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Abstract

In marine invertebrates with complex life cycles, it may often be the case that trade-offs and behaviors differ between adult and
larval stages. In this study, I examined the effects of life-history stage on allorecognition system function in the sponge, Haliclona
sp. For sedentary marine invertebrates, allorecognition systems allow individuals to distinguish between genetically similar and
distinct tissue they may encounter and are thought to reduce costly tissue fusion with individuals other than self or kin. Although it
was found that sessile adults fused preferentially with self-tissue and exhibited a functioning allorecognition system, free-
swimming larvae fused equally with sibling and non-sibling larvae resulting in swimming chimeras capable of successful
metamorphosis, suggesting a stage-activated allorecognition system. In addition, adult sponges differed significantly in the
propensity of their larvae to fuse suggesting variation in parental strategies. Analysis of larval swimming behavior indicated that
larvae aggregate and are capable of increasing their encounters with other larvae and perhaps their probability of fusing in nature.
The pursuit of fusion at this motile stage, along with evidence of a functioning adult allorecognition system, suggests that larvae
may not express a recognition system, or that factors other than relatedness such as benefits to larval or adult chimeras, are involved
in larval fusion and a stage-activated allorecognition system. In addition, this study demonstrates the presence of variation among
individuals in the allorecognition system's ontogeny in the sponge Haliclona sp.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many marine invertebrates have complex life cycles
and are sessile as adults but free-swimming as larvae.
Fundamental differences between these life-history
stages may result in differences in the likelihood of
interactions with both conspecifics and heterospecifics.
Sedentary adults may differ from motile larvae in that
individuals may encounter others frequently as they
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grow along the substrate. In such cases, an allorecogni-
tion system that allows individuals to distinguish
between genetically similar and genetically distinct
tissue is critical to reacting to competitive encounters
with individuals with which they come in contact (Buss,
1981, 1990; Buss and Grosberg, 1990). Allorecognition
systems have been demonstrated in many marine
invertebrates, including sponges, bryozoans, ascidians,
and cnidarians (reviewed in Grosberg, 1988) and are
postulated to be a precursor for the recognition systems
found in chordates (Burnet, 1971; Scofield et al.,
1982).
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These systems often consist of highly polymorphic
histocompatibility loci (Scofield et al., 1982). If an
individual's allorecognition loci match well enough
with those of another individual, tissue fusion may
occur. For clonal organisms, tissue fusion between self
or kin may increase fitness through an increase in colony
size, and the resulting increases in competitive ability,
fecundity, and/or survival (reviewed in Grosberg, 1988;
Foster et al., 2002; but see Rinkevich and Weissman,
1992; Maldonado, 1998). However, fusion with unre-
lated genotypes is associated with substantial costs due
to resource competition between genotypes (Rinkevich
and Loya, 1983), death of one member of the chimera or
resorption by the other (Rinkevich andWeissman, 1987;
Barki et al., 2002), or decreased competitive ability
(Foster et al., 2002). In addition, clonal invertebrates
that do not sequester a germ line may be competing with
conspecifics at the cellular level for access to the germ
cell lineage and gamete production (Buss, 1982, 1990).
Thus, an additional cost of fusion is that of somatic cell
parasitism where one genotype dominates the germ cell
lineage and hence gamete production of the chimera
(Buss, 1982, 1990; Stoner and Weissman, 1996; Stoner
et al., 1999).

To date, most studies have focused on allorecogni-
tion at the adult stage. However, in clonal marine
invertebrates with complex life cycles, the costs and
benefits of fusion are likely to change as individuals
progress from the larval stage to the adult stage. Thus it
may be unrealistic to assume that allorecognition and the
likelihood of tissue fusion remain constant over an
animal's lifetime. Firstly, sessile adults are unable to
move away from other individuals with whom they
come into contact, thus they must either fuse or mount a
rejection response when they encounter foreign tissue.
In contrast, motile larvae are capable of escaping or
pursuing encounters with other larvae and tissue fusion
or rejection decisions can be avoided. Secondly,
although adult size may be variable due to the amount
of substrate available, established adults have nonethe-
less survived the extremely high mortality that occurs at
the small larval and juvenile stages (Connell, 1973;
Highsmith, 1982; Davis, 1988). Due to this high size-
dependent mortality, a doubling in size at these small
early stages may result in greater settlement and survival
benefits than a doubling in size at the adult stage
(Connell, 1973; Highsmith, 1982). Thus it is unclear
whether the likelihood of encounter or the benefits of
fusion will drive the evolution of an ontogenetically
changing allorecognition system.

Results of several studies suggest that the allorecog-
nition system of many marine invertebrates may change
ontogenetically. In adults and post-metamorphic indivi-
duals, a negative relationship between tissue fusion and
distance between individuals is often found by forcing
tissue contact via grafting or by manipulating indivi-
duals in space and allowing them to grow into each other
(reviewed in Grosberg, 1988). These tissue fusion
experiments suggest that adults have a functioning
allorecognition system. In contrast to that of adults,
evidence for a functioning allorecognition system in
earlier stages is mixed. Some studies have demonstrated
non-kin fusion between juveniles and suggest the
presence of an ontogenetically changing recognition
system (Hidaka, 1985; Ilan and Loya, 1990; Shenk and
Buss, 1991; Lange et al., 1992; Frank et al., 1997; Barki
et al., 2002; Fuchs et al., 2002; but see Bishop and
Sommerfeldt, 1999) whereas other studies have shown
evidence for sibling recognition associated with gregar-
ious settlement (Keough, 1984; Grosberg and Quinn,
1986; Barki et al., 2002). Many of these studies,
however, have not drawn a clear distinction between
larvae and post-metamorphic individuals, which are
likely to have different behaviors. For example, if the
presence of conspecifics is a settlement cue for
swimming larvae, larvae may be more likely to settle
on, or near, post-metamorphic individuals or juveniles
that have already settled, possibly resulting in elevated
juvenile fusion rates due to settlement proximity.

Although potentially important to selection, how the
allorecognition system and the costs and benefits of
fusion change across different life-history stages
remains unclear as does the amount of individual
variation in the strategies both adult and larval
individuals use when encountering one another. The
observation that some sponges produce swimming
larvae that fuse and form swimming larval chimeras
(Lévi, 1956; Warburton, 1958; Simpson, 1984; S. Leys,
personal communication) suggests a unique approach
for investigating allorecognition at the larval stage
without forcing larval contact, and by allowing larvae to
pursue or avoid interactions with other larvae. Using
sessile adults and swimming larvae of the purple
sponge, Haliclona sp., I investigated the allorecognition
response of these two distinct life-history stages. In
addition to the variation in fusion due to life-history
stage, I investigated individual variation and parental
differences in offspring fusion rates. Finally, to
determine whether larval fusion is likely to occur in
nature and whether larvae are actively pursuing or
avoiding contact with others, I investigated whether
Haliclona sp. larvae aggregate by modifying their
swimming behavior in the presence of conspecific
larvae.
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2. Materials and methods

2.1. Study species

The purple sponge Haliclona sp. (class Demospon-
giae) is a viviparous, encrusting sponge found in the
intertidal along the Pacific coast of North America.
Reproductively mature sponges brood free-swimming
parenchymella larvae that are assumed to be sexually
produced (Simpson, 1984). After release from the parent
sponge, larvae aggregate at the water surface (Fig. 1A)
and often fuse to form chimeric larvae without loss of
swimming or metamorphic ability (Figs. 1B,C). Under
laboratory conditions, larvae settle and metamorphose
into juvenile sponges after approximately 2–4 days. It
should be noted that larvae are likely to settle more
rapidly in the field since they become negatively
phototactic when competent and will settle rapidly in
dark places that were not offered as substrate in the
laboratory. All of the following experiments were
conducted at the Bamfield Marine Station, Vancouver
Island, B.C., Canada.

2.2. Adult fusion experiment

In November 2002, sponges were collected from two
sites in the Barkley Sound area. Sites were located on
different islands separated by approximately 5 km and
by deep, high-flow channels. A∼5 cm2 piece of sponge
tissue was removed from the rock and immediately
submerged in seawater. To avoid collecting tissue from
members of the same genet, sponges collected from the
same site were at least 1 m apart.

In the laboratory, the tissue of twelve focal sponges
from two sites was paired with: 1) self-tissue, 2) tissue
from a same-site sponge, and 3) tissue from a distant-site
sponge from a different island. Sponges were used only
once. Pairs of sponge tissue (∼1 cm2) were attached side
Fig. 1. Sponge larvae and fusion. (A) Two swimming Haliclona sp. larvae. A
after initial fusion. Scale bar≅250μm.
by side on a glass microscope slide using monofilament
line and were maintained in a flowing seawater table.
After 10 days, sponge pairs were scored as either fusing
or rejecting one another. I defined fusion a priori as
healthy tissues joined by a continuous superficial epi-
thelium that cannot be separated by gentle pulling, and
rejection as the tissues being non-joined or easily sepa-
rated by touch (see references within Grosberg, 1988). I
used a G-test of independence with the William's
correction for small sample size (Sokal and Rohlf,
1995) to test for the effect of treatment on fusion rate.

2.3. Larval fusion experiment

In May and June 2001, reproductively mature
sponges were collected from four sites in the Barkley
Sound area with sites located on different islands
separated by 1 to 5 km and by deep, high-flow channels.
At each site, I recorded the distances between collected
sponges. Sponges were collected as described above
(see the Adult fusion experiment section) and main-
tained in a flowing seawater table on a 14:10h light:dark
regime with exposure to an approximately 2 h “low tide”
once a day.

Eight focal sponges from four sites were paired with
a same-site sponge separated by at least 1 m from the
focal individual, and a distant-site sponge from a
different island. Larvae were collected following natural
release from the parent sponge in the laboratory and
larval pairs of approximately the same age were put in
Falcon tray wells (diameter=1.6cm, height=1.7cm) of
unfiltered seawater. These larval pairs consisted of a
focal sponge larva and a second larva representing one
of three treatments: 1) a sibling larva from the same
parent sponge, 2) a larva from a same-site sponge, and
3) a larva from a distant-site sponge. Larvae were used
only once. Due to the unpredictability of larval release,
four of the focal sponges provided same-site and/or
swimming chimeric larva approximately (B) 20 min and (C) 60 min
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distant-site larvae for some of the other focal sponges.
Except for these cases, sponges that provided the same-
site and distant-site larvae for the focal sponges were not
themselves used as focal sponges. Although the sponges
used as same-site and distant-site sponges were occa-
sionally used more than once if they produced many
larvae over several days, no two focal sponges were
matched with the same pair of same-site and distant-site
sponges. I performed a total of 24 sponge crosses (8 focal
sponges×3 treatments) and to obtain fusion frequencies,
each sponge cross consisted of 15.2 larval crosses on
average (range=10–22 larval crosses). Thus for each
focal sponge, I performed an average of 45.6 total larval
crosses (15.2 larval crosses×3 treatments).

The Falcon trays containing the larval pairs were
maintained at ambient seawater temperature by floating
them in a flowing seawater table and 3/4 of the water in
each well was changed every 2 days. Only larvae that
fused prior to settlement and resulted in a swimming
chimera were recorded as fusions. I monitored all larvae
until metamorphosis regardless of fusion status.

I used a two-way ANOVAwithout replication (Sokal
and Rohlf, 1995) to test for the effects of treatment and
focal sponge on larval fusion rates. For this analysis,
fusion frequencies were square-root arcsine trans-
formed. In addition, I used linear regressions to test
for the effect of distance between the same-site sponges
on larval fusion rates and the effect of the proportion of
siblings that fused on the proportion of larvae from
distant sites that fused.

It is important to note that this study assumes that
relatedness decreases with increasing geographic dis-
tance between individuals. This is a common assump-
tion in many allorecognition studies (e.g. reviewed in
Grosberg, 1988) and is based on predictions for species
with propagules of limited dispersal ability (Jackson,
1985, 1986) and population genetic studies showing
evidence for high levels of genetic differentiation over
small spatial scales and suggesting limited gene flow on
average (ascidians: Ayre et al., 1997; Yund and O'Neil,
2000; Ben-Schlomo et al., 2001; Paz et al., 2003; soft
corals: McFadden, 1997; Bastidas et al., 2002; Gutiér-
rez-Rodríguez and Lasker, 2004; scleractinian corals:
Ayre and Dufty, 1994; Hellberg, 1995; Ayre and
Hughes, 2000; Maier et al., 2005; sponges: Duran et
al., 2004; but see Grosberg, 1991; Hellberg, 1994;
McFadden and Aydin, 1996; Ayre and Hughes, 2000).

2.4. Larval behavior

To determine whether the behavior of a larva is
altered by the presence of another larva, I compared the
swimming pattern of larval pairs and single larvae.
Larvae were collected following natural release from
parent sponges in the laboratory and placed either singly
or in pairs chosen at random in Falcon tray wells of
unfiltered seawater. Larvae were used only once. Larvae
were videotaped continuously using a microscope-
mounted camera for 10 min on a background grid of
mm2. To determine the location of the larva(e), each
videotape was stopped every 10 s during playback and
the occupied grid square number(s) were recorded,
resulting in approximately 60 larval location points per
video.

To quantify the behavior of larval pairs (n=20), I
randomly chose 10 larval location points and for each
one, I calculated the distance between the two larvae by
measuring the distance between the middle of each of
the occupied grid squares. I then averaged these 10
distances for each pair. If larvae occupied the same grid
square simultaneously, I recorded the distance between
them as 0mm. To quantify the behavior of single larvae
swimming without the influence of a second larva, the
videotapes of single larvae were randomly matched up
to form “virtual pairs” (n=5). I then superimposed the
10-min video of each member of a “virtual pair” on the
other so that, at 10 randomly chosen larval location
points, I could determine the location of each member of
the “virtual pair” and measure the distance between
them. I then averaged these 10 distances for each
“virtual pair”. I used a t-test to compare the average
distance between the larvae of larval pairs and “virtual
pairs”.

I also tested whether the average distance between
larvae (both larval pairs and “virtual pairs”) differed
from that predicted by a random larval distribution. I
predicted the distance between two points distributed at
random within the videotaped area using the equation
(Vandermeer, 1981):

r̄random ¼ 1

2ðN=AÞ1=2

where A is the total area (A=99mm),N is the total number
of individuals (N=2), and thus, r̄ random=3.518mm. I
compared this predicted distance with the average
distances between larval pairs and “virtual pairs” using
a one-sample t-test (Sokal and Rohlf, 1995). To look at
the pattern of larval distribution, I calculated a measure of
aggregation, R, by dividing the average measured
distance between two larvae by the r̄ random, where the
distribution of two larvae is random if R=1, over-
dispersed if R>1, and clumped if R<1 (Vandermeer,
1981).



Fig. 2. The proportion of adults whose tissue fused when paired with
self-tissue, tissue from a sponge at the same site, and tissue from a
sponge at a distant site (n=12).

Fig. 3. The average proportion of larvae that fused when paired with a
sibling larva, a larva from a sponge at the same site, and a larva from a
sponge at a distant site (n=8). The proportion of larvae that fused for
each focal sponge per treatment was calculated using an average of
15.2 larval crosses. Bars indicate the standard error.
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Since the larval pairs videotaped (n=20) were paired
at random, they consisted of a mix of sibling pairs (n=8)
and non-sibling pairs (n=12). To determine whether
relatedness affects larval swimming behavior, I used a t-
test to compare the average distance between sibling
larval pairs and non-sibling larval pairs.

3. Results

3.1. Adult fusion experiment

There was a significant effect of treatment on the
adult fusion rates with self-tissue fusing in 100% of
trials, same-site sponge tissue fusing in 25% of trials,
and distant-site sponge tissue never fusing (Gadj=34.41,
df=2, p<0.0001, Fig. 2).

3.2. Larval fusion experiment

The average larval fusion rate across all treatments
was 13.4% (S.E.=1.8%) and ranged from 0% to 37.5%
(Table 1). Fusion rates were not significantly different
Table 1
The average proportion of larval fusions for all focal sponges across the thre

Focal sponge Treatment

Sibling Same site

1 0.235 (17) 0.182 (22
2 0 (15) 0.063 (16
3 0.176 (17) 0.077 (13
4 0.200 (10) 0.231 (13
5 0.133 (15) 0.133 (15
6 0 (15) 0.133 (15
7 0.143 (14) 0.375 (16
8 0.067 (15) 0.059 (17
Average (S.E.) 0.119 (0.031) 0.158 (0.0

Unless indicated as standard errors, the number of larval crosses that genera
among the three larval treatments (F2,21=1.24, p=0.310,
Table 1, Fig. 3). In addition, the distance between same-
site sponges and the focal sponge did not affect the fusion
rate of their larvae (R2 =0.285, p=0.173). The propor-
tion of larval fusions differed significantly among the
focal sponges (F7,16=4.52, p=0.008, Table 1). The
pattern of larval fusion indicates that larvae from focal
sponges that exhibit high fusion rates with siblings also
exhibit high fusion rates with larvae from distant sites
(R2 =0.680, p=0.012, Fig. 4). Thus, some sponge
parents are producing larvae that are overall more fusible
than those produced by other parents. It should be noted
that, when the focal sponge with the high fusion rate of
37.5% was removed from the analyses, results were
unchanged: treatments did not differ significantly
(F2,18=0.43, p=0.663), distances between same-site
sponges did not significantly affect fusion rates
(R2 =0.008, p=0.851), and focal sponges remained
significantly different (F6,14=3.13, p=0.044). All meta-
morphosed individuals and chimeras survived for the
duration of the experiment (approximately 27 days).
e treatments

Average
(S.E.)

Distant Site

) 0.200 (15) 0.206 (0.016)
) 0.067 (15) 0.043 (0.022)
) 0.133 (15) 0.129 (0.029)
) 0.133 (15) 0.191 (0.031)
) 0.133 (15) 0.133 (0)
) 0 (15) 0.044 (0.044)
) 0.200 (15) 0.239 (0.070)
) 0.133 (15) 0.086 (0.024)
38) 0.125 (0.023) 0.134 (0.018)

ted the proportion of fused larvae is indicated in parentheses.



Fig. 4. The average proportion of each focal sponge's larvae that fused
with sibling larvae and larvae from distant sites (n=8). Each point
represents a focal sponge and the line represents the best fit line of the
back transformed square-root arcsine transformed data (y=0.6152x
+0.1489).
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Fig. 5. The distance between larvae as predicted by random movement
within the videotaped area, the average distance between “virtual
pairs” of single larvae (n=5), and the average distance between larval
pairs (n=20). The average distance between larvae was calculated
using the position of the larvae at 10 random times taken from 10-min
videos. Bars indicate the standard error.

246 K.E. McGhee / Journal of Experimental Marine Biology and Ecology 333 (2006) 241–250
3.3. Larval behavior

The average distances between larvae of the larval
pairs (x̄ =2.058mm, S.E.=0.259) and larvae of the
“virtual pairs” (x̄ =3.466mm, S.E.=0.597) differed
significantly (t23=5.60, p=0.027, Fig. 5). The distance
predicted between two larvae distributed at random
within the videotaped area (r̄ random=3.518mm) did not
differ significantly from the average distance between
larvae of “virtual pairs” (t4=0.087, p=0.935) but did
differ significantly from the average distance between
larvae of larval pairs (t19=5.642, p<0.0001, Fig. 5). The
measure of aggregation, R, for the “virtual pairs” was
0.985, indicating a random distribution, and the R for the
larval pairs was 0.585, indicating a clumped distribu-
tion. The average distances between larvae of the sibling
pairs (x̄ =1.954mm, S.E.=0.589) and the non-sibling
pairs (x̄ =2.123mm, S.E.=0.211) did not differ signif-
icantly (t18=0.10, p=0.753).

4. Discussion

In this study, Haliclona sp. adults always fused with
self-tissue, occasionally fused with tissue from the same
site, and rejected all tissue from a distant site (Fig. 2).
Results of the larval fusion experiment show that fusion
frequencies are not affected by whether larvae are
siblings, from sponges at the same site, or from sponges
at distant sites and that on average across all treatments,
larvae fuse at a rate of 13.4% (Fig. 3, Table 1). In
addition, there is variation between parents in their
larvae's propensity to fuse (Fig. 4, Table 1). Results of
the larval behavior experiment indicate that larvae tend
to swim in a clumped distribution by actively modifying
their swimming behavior when in the presence of a
second larva to minimize the distance separating them
(Fig. 5).

4.1. An ontogenetic shift in allorecognition

Although the contrasting results of the adult and
larval fusion experiments are consistent with some
studies suggesting the presence of ontogenetic changes
in compatibility (Hidaka, 1985; Ilan and Loya, 1990;
Shenk and Buss, 1991; Lange et al., 1992; Frank et al.,
1997; Barki et al., 2002; Fuchs et al., 2002), most
previous studies have not investigated the allorecogni-
tion system in the larval stage using only free-swimming
larvae and scoring only larvae that continue to swim
after fusion as larval chimeras. In contrast to previous
studies, the larvae in this study were allowed to interact
freely and the probability of fusion could be modified by
individuals either pursuing or avoiding contact. Since
the results of this study indicate that sessile Haliclona
sp. adults possess a functioning allorecognition system,
the costs of fusing with unrelated individuals at the adult
stage must exceed the benefits. If similar costs are
associated with indiscriminate fusion at the larval stage,
then larvae should avoid all encounters and possible
resultant fusions. Surprisingly, larvae fuse equally with
sibling and non-sibling larvae indicating an absent or
non-functioning allorecognition system.

An important assumption of this study is that
relatedness decreases with increasing distance between
individuals. Although this is an assumption used in
many allorecognition studies (e.g. reviewed in Gros-
berg, 1988), it should be noted that the simple genetic
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isolation by distance assumption may be incorrect for
this species and that genetic differentiation may show a
more complex, patchy pattern as has been demonstrated
in other studies (e.g. Ayre and Dufty, 1994; Hellberg,
1994, 1995; McFadden, 1997; Bastidas et al., 2002;
Gutiérrez-Rodríguez and Lasker, 2004). However, that
adult tissue never fuses with that of adults from several
kilometers away does suggest that there is some genetic
differentiation at that scale. Despite taking precautions
to avoid collecting adult tissue from two ramets of the
same genet, the occasional fusion of tissue from adults
separated by ~1 m at the same site (Fig. 2) may indicate
that adult tissue pairs from the same site were self-tissue
pairs of a fragmented colony. It may also be the case that
closely related individuals (siblings or offspring) settle
close to one another due to larval swimming patterns or
retention in tide pools. Without genetic data, it is
impossible to distinguish between these scenarios. In
terms of larval fusion, it should also be noted that, since
no formal breeding design was employed, siblings in the
larval study may represent some combination of full-
and half-sibs that could potentially differ in their fusion
rates (Grosberg et al., 1996). These aspects highlight the
need for future genetic work in this species since very
little is known about the genetic diversity within and
among populations of Haliclona sp.

4.2. Variation in parental strategies

A surprising result of this study is that parent sponges
produce larvae that differ in their propensity to fuse (Fig.
4, Table 1). A possible interpretation of this result is that
the costs and benefits of larval fusion differ between
parent sponges. This could be a case where offspring
from different parents differ in their ontogenetic
trajectories (Mazer and Damuth, 2001), in this case,
their development of a functioning allorecognition
system. Some parents produce offspring that have a
high rate of fusion initially while some parents produce
offspring that have a low rate of fusion initially. As these
larvae age and undergo metamorphosis, initial differ-
ences in fusion rates disappear and these different
ontogenetic trajectories then converge on a functioning
allorecognition system where fusion only occurs
between self or closely related individuals. The
possibility that individual sponges are pursuing different
strategies in terms of fusion and that there is variation
among parents in the type of offspring they produce
suggests the presence of different solutions to life-
history trade-offs. What larval traits affect this trade-off
(e.g. size, swimming speed) and whether these traits are
under direct parental control deserve further study.
4.3. Larval aggregating behavior

By increasing the encounter rate and contact time
with other larvae, the larval aggregation behavior found
in this study is likely to increase the probability of
coming in contact in nature and undergoing fusion.
Whether larvae are capable of detecting conspecific
larvae nearby, are trapped in the ciliary current created
by other larvae, or are simply attracted to similarly sized
particles are unknown, however, larval aggregation and
fusion may be the end result regardless of the
mechanism. Although larvae swim in a clumped
distribution in the laboratory, it is unclear what effect
this behavioral modification may have on larval
interactions in the field. Because of the difficulties in
tracking and observing the behavior of miniscule
propagules in the field, the extent to which marine
invertebrate larvae interact in nature, as well as their
dispersal capabilities, remain largely unknown. It seems
doubtful that ciliated larvae can actively control their
dispersal (reviewed in Young, 1995), and using larval
mimics in the rocky intertidal environment, Koehl and
Powell (1994) found that passive dispersal by water
currents is often more important in concentrating larvae
than their active swimming. With larvae often being
released synchronously in response to biotic or abiotic
cues (Fell, 1993), it is plausible that larvae interact with
one another as they disperse away from the parent or
neighboring individuals. In addition, larvae using
similar cues to modify their behavior may be swimming
in the same area at the same time and interact with one
another as they progress towards metamorphosis. Adult
Haliclona sp. occur in the intertidal environment and
many individuals are located in tide pools where
synchronously released larvae may interact for pro-
longed periods, especially if larval release coincides
with the falling tide. However, without knowing the
temporal and spatial pattern of larval release in nature,
the likelihood of unrelated larvae getting trapped in the
same eddy where fusion may occur remains unclear.
Despite these uncertainties, the results of this study
suggest that larvae may aggregate in nature, even at low
density, and larval fusion may occur in the field under
certain conditions.

4.4. Implications for variation in the allorecognition
system

This study indicates that the variation found in
fusion in a population depends both on the stage of
individuals (swimming larvae versus sessile adult) and
the genotype of the parent, which affects a larva's
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initial rate of fusion. This raises two interesting
questions about the allorecognition system of Hali-
clona sp. First, why possess a stage-activated allor-
ecognition system? And secondly, what maintains
individual variation in this ontogenetic shift? There
are several hypotheses that may explain why larvae
fuse indiscriminately while adults fuse preferentially
with kin. Perhaps larvae do not yet possess a functional
allorecognition system, or are physiologically unable
to mount an allorecognition response until after
metamorphosis when cellular differentiation occurs. If
larvae aggregate to decrease larval vulnerability to
predators and increase their chances of finding suitable
substrate (reviewed in Young, 1995), then larval fusion
may be a by-product of this close contact. If fusion is
simply a result of proximity, and sibling larvae are
more likely to get transported together due to the
location of adults and timing of larval release, then
larvae may be more likely to fuse with siblings (see the
Larval behavior section) and may not benefit from
discriminating against unrelated larvae. In other words,
there may not be any selection for allorecognition in
the larvae because they rarely interact with unrelated
individuals in nature.

Alternatively, there may be adaptive benefits to
fusing and the tendency for larvae to aggregate may be
to actively increase the probability of fusion. Perhaps
there are fusion benefits at the larval and juvenile stages
such as increased survival and decreased age at first
reproduction (Connell, 1973; Highsmith, 1982; Davis,
1988; Fell, 1993; but see Harvell and Grosberg, 1988),
or accelerated organizational processes and spicule
formation (Lévi, 1956). Or perhaps there are fusion
benefits at the adult chimera stage. For example, work
with the colonial ascidian Botryllus suggests that fusion
increases the specificity of the chimeric allorecognition
system. With cells of different genotypes dispersed
throughout their tissue (Stoner et al., 1999; Pancer et al.,
1995), chimeras will reject any colony that does not
share at least one allele at the histocompatibility locus
with each of the genotypes present in the chimera (Oka
and Watanabe, 1957; Mukai and Watanabe, 1975). In
addition to the puzzle of why larvae fuse, it remains
unknown how the cells of the genotypes distribute
themselves within a chimera, whether these chimeras
are stable over time, and how common genetically
chimeric adults are in nature.

Several hypotheses can be put forward to explain the
second question of why parents should vary in the
fusibility of their offspring. For example, if outcomes of
competition within a chimera are heritable (e.g. germ
cell competition: Stoner et al., 1999; resorption:
Rinkevich and Weissman, 1987), perhaps the produc-
tion of offspring that pursue or avoid fusion with other
larvae is based on that genotype's competitive ability as
a member of a chimera. Producing larvae with high
fusion rates may be advantageous if, on average, they
fuse with competitively inferior individuals, and if, as
adults, they can dominate the germ cell lineage by
competitively displacing a partner's genotype within a
chimera. Or perhaps, parents simply vary in the size of
offspring they produce. Isomura and Nishihira (2001)
found large intraspecific variation in planula size within
three species of pocilloporid coral and that larger
planula have a greater probability of survival and
dispersal potential. If the benefits of fusion are primarily
size-related, with smaller larvae benefiting more from
fusion than larger larvae, then this would explain the
variation in fusion. If a parent invests more resources
into producing larger larvae then the probability of
fusion may be reduced. However, if a parent, for
whatever reason, produces small larvae with low
survival probability, these larvae may be highly fusible
in order to gain mass quickly and metamorphose. It
could also be that different sized larvae have different
abilities to escape contact with other particles in the
water column and that fusion is simply a non-adaptive
by-product of these differences in coordination and/or
development. Or perhaps there is variation in fusion
within a single brood or across different broods of a
single parent. Although this study was not designed to
detect this additional variation, parents may produce a
mix of highly fusible and non-fusible offspring in each
brood and/or vary the fusibility of the offspring within a
brood at different times in a season as a bet-hedging
strategy to cope with changing costs and benefits of
fusion. Whether certain key larval traits affecting fusion
are under direct parental control, how this individual
variation in strategies is maintained in a population,
whether these different strategies are heritable, and
whether the variation in offspring fusibility correlates
with fitness, remain unknown.

In summary, this study has demonstrated the
importance of life-history stage (swimming larvae
versus sessile adult) and individual variation in the
allorecognition system of an intertidal sponge. Surpris-
ingly, there seems to be an ontogenetic shift in the
functioning of the allorecognition system, larvae exhibit
aggregating behaviors that may increase their probabil-
ity of fusion, and parental sponges differ in their
offspring's fusion rates suggesting unique strategies and
individual variation. Genetic studies of Haliclona sp.
chimeras and populations, as well as the difficult task of
rearing individual offspring and larval chimeras to
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sexual maturity may shed some light on the fate of the
genotypes within a chimera, the fitness consequences of
fusion and particular parental strategies, and how larval
fusion might affect the genetic structure of natural
populations.
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