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ABSTRACT: A few studies have shown that sponges are capable of locomotion on the substrata. How-
ever, the ecological significance of this ability remains virtually unexplored to date. Here, we conduct
a series of experiments documenting the movement patterns of the encrusting sponge Scopalina lophy-
ropoda as a function of food availability, density of neighbors, water flow, burial by silt, and body size.
In all experiments, we used small sponges that were developed from explants after attachment to
acetate sheets that served as substrata. The first experiment revealed that starvation is a powerful stim-
ulus to locomotion, since starved sponges displaced over significantly greater distances than did fed
sponges, irrespective of the density of neighbors. It was also found that paths were significantly more
convoluted when sponges moved through high-density groups, irrespective of food availability. In a
second experiment, we found that movement of an isolated sponge in the vicinity of barriers made of
either histocompatible (isogeneic) or histoincompatible {(allogeneic) conspecifics was not random, but
was oriented significantly towards the neighboring barrier. Sponges were unable to determine neigh-
bor compatibility before physical contact was made. In all isogeneic encounters, the outcome was tis-
sue fusion. In contrast, all allogeneic encounters were characterized by an initial histological rejection
and a subsequent change in path direction to avoid a situation of prolonged contact between sponges.
In a third experiment, we found that sponges under conditions of dispersed flow with silt deposition
traveled significantly further than sponges under directed flow without silt deposition. Direction of
movement was random under conditions of dispersed flow, but sponges under conditions of directed
flow moved perpendicularly to the flow direction, avoiding contact with the high-speed water jets. In a
fourth field experiment, we assessed differences in mobility between relatively large and small indi-
viduals (i.e. in a size range equivalent to that of 1 yr old and 1 wk old postlarvae, respectively). Mobil-
ity was similar in both size ranges. The results of the experiments strongly suggest that sponges in the
field may use the capability of locomotion to prevent prolonged physical contact with competitors and
to move away from sites with limited access to food, or excessive exposure to silt and abrasion by water
flows. The histological study revealed that moving sponges may incur certain costs, since both the
canal system for water pumping and the skeleton responsible for the attachment of the sponge to the
substratum have to be continuously reorganized as sponges move. Nevertheless, the selective (ecolog-
ical) benefits derived from this ability must offset, or at least be in step with, histological and energetic
costs. Were this not the case, sponges would not have evolved their capability of locomotion.

KEY WORDS: Sponge movement - Sponge behavior - Spatial competition - Microhabitat-scale
behavior - Histocompatibility

INTRODUCTION tition for food and space is intense. They combine

extreme anatomical simplicity with the ability to pro-

Sponges are successful organisms in most sublittoral duce a large variety of bioactive metabolites which
and bathyal hard-bottom communities, where compe- possess a potential ecological role (see reviews by
e Davis et al. 1989, Paul 1992, Pawlik 1993). This combi-
*E-mail: maldonado@ceab.csic.es nation of traits has favored the idea that, chemically,
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sponges are effective competitor organisms, while
behaviorally they are static and inert. The behavioral
passiveness of sponges is a notion so entrenched in the
literature that, for example, many relatively recent zoo-
logical treatises (e.g. Brusca & Brusca 1990, Meglitsch
& Schram 1991, Ruppert & Barnes 1994) still describe
sponges as motionless animals. However, a number of
studies dating back over a 50 yr period provide evi-
dence that many species are capable of movement
across substrata. Edmundson (1946), Burton (1949) and
Fishelson (1981) reported that small subspherical col-
onies of various species of the genus Tethya can move.
Burton (1949) also reported movement of encrusting
colonies of Hymeniacidon perleve and Halichondria
panicea in both aquaria and intertidal rocky pools.
Borojevic (1971) observed small displacements of the
early juveniles of an unidentified species of Adocia and
suggested that their movement was induced by high
exposure to light. Wilkinson & Vacelet (1979) described
how 2 large, thick lamellate Chondrosia reniformis
transplanted to artificial plates migrated 7 and 10 cm,
respectively, to the underside of the plates. These
authors also reported small movements of fragmenting
colonies of Chondrilla nucula. Newly settled sponges
derived from both sexually and asexually produced
propagules have also been reported to move errati-
cally over short distances (e.g. Uriz 1982a, Battershill
& Bergquist 1990). After documenting movement in
7 other sponge species belonging to 5 orders, Bond &
Harris (1988) concluded that locomotion is widespread
in this phylum and that the mechanism of locomotion
appears to be common to most species.

Using time lapse photography, Bond (1992) has
shown that the displacement of most sponges is
achieved by the cumulative crawling activity of the
cells (basopinacocytes) that compose the sponge's
lower surface (basopinacoderm). Formerly, Fishelson
(1981) had described a different system of locomotion
based on observations made in sponges of the genus
Tethya, which may temporarily develop small podium-
like extensions provided with knobby ends. According
to Fishelson, locomotion was achieved when the knots
came into contact with the substratum, adhered to it,
then shortened to pull the sponge body toward the
podium attachment points. However, subsequent stud-
ies (i.e. Bond & Harris 1988, Jones 1994) concluded
that the processes which occurred in Tethya and other
sponges are not involved in locomotion, but rather in
feeding or asexual reproduction.

Irrespective of the mechanism, the ability to undergo
active displacement, even if on small scales, may have
major ecological implications. Locomotion may enable
sponges to gain access to a panoply of potential eco-
logical advantages which previously were thought to
be inaccessible to these so-called sessile organisms. It

was believed that survival of a sessile organism was
dependent on the choice of settlement site made by the
swimming larva, since subsequent relocation of the
post-larva was impossible. Many studies have reported
that settlement locations (even to differences that
range from pm to c¢cm) may strongly determine post-
larval survival (e.g. Gosselin & Qian 1997, Hunt &
Scheibling 1997, Maldonado & Uriz 1998). One can
deduce that a locomotory capability enables a small
sponge settled on an unfavorable site to move a short
distance (on a scale of mm) and thereby enhance its
survival. Locomotion also enables an individual to
readjust its position with relation to its neighbors. This
ability may be crucial to species that show an aggre-
gated distribution pattern, in which physical contact
with neighbors is common. Sponge populations usu-
ally consist of a combination of both clonal individuals
obtained from asexual reproduction and genetically
distinct individuals derived from sexual processes
(Jokiel et al. 1982, Jackson 1986, Tsurumi & Reiswig
1997). Physical contact between clones (isogeneic en-
counter) usually involves tissue fusion and leads to
an immediate increase in size. This size increase 1s
thought to be advantageous because it may reduce the
impact of mortality by partial damage, enhance perfor-
mance in competition for space, and increase repro-
ductive output by lowering the onset of the first repro-
duction (Jackson 1977, 1985, Grosberg & Quinn 1986,
Buss 1990, Rinkevich & Weissman 1987). In contrast,
contact between histoincompatible conspecific sponges
(allogeneic encounter) may lead not only to intense
immune rejection (e.g. Hildemann et al. 1979, John-
ston & Hildemann 1983, Neigel & Avise 1983) but also
to general ecological stress, because the individuals
will compete for both space and food. Therefore,
movement could play an important role in favoring or
preventing encounters between conspecific neighbors.

Theoretically, there are a variety of ecological situa-
tions in which the locomotion would be highly advan-
tageous. However, the potential ecological signifi-
cance of this capability remains unexplored to date.
This long-standing neglect not only hinders our under-
standing of the competition process in sponge-domi-
nated communities, but also contributes to the erro-
neous idea that sponges are motionless. Here, we
conduct an ecological assessment of movement in
sponges, using Scopalina lophyropoda (Schmidt 1862}.
This is an encrusting sponge with an aggregated dis-
tribution (Uriz et al. 1998), the populations of which
consist of a combination of both clonal individuals
originating from the re-attachment of detached body
fragments and genetically distinct individuals derived
by sexual reproduction (Maldonado & Uriz 1999). In a
series of laboratory experiments using small sponge
individuals, we document patterns of movement in
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response to food availability, density of conspecific
neighbors, water flow, burial by silt and body size.

METHODS

General procedures. Scopalina lophyropoda (Demo-
spongiae, Poecilosclerida) is an encrusting sponge
found in many sublittoral Mediterranean communities,
and is particularly abundant on the vertical sides of
several submerged outcrops close to the Blanes
coast (2°48.12'N, 41°40.33'E), Spain, western Medi-
terranean (Uriz et al. 1998). For most experiments, we
used small sponge individuals (1 to 2 mm®) obtained
from explants, that is small tissue pieces torn from
large specimens, which re-attach and develop into
small functional sponges after a few days (Uriz 1982b).
The regenerating power of body fragments is a well-
known mechanism of asexual reproduction among
sponges (e.g. Simpson 1984, Wulff 1985, 1995).

In all experiments, sponge movement was assessed
on an artificial substratum that consisted of a 0.3 mm
thick, translucid acetate sheet. Sheets were treated
with sandpaper to create a coarse-grained surface
appropriate for sponge cell attachment. Once coars-
ened, each acetate sheet was sewn onto a transparent
sheet, 0.1 mm thick bearing a printed grid (mesh =
1 mm). This underlying sheet provided reference lines
so as to trace sponge movement accurately. Prior to
selecting acetate sheets as a substratum for the exper-
iments, we observed that the small sponges were capa-
ble of movement on a large variety of substrata, such
as ceramic tiles, clay tiles, acid-washed glass, coars-
ened plexiglass, polystyrene, coarsened acetate sheets
and cobble pieces. We also noted that sponge motion
did not differ substantially from one substratum type to
another over a 2 wk period. Anyway, small differences
in the motion rate would be irrelevant to the choice of
a particular substratum, given that the primary objec-
tive was not to measure absolute motion but to assess
differences in the rate of motion and movement pat-
terns as a function of different ecological situations
simulated in the laboratory. We finally chose acetate
sheets as the experimental substratum because this
material allowed us to fix a printed grid. In addition,
this material can be easily coarsened to facilitate
sponge cell attachment, cut effortlessly to fit within the
different experimental bowls and aquaria, and pro-
cessed successfully for additional transmission (TEM)
and scanning electron (SEM) microscopy observation.

All substrata were washed in running seawater for at
least 1 wk before being offered to explants for attach-
ment. Movement was determined as the net displace-
ment {+0.25 mm) of the approximate center of mass of
the sponge colony. Paths were digitized and treated for

linear and angular measurements using SigmaScan
software for Windows (Jandel Scientific Inc. 1993) and
the public domain NIH Image program (U.S. National
Institutes of Health, http://rsb.info.nih.gov/nih-image)
on a Macintosh computer.

Movement in response to food availability and den-
sity of neighbors. To assess the potential effects of
trophic and spatial competition on sponge movement,
we exposed small sponges to a combination of 2 levels
of food availability and 2 levels of conspecific density.
For this experiment, we used a total of 10 glass bowls
(19 cm in diameter x 15 cm in height) and 320 explants
that were distributed randomly in 20 groups of 16
nieces We nlared 2 arouns of cxplantc in cach glass
bowl, which had previously been filled with 1 1 of
0.22 pm filtered seawater and contained a gridded
acetate sheet on the bottom to serve as substratum.
One of the groups consisted of explants placed 0.5 cm
apart, so that, after attachment and regeneration, we
obtained a group of small sponges at relatively high
density. The other group consisted of explants placed
2 cm apart, so that we obtained a group of sponges at
relatively low density. From previous grafting experi-
ments, we had determined that all sponges in a group
would be histoincompatible (allogeneic), so that no
fusion was possible between individuals making con-
tact. Although we originally placed 16 explants per
group, some tissue pieces failed to develop and the
final number of functional sponges ranged between 12
and 16 (14.9 + 0.25, mean += SE). Once explants devel-
oped into small sponges, we initiated food treatment.
This consisted of the starvation of sponges contained in
5 bowls chosen at random and the feeding of the
sponges in the remaining bowls. Bowls with the
starved treatment were filled with an additional liter of
0.22 pm filtered seawater, in which bacteria were
virtually absent (<1 x 10? bacteria ml™!}. In contrast,
bowls with the fed treatment received an additional
liter of 1.7 pm filtered seawater supplemented with
5 ml of a general culture of marine bacteria (40 to 60 x
10°® bacteria ml™!). This bacterial culture was obtained
by inoculating an autoclaved general medium for
marine bacteria (i.e. 1 10.22 pm filtered seawater, 5 g
bacto-peptone and 5 g malt-extract) with 1 ml of 4 pm
filtered seawater. The culture was maintained in the
dark and renovated weekly. Sponges were reared for
2 mo, with weekly changes of water in all bowls and
addition of bacterial food to feeding bowls. Food is
unlikely to have been limiting in the bowls with the fed
treatment at any time during the experiment, since
density of bacteria immediately before a new water
change ranged from 4 x 10 to 10 x 10° bacteria ml".
These values are close to the monthly average of bac-
terial abundance in coastal waters of the area where
the sponge population occurs (i.e. 1.3 x 10° to 9.8 x
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10% bacteria ml™!; Vaqué 1996). Density of bacteria in
cultures and treatment bowls was estimated by stain-
ing bacterial DNA with DAPI and using a HBO illumi-
nator with a 100 W mercury lamp for fluorescence
excitation in the near UV. Counts were made using a
Weigel graticule inside the ocular of a Zeiss Axioplan
microscope with a 100x oil immersion objective. Bowls
were maintained in the laboratory at 22°C, exposed to
a 12 h light:12 h dark cycle of natural light screened
through glass windows.

We measured the length and straightness of paths
traced by sponges after 2 mo (February-March 1997)
in the experimental conditions described above. To
assess the extent to which the path traced by a sponge
deviates from a straight line, we used the index of
straightness (IS) proposed by Emlen & Demong (1978):

IS = D/W

where D is the distance from the starting to the end
point and W is the actual length of the path. Differ-
ences in both IS values and length of the paths traced
by sponges after 2 mo as a function of food availability
(fed vs starved groups), density of conspecifics (high-
density vs low-density sponge groups), and bowl
(5 bowls for each level of food factor) were analyzed by
3-way nested analysis of variance (ANOVA). Because
the sponges within a given bowl cannot simultane-
ously be starved and fed, the bowl factor was neces-
sarily nested in the food factor. For the analysis of this
nested design, we pooled the 'density x bowl' inter-
action into the error term, as suggested by Milliken &
Johnson (1984), and tested the significance of all 3
main effects and the second order interaction with
potential biological meaning (i.e. food x density). The
ANOVA design would have been unbalanced because
some explants failed to develop successfully into
sponges (12 < n £ 16). However, to prevent the various
problems related to the analysis of a 3-way unbalanced
nested design (i.e. uncertainty in the significance of
the approximate tests, Sokal & Rohlf 1981), we ran-
domly eliminated some sponge individuals and ob-
tained equal size groups (n = 12) so as to run a bal-
anced ANOVA. A posteriorli pairwise comparisons
were made using the Student-Newman-Keuls (SNK)
test. As the 3-way ANOVA revealed that bowl factor
had no effect on either path length or path straight-
ness, we only made a posteriori pairwise comparisons
between the 4 groups from the ‘food x density’' treat-
ment combination. Untransformed straightness data
were submitted to analysis, while distance data were
ranked to meet the assumption of homoscedasticity
(i.e. Cochran's test, p > 0.05).

To investigate variability in sponge movement over
time, we recorded daily the distance that each sponge
covered in the experimental treatments described

above, then estimated the average speed (mm d7') at
which a sponge traveled during each week of the
experiment. As previous analyses of variance had
revealed that the bowl factor had no effect on sponge
movement, we eliminated it from the analysis of speed
data to simplify the design. We collapsed the former
3-way model (food x density x bowl) into a 2-way
model (food x density) by grouping levels of food and
density factors across levels of bowl factor. This proce-
dure rendered a sample size of 60 sponges in each of
the 4 'food x density’ combinations; however, we sub-
sequently added a new third factor to the design (i.e.
time factor). Despite the fact that sponge movement
was monitored for a total of 8 wk, we only considered
data from the first 5 wk, when most movement took
place. Data from the last 3 wk were not only uninfor-
mative in terms of sponge motion, but also showed
little or no variance (i.e. sponges covered small or no
distances), violating severely both the homoscedastic-
ity and normality assumptions of the ANOVA even
after appropriate transformations. Thus, we finally
analyzed differences in sponge speed as a function of
food availability (fed vs starved groups), density of
conspecifics (high-density vs low-density groups) and
time (from Week 1 to Week 5). To avoid a design with
repeated measures on factor time, the 60 sponge indi-
viduals resulting for each of the 4 'food x density’ com-
binations were assigned randomly to the 5 time groups
(5 wk), making 12 individuals each. As a given individ-
ual provided speed data for just 1 of the 5 wk con-
sidered in the analysis, speed measurements are in-
dependent over time. Differences in travelling speed
(mm d7!) as a function of food availability, density of
conspecifics and time were therefore analyzed by a
standard 3-way ANOVA without repeated measures.
Speed data were ranked prior to analysis. The SNK
was used for a posteriori comparisons.

Oriented movement in the vicinity of conspecifics.
We investigated whether proximity to allogeneic and
isogeneic conspecifics induces directional movement
responses. We reasoned here that, if sponges were
somehow capable of perceiving the close occurrence
of conspecifics before making physical contact with
them (i.e. via waste discharges, expelled metabolites,
pumping flows, etc), they would perform oriented dis-
placements both to prevent allogeneic encounters and
to favor those of an isogeneic nature. We simulated
imminent allogeneic and isogeneic encounters in the
laboratory by placing a small sponge (study subject)
2.5 mm in front of a semicircular barrier of conspecifics
(Fig. 1). All neighboring barriers were made of 5 histo-
compatible sponges placed 2 mm apart. Barriers were
either compatible (isogeneic) or incompatible (allo-
geneic) with the sponge individuals placed in front of
them. The position (N, S, E or W) of the neighboring
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Fig. 1 Diagrammatic representation of the experimental set-
up to test for directionality in the displacement performed by

{a) a neighboring barrier made of either allogeneic or iso-

geneic conspecifics and (b) in the absence of neighbors (con-

trol}. Barriers were oriented at random (N, S, E or W position)

with respect to the study subject in each particular case. The

line defined between the initial position of the sponge and

center of the neighboring semicircular barrier of conspecifics
served as angle 0°

barrier with respect to the isolated sponge was
assigned randomly for each individual case. Isolated
sponges with no neighboring barrier served as controls
(Fig. 1). We studied a total of 30 cases of each
encounter type (i.e. isogeneic, allogeneic or control)
distributed randomly in 3 culture trays (60 x 40 x 8 cm)
filled with 4 1 of 0.22 pm filtered seawater and exter-
nally shielded with aluminum foil. During the experi-
ment, sponges were starved and maintained in com-
plete darkness to prevent potential effects of light
gradients or food gradients on sponge orientation. The
position of the sponges was recorded at 3 d intervals
for 3 wk. Directionality in the movement responses
was assessed by measuring the angle (from 0° to 360°)
that the mean vector of the path traced by a sponge
formed with respect to the line defined between the
initial position of the sponge and the center of the
neighboring barrier, which served as angle 0°. We
used circular statistics to describe and analyze these
directional data (Mardia 1972, Batschelet 1981). The
uniformity of data distribution was checked with the
Rayleigh test, in which a significant P value indicates
that movements are not random, but directional within
a particular treatment. As expected, control sponges
moved randomly (Rayleigh test, n = 26, p = 0.667) with
respect to a 0° direction assigned randomly. Therefore,
we dropped control sponges from subsequent com-
parisons of directionality and just examined differ-
ences in the preferred direction of movement between
the sponges in allogeneic (n = 28) and isogeneic (n = 25)
treatments. Differences were analyzed by the Watson-
William 2-sample test (Mardia 1972). The Watson's
F-test for 2 circular means was not used because the

concentration parameter of the angle data set was
lower (e.g. Kpoolea = 0.738) than required for such tests.
We calculated 95% confidence intervals (CI) for all
significant mean vectors and used them to test whether
an observed mean direction significantly differed from
a predicted direction. An observed mean direction is
considered to differ significantly from an expected
direction if the latter lies outside the 95% CI for the
observed mean (Batschelet 1981).

Movement in response to water flow and silt. To
assess the effect of different hydrodynamic conditions,
and silt deposition associated with these conditions, on
sponge movement, we examined the movement re-
sponse of individuals evpeced to o Qisperscd, 10w-
velocity flow and a directed, high-velocity flow. The
former left a thin layer of silt on the substratum, while
the latter did not leave any silt. The experiment was
conducted using 0.75 m® aquaria supplied with unfil-
tered, running seawater. The bottom of each aquarium
was lined with a gridded acetate sheet bearing 2 par-
allel rows of 10 sponges each. Rows were 24 cm apart,
while the individuals in each row were 2 cm apart. We
placed a PVC horizontal tube (& 3 cm) between both
sponge rows, and parallel to them. The tube was per-
forated by 10 holes (& 2 mm, 2 cm apart) to allow the
inflow of seawater (Fig. 2). Only sponges in the row on
the drilled side of the tube were directly contacted by
the incoming water jets. We characterized the sea-
water flow into the aquaria using fluorescein and con-
firmed that each jet was directed against a single

Water i
ater mtakeﬂ Waterfutlets
/

(’/ / Water level ‘

/
Sponges
Zone of dispersed,

low-velocity flow
with silt deposition

Sponges
Zone of directed,
high-velocity flow
without silt deposition

Fig. 2. Diagrammatic representation of the aquarium setup
used to examine sponge movement patterns in response to
flow-silt conditions
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sponge individual. Hence, all sponges in the row were
similarly exposed to a high-velocity flow (15 to 20 cm
s7!). Once these jets passed the sponge row and
reached the wall of the aquarium, they coalesced into a
current that flowed up and then back towards the
other half of the aquarium (Fig. 2). Therefore, the
sponges growing in this latter zone were exposed to a
dispersed, low-velocity flow (2 to 5 cm s7}). Seawater
was let out of the aquaria by 2 outlets open on the rear
wall, one at the bottom and the other at the level of the
water surface. That half of the aquarium bottom
bathed by the dispersed, low-velocity flow accumu-
lated silt at an approximate rate of 0.5 mm wk~!, which
was removed weekly. In contrast, the high velocity of
the directed flow prevented any silt accumulation on
the other half of the bottom. We monitored sponges
weekly for 8 wk and recorded the length, straightness
and direction of paths with respect to prevailing flow
directions, which served as angle 0°. The effects of
flow and silt on the sponges were confounded in a
single factor (hereafter referred to as flow-silt factor)
in our experimental approach, as they are in the field.
It is likely that sessile organisms that live on horizontal
substrata exposed to high velocity flows or strong
ambient currents are not under any danger of being
buried, whereas those exposed to slow currents may
be buried. We reasoned here that change in the expo-
sure to silt would be responsible for differences in the
intensity of the movement response (i.e. path length),
while differences in the water flow would rather be
responsible for differences in path straightness and
directionality of sponge movement.

Differences in both length and straightness (IS) of
paths as a function of aquarium factor (3 aquaria) and
flow-silt factor (directed flow without silt deposition vs
dispersed flow with silt deposition) were analyzed by a
2-way ANOVA. A posteriori comparisons were made
using SNK tests. We also investigated temporal vari-
ability in the movement responses by examining dif-
ferences in path length as a function of time. As the
previous 2-way ANOVA revealed that aquarium factor
had no significant effect on path length, we removed
that spurious factor for this subsequent analysis, in
which differences in path length as a function of flow-
silt factor and time factor (first vs second mo of move-
ment) were examined. Differences were first analyzed
by a 2-way ANOVA with repeated measures on factor
time. However, the assumption of circularity required
for the analysis was violated {Mauchly’s sphericity
test). The multivariate equivalent approach of this test
was not applicable either, since data did not meet the
assumption of homogeneity of the variance-covariance
matrix (Box M-test). Therefore, the repeated-measures
distance data were finally analyzed by using a ran-
domization approach {e.g. Manly 1991). The total be-

tween- and within-subject sums of square (SS), as well
as the overall total SS, remain unchanged after data
randomization. Therefore, the SS associated with each
factor and their interaction is a suitable statistic to test
the significance of each effect. The randomization
distribution of the SS for each factor and the inter-
action term (null hypothesis) was approximated by
using 9999 random permutations of the data set plus
the observed one. An effect was considered to be sta-
tistically significant when the observed sum of square
values (SS.,s) was exceeded by less than 5% of the
randomization sum of squares values (SS,,,). Random-
ization analyses were performed using a computer
routine in Turbo Pascal v6.0 (see Turon et al. 1998).

To describe and analyze directionality in the re-
sponse movement with respect to the prevailing flow
direction (i.e. angle 0°), we used circular statistics.
Again, we discarded the spurious aquarium factor by
pooling direction data within each level of the flow-silt
factor across aquaria. As some explants failed to
develop, we finally analyzed data from a total of 26
sponges under conditions of directed flow and no silt
and a total of 28 individuals under conditions of dis-
persed flow and silt. The uniformity of data distribution
in each level of the flow-silt treatment was checked
with the Rayleigh test (Mardia 1972). We could not
assess differences between non-significant mean
directions. A 95% CI was calculated for all significant
means and this was used to test whether the observed
mean direction significantly differed from a prevailing
flow direction. In the case of directed flow, we also
examined the possibility that paths traced by sponges
avoided the prevailing direction of flow, thereby origi-
nating a diametrically bimodal distribution of orienta-
tion data along a diameter line defined by the flow
direction (oriented at 0°). Mean angles and 95 % CI of
data sets suspected to be bimodally distributed were
calculated according to Zar (1984) and used to test
whether or not the observed mean direction signifi-
cantly differed from 90°, which is a direction perpen-
dicular to the prevailing flow.

Locomotion as a function of body size. To assess the
role of body size on the capability of locomotion, we
compared the distance covered by small sponges and
large sponges after 1 mo. The size of the small sponges
(1.8 = 0.7 mm? originated from explants was equiva-
lent to that of a juvenile sponge just a few days after
larval settlement, and the size of large individuals
(15 + 4.5 mm?) approximately corresponded to that of
1 yr old sponges. Sponge size (area) was determined
through a dissecting microscope connected to an inte-
grated image analysis system using NIH Image soft-
ware. For the experiment, a total of 70 large and 70
small sponges were distributed at random on 10 grid-
ded acetate sheets, which were taken to the field and
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suspended vertically at depths of between 8 and 12 m
from screws pre-installed at random in the rocky walls.
Sponges were monitored weekly and their displace-
ment measured in situ on the gridded acetate sheet,
according to the technique explained in the ‘General
procedures’ section. Differences in distance covered
(z0.25 mm) by those small and large individuals that
survived (Ngman = 96, Nigge = 40) after a month were
analyzed using a f-test .

Histological and time-lapse behavioral observa-
tions. For TEM study of the basal pinacoderm, we
fixed sponges attached to acetate sheets in glutaralde-
hyde 2.5% buffered with 0.4 M cacodylate in seawa-
ter (4 vol.:5 vol.), post-fixed in 2% osmium tetroxide.
dehydrated through a graded ethanol series, and in-
cluded in ERL 4206 (according to Spurr 1969). Ultra-
thin sections were stained with uranyl acetate and lead
citrate and examined in a Philis EM-301 electron micro-
scope. For SEM study, sponges attached to acetate
sheets were fixed in a mixture of osmium tetroxide 2 %
and a saturated solution of mercuric chloride (6 vol.:
1 vol.}, dehydrated in an ethanol series, fractured in
liquid nitrogen, dried to critical point, sputter-coated
with gold, and examined in a Hitachi S-2300 electron
microscope. Additional behavioral observations on
moving sponges were carried out using a time-lapse
video recorder (JV BR-S920E) connected to a video
camera (JVC TK-C1381) mounted on a Wild-M10 com-
pound microscope.

RESULTS

Movement in response to food availability and
density of neighbors

A total of 298 out of 320 explants successfully devel-
oped into sponges. Over 99% of the sponges moved
away from the initial attachment point, covering dis-
tances that ranged from 0.25 to 18 mm after 2 mo in the
experimental bowls. An ANOVA (based on data from
240 sponges taken randomly among the 298 surviving
individuals) and a posteriori comparisons revealed that
starved sponges traced longer paths (7.05 + 0.33 mm)
than fed sponges (4.09 + 0.20 mm), irrespective of the
density of conspecifics and culture bowl (Figs. 3a,c & 4,
Table 1). Nevertheless, sponges in high-density groups
traced more convoluted paths (i.e. with a significantly
lower IS value) than sponges in low-density groups,
and irrespective of food availability and culture bowl
(Fig. 3b.d, Table 1). In all cases in which 2 individuals
made contact, motion ceased for a few days (1 to 8 d).
Sponges shrank and became denser as result of a mild
immune response. Then, 1 or both individuals resumed
movement at high speed, following divergent or op-

B High-density grou a ABCD C

_[::] Low-density groups

Lo b

Path Length (mm)

Path Straightness ('S)

1 2 3 45
Feeding Bowls Starving Bowls Food Treatment

6 7 8 9 10 Feeding Starvation

Fig. 3. {a,b) Mean {+SE) length and straightness (IS} of paths
traced by sponges after 2 mo in culture bowls as a function of
food availability (fed vs starved sponges), density of con-
specifics (high-density vs low-density groups) and culture
bowl (5 bowls per each level of food factor). (c,d) Mean (+SE)
length and straightness (IS) of paths after pooling data across
levels of the spurious bowl factor, then considering only the
sponge groups resulting from the combination of food and
density factors. Letters (A to D) indicate mean values
arranged in descending order. Groups of underlined letters
indicate non-significant differences between pairs of means
according to a posteriori SNK tests (p > 0.05) following an
ANOVA (see Table 1)

Table 1. Results of 3-way nested ANOVAs on length (ranked
data) and straightness (IS) of paths traced by sponges after
2 mo as a function of food availability (starved vs fed sponges),
density of conspecific neighbors (high-density vs low-density
groups) and culture bowl (2 groups of 5 bowls). Bow! fac-
tor is nested in food factor in both analyses. **Statistically
significant effects at the 99% confidence levels. A posteriori
comparisons are given in Fig. 3

Source df MS F p
Path length

Food 1 1994113 25642 <0.001""
Density 1 24.7 0.003 0.956
Bowl 8 8016.0 1.030 0.483
Food x Density 1 200385 2.576 0.147
Error 8 7776.6

Path straightness (IS)

Food 1 0.110 1.300 0.287
Density 1 1.160 13.666 0.006""
Bowl 8 0.261 3.082 0.065
Food x Density 1 0.060 0.714 0.422
Error 8 0.085
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Fig. 4. An example of paths traced by fed and starved sponges

arranged in high density. Dotted lines indicate the course of

paths traced after 2 mo in bowl cultures. d: empty quadrats
owing to unsuccessful (dead} explants

posite directions to avoid a situation of prolonged
physical contact and a subsequent re-encounter. This
behavior was consistently repeated in subsequent con-
tacts with other neighbors in the group. The higher
rate of encounters in high density-groups than thatin a
low-density situation forced sponges to change the
direction of movement very often to elude prolonged
contacts, and it accounted for the lower IS value of
paths traced in the high-density groups.

The shape of the motion curves over time (consider-
ing either cumulative distance covered per week or
daily speed within a given week) indicated that the
most substantial displacements were performed over
the first 3 wk, with peaks of movement during the
second week for fed sponges and during the third for
starved sponges (Fig. 5). Individual speed ranged from
0 to 1.178 mm d7! (data from all surviving sponges
pooled), depending on the particular treatment combi-
nation and time period. A 3-way ANOVA on speed of
movement from 240 sponges taken randomly among
the 298 surviving individuals revealed differences in

speed as a function of food and time factors, irrespec-
tive of the density of conspecifics (Table 2). A posteri-
ori comparisons confirmed that starved sponges moved
significantly faster than fed sponges (SNK test, p <
0.05), irrespective of density treatment. The analysis
also confirmed that speed of movement was high
during the first 3 wk (SNK test, pairwise p > 0.05),
decreasing significantly during subsequent weeks (p <
0.05). The ANOVA detected a significant interaction
between density and time factors. This interaction is
apparent (Fig. 5), in part, because the sponges of the
high-density groups moved faster than those of the
low-density groups during just the first week of the
experiment (SNK tests, p < 0.05), and irrespective of
food availability. In contrast, starved sponges moved
significantly faster than fed sponges during Weeks 3
and 4 (SNK tests, p < 0.05), irrespective of the density

Fed, high-density groups @
Fed, low-density groups *
o Starved, high-density groups ©
Starved, low-density groups

0 L

T T T

Mean Cumulative Distance (mm)
FaN

o
9%}
!
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g
»
P

<
o
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Time (weeks)

Fig. 5. Cumulative mean distance (+SE) covered weekly by
sponges and mean weekly speed (+SE} as a function of food
availability (fed vs starved sponges) and density of con-
specifics (high vs low density) over time (8 wk). Distance and
speed data are from all 298 sponges that survived for 2 mo in
culture bowls. See Table 2 for a statistical analysis of differ-
ences in speed (on data from 240 individuals taken randomly)
as a function of food, density of conspecifics and time factors
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Table 2. Results of a 3-way ANOVA on sponge traveling

speed (mm 47}, ranked data) as a function of food availability

(starved vs fed sponges), density of conspecific neighbors

(high-density vs low-density groups) and time (5 wk). Statisti-

cally significant effects at the 95 (*) and 99% (**) confidence
levels are indicated

Allogeneic Treatment
00

270°

90°

Source df MS F p
Food 1 147423 4899  0.027°
Density 1 64.0 0.021 0.884
Time 4 86454.8 28.730 <0.001°"
Food x Density 1 246.5  0.081 0.775
Food x Time 4 45914  1.525 0.195
Density x Time 4 11580.8 3.848 0.004"*
Food x Density x Time 4 2700.3  0.897 0.466
Error 220 3009.1

of conspecifics. A subsequent 2-way ANOVA (density
x time) blocking time factor confirmed a significant
‘density x time’ interaction. Similarly, a posteriori SNK
tests (p < 0.05) confirmed that sponges moved signifi-
cantly faster within the high-density groups compared
to the low-density groups during Week 1, while this
pattern was reversed during Week 3.

Oriented movement in the vicinity of conspecifics

Sponges moved with a significant directionality in
the vicinity of both allogeneic (Rayleigh test, p = 0.011)
and isogeneic (p = 0. 002) neighboring barriers, while
control sponges moved at random (p = 0.667), as ex-
pected. The mean direction (£95% CI ) of paths traced
by sponges was 34.949° + 36.419° in the allogeneic
treatment and 344.551° + 41.606° in the isogeneic
treatment (Fig. 6). A 2-sample test detected no signifi-
cant difference in mean direction (R' = 0.397, p > 0.05)
between isogeneic and allogeneic treatments. In both
cases, sponges moved with a mean direction that was
not significantly different from 0°, showing oriented
displacement towards neighboring barriers. Sponges
made contact with isogeneic barriers in 72 % of cases,
and with allogeneic barriers in 53.57 % of cases. In all
cases of isogeneic contact, the outcome was tissue
fusion. In contrast, all allogeneic encounters were
characterized because locomotion ceased for a few
days after contact (1 to 8 d) and individuals showed
mutual tissue rejection, with formation of a stand-off
edge along contacting zones. Then, movement was
resumed in reverse or divergent direction, avoiding a
situation of prolonged physical contact. This 'stop-and-
reverse’ behavior was successively repeated whenever
individuals became involved in subsequent allogeneic
encounters.

180°
Isogeneic Treatment
4
i
3

12

270° - 90°

180°

Fig. 6. Circular histograms showing directions of movements
performed by sponges with respect to the line defined be-
tween the initial position of the sponge and the center of
the neighboring semicircular barrier of conspecifics, which
served as angle 0°. Directions are grouped in 15° bars. Mean
directions and 95% CI are indicated by a black line and a
double-headed arrow, respectively

Movement in response to water flow and silt

All sponges reared in running-seawater aquaria
moved from the initial attachment point, covering a
total distance that ranged from 16.1 to 63.7 mm after
2 mo (Fig. 7), at a mean speed (+SE) of 0.65 + 0.03 mm
d-! (all data pooled). An ANOVA and its a posteriori
comparisons revealed that sponges traced significantly
longer paths (mean distance +SE) under conditions of
dispersed flow and heavy siltation (43.5 + 2.7 mm)
than under conditions of directed flow and no silt (34.8
+ 3.0 mm), and irrespective of the aquarium factor
(Table 3). The randomization analysis of distance data
with repeated measures on the time factor also indi-
cated that sponges traced longer paths in conditions of
dispersed flow and silt deposition compared to condi-
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Fig. 7. A few examples of paths traced by both sponges ex-
posed to a directed, high-velocity flow that did not leave any
silt on the substratum and sponges exposed to a dispersed,
low-velocity flow that left a silt layer on the substratum. Black,
white and gray circles indicate the position of the moving
sponges at the beginning, after 1 mo and after 2 mo in the
aquaria, respectively. Dotted lines indicate the course of dis-
placement with respect to the prevailing flow direction, which
is shown by the arrows at the bottom

tions of directed flow and no silt, and that distances
covered during the first month were larger than during
the second month (Fig. 8, Table 4). Nevertheless, a
significant interaction term revealed that the effect of
siltation on sponge movement was limited to the first
month, so that the role of siltation in inducing move-
ment decreased with increasing time (Fig. 8, Table 4).
The ANOVA on IS data detected no significant differ-
ence in path straightness as a function of the aquarium
factor or the flow-silt factor (Table 3).

Directional data revealed that, although sponges
exposed to a dispersed flow showed an apparent trend
to move in the opposite direction (mean +95% CI =
214.7° £ 47.8°) to the prevailing water direction (Fig. 9),
movement in both experimental flow conditions lacked
any statistically significant directionality (Rayleigh

Table 3. Results of 2-way ANOVAs on length {mm)} and
straightness (IS) of paths traced by sponges for 2 mo as a func-
tion of flow-silt factor (directed flow and no silt vs dispersed
flow and silt deposition) and aquarium factor (3 aquaria).
*Statistically significant effects at the 95% confidence level

Source df MS F p
Path length

Aquaria 2 76.5 0.523  0.596
Flow-Silt 1 1007.7 6.886  0.011°
Aquaria x Flow-Silt 2 67.3 0.460 0.634
Error 53 157.2

Path straightness (IS)

Aquaria 0.020 0.835 0.440
Flow-Silt 0.021 0.895 0.348

0.072 1.523 0.228
0.024

Aquaria x Flow-Silt
Error 5
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without siltation

Flow-Siit Treatment

Fig. 8. Monthly mean length (+SE) of paths traced by sponges

exposed to both a dispersed flow with silt deposition and a

directed flow without silt deposition for 2 mo. See Table 4
for a statistical analysis of data

test; p = 0.071 under dispersed flow, p = 0.990 under
directed flow). Directionality of sponge movement
under conditions of directed flow was so low that a
95% CI for the mean could not be calculated. Rather,
this data set appears to follow a distribution that has 2
modes lying opposite each other and perpendicular to
the prevailing flow direction, as shown in Fig. 9. A sta-
tistical analysis of such data under a bimodal distribu-
tion model revealed that mean direction (+95% CI) of
sponge movement was 77.5° + 44.1° meaning that the
bimodal distribution lies along a diameter line oriented
at 77.5° which is nearly perpendicular to the flow
direction.

Locomotion as a function of body size

Mean distances (xSE) covered after 1 mo by small
and large sponges that survived in the field were
13.5 + 1.1 mm and 14.7 + 1.4 mm, respectively, with a
corresponding maximum distance of 37 and 33 mm.

Table 4. Results of the randomization analysis for the re-
peated measures of path length (mm). Factors are flow-silt
(directed flow and no silt vs dispersed flow and silt) and time
{Month 1 vs Month 2), with repeated measures on time factor
The SS;.,>SS.ps column contains the percentage of random-
ization sum of squares (SS,,,) that exceed observed sum of
squares (SS,,s) for each factor and their interaction. Statisti-
cally significant effects at the 95 (*) and 99% (') confidence
levels are indicated

Source SS1an>SSobs
Flow-Silt <0.001""
Time 0.009°"
Flow-Silt x Time 0.029"




Maldonado & Uriz: Ecology of sponge movement 249
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Fig. 9. Circular histograms showing directions of displace-
ments performed by sponges with respect to the prevailing
flow direction (angle 0°) in conditions of both directed, high-
velocity flow and dispersed, low-velocity flow. Directions are
grouped in 15° bars. Mean directions and 95% CI are indi-
cated by a black line and a double-headed arrow, respec-
tively. The high dispersion of movement data in conditions
of directed flow did not allow the calculation of a 95% CI for
the mean direction. See 'Results’ for tests under a bimodal
distribution

There was no significant difference between mean dis-
tances covered by small and large sponges (t-test, Ngman
=56, Nigrge = 40, £ = 0.346, p = 0.729).

Histological and time-lapse behavioral observations

Moving sponges showed both a well-developed
skeleton and a functional aquiferous system. Time-
lapse photography through a dissecting microscope
revealed that at least part of the canal system for water
filtering was continuously reorganized as sponges
moved. Reorganization was necessary because cell
masses in different body parts migrated at different

speeds, with cells in the lateral and the leading margin
usually moving faster than cells in the remaining parts
of the body. This asynchrony also provoked a continu-
ous reshaping of the moving sponges, which were
nearly circular when inert. We found 2 different mor-
phologies typically associated with locomotion. Indi-
viduals that were initiating or ending a period of move-
ment adopted an ellipsoidal form, with the wider end
directed forward (Fig. 10A). In contrast, during periods
of maximum motion rate, moving individuals adopted
an arc form with a convex leading margin and a
concave receding margin (Fig. 10B). These arc-shaped
forms showed a somewhat disorganized choanosome
compared ta ellinenidal forme, which usuglly showed a
well-developed canal system for water filtration.

It is also noteworthy that moving sponges secreted a
‘normal’ basal skeleton, which consists of vertical
spicules (styles) anchored to the substratum by patches
of spongin. This skeleton is responsible for the firm
attachment of the sponge to the substratum when sta-
tic (Fig. 11A,B). Part of this skeleton was consistently
left behind, as sponges moved along (Fig. 11B,C). TEM
observations confirmed that sponges secrete a colla-
gen layer (basal spongin) between the basal cell layer
(basopinacoderm) and the substratum (Fig. 12A,B),
regardless of whether they are in motion or at rest.
SEM and TEM observations of basopinacocytes of
both moving and motionless sponge individuals did
not reveal any striking difference. Basopinacocytes
formed a single layer, with cells joined by interdigitat-
ing junctions, as is usual in other pinacoderms. The
only histological difference observed between sponges
in motion and those in motionless periods was the
abundance of needle-shaped, isolated archeocytes
near the basopinacoderm of moving sponges.

The organic part of the skeleton (spongin) that is left
behind as sponges move favored a dark-colored bacte-
rial colonization of pathways traced by sponges in
some long-term laboratory cultures (Fig. 10C). When
bacteria colonized paths traced by sponges that had
been reared in the laboratory with an irregular alter-
nation of starvation and feeding periods for 7 mo, an
alternation of motion and resting periods was apparent
along the tracks, probably in response to food avail-
ability. Resting periods were marked by wider, circular
spots along the track, reflecting either expansion or
growth of the motionless sponge body (Fig. 10C).

DISCUSSION
Magnitude and mechanics of displacement

Our results confirmed that the sponge Scopalina
lophyropoda is capable of locomotion across substrata.
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Fig. 10. (A) Morphology adopted by sponges when traveling
at slow speed. The well-developed aquiferous system has to
be continuously reorganized as the sponge moves. (B) Mor-
phology adopted by sponges when traveling at maximum
speed. Note that the aquiferous system is already somewhat
disorganized and it will have to be reorganized when the
sponge slows down. Arrows in {A) & (B) indicate displace-
ment direction. (C) Paths traced by pairs of allogeneic
sponges (s) that were initially in contact. Circular thickenings
in the tracks () revealed that sponges alternated movement
and resting periods during this 7 mo displacement

Fig. 11. SEM micrographs showing (A} that the pinacocytes

from the upper and basal ectosomal layers of the sponge form

indistinguishable mono-layered cell sheets, both protruded

by a spicule (s), (B) part of the basal skeleton left behind by a

moving sponge, and (C) detail of the left skeleton which

consisted of silica spicules (s) attached by basal spongin
patches (b)
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Fig. 12. TEM micrograph(A) showing (A) that the basopinaco-
derm (p) and the substratum surface (s) are connected through-
out a lax matrix of collagen that differentiates into a narrow
spongin layer (b) just below the pinacocytes. The matrix of
collagen is colonized by abundant bacteria. (B} Detail of a
basopinacocyte (p) and the basal spongin layer (b)

Displacements onto acetate sheets ranged from 0.5 to
37 mm when sponges were taken to the field for 1 mo,
from 0.25 to 18 mm when sponges were reared in glass
bowls for 2 mo, and from 16.1 to 63.7 mm when
sponges were cultured In running-seawater aquaria
for the same period. A displacement of 63.7 mm after
2 mo in aquaria means transporting the sponge body
(1.7 mm® on average) about 37 times its length during
that time. Casual observations suggest that net dis-
placements of large sponges may be greater in the
field. For example, Burton {1949) reported that some
Tethya colonies covered 30 cm in 5 mo, and Wilkinson
& Vacelet (1979) mentioned that a large Chondrosia
reniformis moved 7 cm in 16 wk. Therefore, values of
net displacement on the acetate substrata are neither
comparable between experiments nor probably very
representative of the magnitude of potential displace-
ments on natural substrata in the field. Nevertheless,
the present study, although affected by the limitations

of a laboratory approach, still provides some insights
into the determinants of sponge movement.
Time-lapse video definitively excluded the possibil-
ity that sponge movement resulted from directional
growth. Moreover, if movement was mediated by
growth, one would expect fed sponges to travel farther
and at a higher speed than starved sponges. Our re-
sults, however, demonstrated the opposite. Indeed, our
observations are consistent with the idea proposed by
Bond & Harris (1988) and Bond (1992) that sponges dis-
place themselves by means of the individual amoeboid
or crawling locomotion of the individual cells com-
posing the basopinacoderm. Most cell types in sponges,
if not all are ahle to nerform thic crawling activity
(Simpson 1984, Bond 1992). 1t is interesting that indi-
viduals of Scopalina lophyropoda left part of the basal
skeleton behind as they moved along. This phenome-
non has also been reported in other sponge species
(Ankel 1967, Borojevic 1971, Bond & Harris 1988). The
latter authors observed that the moving individuals ex-
ert forces against these anchoring spicules. It is likely
that the skeleton provides a support point to facilitate
movement of those isolated cells or cell groups located
in the inner part of the body. Otherwise, these cells
would have no chance of coming into contact with a
solid substratum, which 1s necessary for traction to be
exerted. The role of the skeleton in facilitating the
displacement of the bulk of soft tissue would explain
why moving sponges are continuously secreting a new
skeleton that is immediately left behind. It is worth not-
ing that the continuous replacement of the skeleton
may be a very costly process for siliceous sponges, since
dissolved silica is probably a limiting resource in many
sublittoral environments {Reincke & Barthel 1997). We
also observed how the internal system of canals was
continuously reorganized as sponges moved at low
speed, while little structure was found in the choano-
some of individuals moving at high speed. A rapid
tissue reorganization in moving sponges has also been
reported by others (Borojevic 1971, Bond & Harris 1988,
Bond 1992). Much of the ontogenetic change in body
shape that has traditionally been considered as a pas-
sive response of the sponge to the environment may in
fact be a result of processes of active displacement.

Variation in movement responses

Sponges were capable of modulating the intensity of
the movement response over time. Two of the experi-
ments in which we monitored sponges for 2 mo
revealed that displacements were longer during the
first month than during the second one. Moreover, the
time effect on movement interacted with the effects
of other factors, such as 'density of conspecifics' and
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'flow-silt’ conditions. From a biological point of view,
the interaction between 'time’ and ‘density of con-
specifics’ detected in the experiments suggests that a
short, initial period of starvation does not induce a
movement response in sponges, while settlement in a
site surrounded by a high density of conspecifics is an
undesirable initial situation that sponges somehow
perceive and attempt to avoid by movement responses.
However, if starvation is prolonged over time, it
appears to become a powerful stimulus to locomotion
and its effect overrides the potential effect that a high-
density of conspecifics would have on movement in a
situation of regular food supply. Obviously, long-term
starvation is more critical to survival than a long-term
situation of high density of conspecifics. Nevertheless,
both aspects may be related in the field, since intense
competition for food may induce starvation of individ-
uals in groups at high density. This appears not to be
the case under the culture conditions of our experi-
ment, because particulate food was at a high density
and at no time during the experiment was it a limiting
factor. Otherwise, the ‘density of conspecifics’ factor
should have had a significant effect on the length of
the path traced by sponges, or at least the interaction
term between food and density factors should have
been statistically significant.

The interaction detected between ‘time' and ‘flow-
silt’ factors in the other experiment reflects how the role
of siltation in inducing sponge movement decreased
with increasing time. As the layer of silt was eliminated
weekly from the aquarium bottom, we cannot discount
the idea that, after a month of exposure to non-lethal
silt levels, sponges somehow adapted themselves to tol-
erate a periodic, short-term burial and consequently the
intensity of their movement response decreased.

Sponges also appear to be capable of alternating
motion and resting periods, probably according to
ecological demands. A long-term alternation between
periods of motion and rest was evident by the marks
resulting after bacterial colonization of paths traced by
sponges after 7 mo in the cultures (Fig. 10C). A short-
term alternation between periods of motion and rest
was characterized by the ‘stop-and-reverse’ movement
behavior displayed by sponges in allogeneic encoun-
ters.

The variation in movement response over time and
its interaction with other factors indicates that sponges
are capable not only of perceiving a variety of environ-
mental cues (e.g. food availability, exposure to silt,
density of resident conspecifics), but also of elaborat-
ing a complex behavioral response. This is an unex-
pected capability in organisms that lack both sensory
organs and a nervous system. Given the absence of
sensory organs, the directionality of the sponge move-
ment was predicted as being low. However, this pre-

diction was not always confirmed in the experiments,
since sponges performed oriented movements to avoid
coming into contact with the experimental high-veloc-
ity water jets. Water flows are a cue that carry associ-
ated information concerning direction and are known
to induce oriented movement responses in a large
variety of animals (e.g. Young 1995). Isolated sponges
placed in front of a neighboring barrier made of
conspecifics also performed oriented displacements,
moving preferentially towards barriers, irrespective of
whether neighbors were isogeneic or allogeneic. This
result suggests that sponges may somehow perceive
the close occurrence (on a scale of mm) of, at least, con-
specifics and move in a direction that favors the
encounter. However, sponges were unable to deter-
mine the sign of tissue compatibility until physical
contact with neighbors was established.

Ecological implications of sponge movement

The results of our experiments suggest that the capa-
bility of locomotion has significant ecological implica-
tions for Scopalina lophyropoda. Both the intensity
(i.e. net displacement) and the shape (i.e. straightness
and directionality) of the movement responses were
affected by the experimental conditions. Sponges trav-
eled farther under adverse conditions, such as starva-
tion and silt deposition, than under favorable condi-
tions, such as a high availability of food and a lack of
silt deposition. This type of response suggests that
locomotion is part of a strategy for shifting to a better
location when survival is threatened. It has previously
been suggested that the locomotory capability might
be used by sponges to readjust their position at the
microhabitat scale and find new sites where survival
was enhanced by reduced exposure to deleterious fac-
tors, such as light and silt (e.g. Wilkinson & Vacelet
1979, Fishelson 1981). Our results are consistent with
this idea and so are studies on some tunicates and
bryozoans that have shown a noticeable capability of
locomotion (e.g. Marcus 1926, Carlisle 1961, Birkeland
et al. 1981, Ryland et al. 1984, Ryland 1988).

It is noteworthy that sponges consistently moved
away from histoincompatible organisms once physical
contact had been established. This behavior may be
extremely advantageous, since histoincompatible indi-
viduals (either at the intra- or interspecific level) are
potential competitors for food or space. Moreover, by
avoiding prolonged contact with non-compatible indi-
viduals, sponges avoid the cost of immune rejection, a
traumatic process characterized by intense cytotoxicity
and cell killing (e.g. Hildemann et al. 1980, Hildemann
& Linthicum 1981, Johnston & Hildemann 1983, Mukai
& Shimoda 1986, Smith 1988). Contact with incompati-
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ble neighbors followed by divergent movement may
be a trial-and-error mechanism to explore the environ-
ment in the hope of locating a better site. We exclude
the possibility that sponges are also accumulating
immune information about their neighbors. Some
experimental work has shown the existence of specific
transplantation immunity or immune memory in a vari-
ety of sponge species, but this memory appears to per-
sist no longer than 3 wk after contact sensitization (e.g.
Hildemann et al. 1979, 1980, Evans et al. 1980, Bigger
et al. 1982, Smith & Hildemann 1984). As Scopalina
lophyropoda is not an aggressive cytotoxic species
from a chemical point of view {Amade et al. 1987, Uriz
et al. unpubl. data), the 'stop-and-reverse’ movement
behavior displayed by sponges in allogeneic encoun-
ters has to be interpreted as part of a defense mecha-
nism for avoiding contact with competitors in the field.
Nevertheless, locomotion may be used as an aggres-
sive strategy by other sponge species, if combined with
cytotoxicity effects. It has been shown, for example,
how some moving didemnids (ascidians) can overgrow
corals and move across the colony leaving behind a
'trail’ of dying polyps and exposed coral skeleton
(Birkeland et al. 1981). In this context, it has also been
suggested that mobility in aggregated species may be
a mechanism for smothering newly settled organisms
before they have a chance to grow, therefore preserv-
ing the bare space created around the colonies, which
can be used in periods of maximum growth and/or
colony reproduction (Ryland et al. 1984).

Locomotion may also play an important role in pro-
cesses of colony fission and reaggregation in many
encrusting sponge species. Different parts of a modu-
lar colony may move at different rates or in different
directions resulting in body fragmentation, as has been
observed not only in sponges (Burton 1949, Bond &
Harris 1988, Pansini & Pronzato 1990) but also in bry-
ozoans (Marcus 1926) and ascidians (Birkeland et al.
1981, Ryland et al. 1984, Ryland 1988). Over several
years, we have observed processes of fragmentation
and partial reaggregation of large (~1 m?) individuals
of Scopalina lophyropoda in the field (pers. obs.).
Repeated colony division and reaggregation would
allow sponges to maintain an optimum ratio of periph-
ery to area over time, a situation that may favor bud-
ding and asexual reproduction (e.g. Yamazato & Isa
1982), enhance filtration in low energy situations
(Bishop & Bahr 1973}, and facilitate survival on uncon-
solidated substrata in wave-exposed habitats (Ryland
et al. 1984). It has been suggested that the most com-
pelling explanation for the evolutionary acquisition of
locomotion by sessile, modular organisms is that it not
only makes possible colony fragmentation, but that it
also facilitates a movement away from the fragmenting
modules and subsequent mixing and fusion between

non-clonal colonies, so that the resulting chimeric situ-
ation provides the most favorable conditions for cross-
fertilization (Harper 1977, Ryland et al. 1984). This is
certainly not the case for S. lophyropoda, as virtually
all encounters between non-clones were aborted by
subsequent separation of the individuals involved.
Moreover, although chimerism was formerly inter-
preted as a process that clearly led to an advantageous
condition of the resulting chimeric individual (e.g. Buss
1982, Grosberg & Quinn 1986, Rinkevich & Welssman
1987), fusion with non-clones appears to be actively
avoided in S. lophyropoda and other sponge and
ascidian species, which suggests that the benefits of

(e.g. Rinkevich & Weissman 1992, Pancer et al. 1995,
Maldonado 1998).

Reports by Burton (1949) and Wilkinson & Vacelet
(1979) on the movement of large sponges in the field
are consistent with the result of our field experiment
In supporting the idea that body size appears not to
restrict significantly the capability of locomotion. We
found no significant difference in the capability of
locomotion of small and large individuals of Scopalina
lophyropoda on the acetate substratum after a month
in the field. This result suggests that the capability of
young S. lophyropoda individuals to readjust their
position in the habitat is not limited by body size dur-
ing at least their first year in life. Indeed, the occur-
rence of locomotion in sponges, as well as in bryozoans
and ascidians, forces us to reassess the universality of
the assumption that larval choice for a settlement site is
a critical event in organisms that are sessile as adults,
because further relocation is impossible (e.g. Raimondi
1990). It appears that quite a few ‘sessile’ organisms
can modify the course of post-settlement events not
only by selective settlement or directional growth, but
also by active locomotion across solid substrata in
response to ecological demands.

Our results, along with those of previous studies,
support that the capability of locomotion of some
sponges, bryozoans and tunicates, although limited to
short displacements, confers a number of significant
advantages on these so-called sessile animals. Regard-
less of the mechanism, the ability to move influences
the probability that individuals will experience physio-
logical stress or encounter appropriate habitats, and
this will have an effect on survival. It is clear that if
these groups have evolved a capability of locomotion,
then the selective (ecological) benefits derived from
such an ability must overcome or at least balance his-
tological and energetic costs (e.g. continuous skeleton
replacement and aquiferous system reorganization).
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