this
characteristic and the body weight of the sponge are
related by a power function with an exponent greater
than unity. In the bivalves Mytilus edulis and Hiatella
arctica and the ascidian Styela rustica, the same rela-
tionship is described by functions with an exponent
less than unity [45, 47] or equal to unity [3]. The pecu-
liarity of H. panicea can be explained by its modular
organization giving the sponge advantages over soli-
tary organisms, in which the development of the filtra-
tion apparatus is limited [2, 38].

As the sponge grows, not only do the number and
the average and total cross-sectional area of oscula
increase; the sponge irrigation system is apparently
also periodically restructured. The reorganization
occurs when the system performance reaches a maxi-
mum. This is indicated by the nature of the relation-
ship between the “effectiveness” of oscula and the
sponge weight, which, in contrast to the number/total
cross-sectional area of oscula relationship (Fig. 2), is
not a monotonic function but is a change of minima
and maxima (Fig. 4). Our data suggest that the reorga-
nization of the irrigation system occurs in those
H. panicea that have attained a weight of approxi-
mately 20 g. Of course, this hypothesis requires further
verification. However, when analyzing the morpho-
metric parameters of the White Sea sponge Polymastia
mammillaris, Plotkin et al. [4] came to a similar con-
clusion: “It seems that, as it grows, P. mammillaris can
solve the problems of internal hydrodynamics both by
increasing the number of irrigation modules and by
improving the irrigation system of the existing mod-
ules” ([4], pp. 25–26).
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