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ABSTRACT Conditional or inducible strategies are a pow-
erful tool for analyzing the evolution of aggressive behavior.
Structures such as stolons and nematocyst-laden tentacles,
induced to deter encroachment by competitors, are propor-
tionately better represented in clonal and colonial marine
invertebrates than in aclonal animals. Stolons can be produced
by colonies of Membranipora membranacea (Bryozoa) within 48
hr after contact with conspecifics. Absolute size and relative
size of interacting colonies determine whether stolons will be
produced. Although individual stolons are eventually over-
grown by conspecifics, they reduce the size of affected zooids by
27%. Since stolon production is primarily a strategy of large
colonies, we suggest that stolons function to limit space occu-
pied by small colonies and may also trigger early and localized
reproduction. Thus large colonies can surround multiple small
mates and, because they reproduce only locally where induced
by contact with small colonies, still maintain high growth rates
on free colony perimeters. Stolons appear to be juvenilized
zooids and to originate through a process of heterochrony.
These induced facultative polymorphisms may be one pathway
by which fixed polymorphisms arise in colonial invertebrates.
We attribute the unique production of inducible structures
against competitors by clonal and colonial invertebrates to both
unusually high levels of developmental plasticity and an ener-
getically favorable architecture for perimeter defense.

Inducible structural responses toward conspecific and het-
erospecific competitors have been reported only for sessile
marine invertebrates and are usually produced over long time
scales of weeks to months (see Table 1). Often these sessile
marine invertebrates, like plants, live in monospecific stands
where competition for space and other interactions are pri-
marily with conspecifics (1-5). We report here a rapidly
induced morphological response of an encrusting bryozoan to
its conspecifics. Membranipora membranacea is an encrust-
ing cheilostome bryozoan that grows epiphytically on lami-
narian kelp throughout the world’s temperate oceans (6). In
the northeastern Pacific Ocean, single large kelp blades may
host hundreds to thousands of individual colonies, each
composed of thousands of zooids originating from a single
pelagic larva. Colonies usually grow to occupy all available
space on kelp blades. When two colonies contact, growth
stops at the region of contact and rarely does one colony
overgrow another. Instead, stolons often originate at the
contact as elongated edge buds that can grow up to 10 times
the length of a normal bud (Fig. la). Although stolons
develop from zooids that would normally differentiate into a
feeding polypide, they remain transparent and show no
evidence of organ development (Fig. 1¢). Stolons are pro-
duced within 48 hr of contact and are context-dependent,
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being produced more often adjacent to smaller colonies (in
25% vs. 12% of surveyed interactions).

Previously described inducible defenses of sessile, clonal
marine invertebrates against conspecific and heterospecific
competitors include sweeper tentacles, hyperplastic stolons,
and spines (Table 1) (7-21). In most of these examples
structures take from 2 weeks to several months to develop
(Table 1). Despite the fact that many of these are substantial
morphological changes with major consequences for the
outcome of the interaction, we know little about the partic-
ular range of ecological or developmental situations under
which these aggressive structures are produced. In Hydrac-
tinia echinata (Hydrozoa), which can also produce an induc-
ible response within days of contact, Ivker (12) demonstrated
a hierarchy of competitive ability among colonies that was
mediated by inducible hyperplastic stolons and has been
shown to have a genetic basis (22). We here describe rapid
induction of stolons by Membranipora in response to contact
by smaller conspecifics.

METHODS

To determine the conditions favoring the switch from making
normal zooids to stolons, we conducted a survey of two-
colony interactions throughout the growing season. Censuses
were conducted on haphazardly collected kelp blades from
subtidal locations at Turn Island in the San Juan Archipelago
at Friday Harbor Laboratories (Friday Harbor, WA). In
June, July, and August 1987, we collected 5-10 kelp blades
from field sites and censused a total of 590 exclusively
two-colony interactions in the laboratory. The diameters of
colonies involved in the interactions were measured and the
lengths of any stolons produced by each colony were mea-
sured under a stereo dissecting microscope. To test the
hypothesis that the stolons reduce growth of contacted
zooids, we measured lengths of peripheral buds on the
attacked colonies. The lengths of peripheral buds alternate so
that every other bud is the same size and adjacent buds are
shorter. We consider buds of the same length to be in the
same growth series. The lengths of impeded buds were
compared with the lengths of unimpeded buds of the same
series and five zooids from the end of the stolon. The
reduction in length of buds behind the stolon relative to buds
on the free edge is a measure of the degree to which growth
was reduced by stolons.

Stolon growth rates were determined on colonies grown on
black acrylic panels to provide maximum visibility of the
stolons. The growth of individual stolons was recorded (n =
10) with a time-lapse video camera every 2 sec over a 12-hr
interval. The change in length of the stolon was measured
directly from the tapes with an image analysis system. Since
the stolons appeared to grow in pulses, we calculated the
mean growth rate and the maximum mean growth rate of
these stolons.
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FiG. 1. Inducible stolons produced by M. membranacea. (a) Large colony surrounding a small colony with stolons (S). (b) Tracing of a
photograph showing an existing stolon and an overgrown stolon (OS). The bud lengths distal to the overgrown stolon are impeded (IB) relative
to adjacent unimpeded buds that were not slowed by the stolon (UB). (c) Close-up photomicrograph (x12) of a 3-mm-long stolon (ST = stolon

tip, SB = stolon base).

Membranipora colonies are protandrous hermaphrodites
and pass through a continuum of reproductive states during
ontogeny. The transitions from a nonreproductive to a male
state and from a male to a female state can be accelerated by
crowding of conspecifics (23). To determine changes in
reproductive states of interacting colonies, we grew asym-
metrically sized pairs of colonies on acrylic panels in the field
(see ref. 23 for details of field protocol for single colonies).
The reproductive states of colonies from contact to 13 days
after contact were recorded. We divided colonies into contact
and noncontact halves and then divided those halves into
older center regions and younger edge regions. Although we

Table 1. Representative times to induction of other known
competitor-induced structures in clonal invertebrates

Induction
Taxon Structure time, days Source or ref(s).

Anemone  Catch tentacles 63 16
Anemone  Catch tentacles NS 20
Anemone  Acrorhagi NS* 9
Coral Sweeper tentacles 7-60 21
Coral Sweeper tentacles 30 8
Coral Sweeper tentacles 60 11
Octocoral ~ Sweeper tentacles 19 17
Hydrozoa  Stolons NS 12
1 7
““Fingers”’ 45 19

Bryozoa Stolons NS 10, 15, 18

Stolons 2 This paper

scored the reproductive state of five haphazardly sampled
zooids from each region as either (i) nonreproductive, (if)
spermatocyte-producing, (iii) spermatocyte- and oocyte-
producing, or (iv) only oocyte-producing, the experiment was
stopped when only a few zooids had reached stage 3 and none
had reached stage 4. Since we were interested in when
colonies first became reproductive (stage 2 or 3) we used the
highest of the five sampled zooids as our variable. We used
a three-way hierarchical G test to test for differences in
frequencies of reproductive colonies (stages 2 and 3) among
treatments.

RESULTS

Stolons were produced in 48% of surveyed two-colony in-
teractions (Table 2). By a three-way logarithmic linear model
(24), the three-way interaction among stolons produced by

Table 2. Production of stolons and the relative size of
conspecifics: Frequencies of stolon production in
natural two-colony interactions

Stolons produced

Size
Month asymmetry None One or more
June Equal 12 11
Unequal 16 11
July Equal 16 9
Unequal 13 17
August Equal 16 9
Unequal 7 18

NS, not sampled.
*Already present, though number and size can increase after contact,
over many days.

Three-way logarithmic linear model: Interaction of stolons pro-
duced X size asymmetry X month (G = 4.926; P > 0.05); stolons X
size asymmetry (G = 9.287; P ¥ 0.05).
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size asymmetries each month was not significant (G = 4.926;
P > 0.05). The effects of asymmetries in size and number of
stolons produced were significant (G = 9.287; P < 0.05),
indicating that stolon production varied with size asymmetry.
Thus stolons were more often produced by large colonies
against small than in any other combination of sizes (Fig. 2).
Fig. 2 also shows that the frequency of stolon production is
lowest for three different size classes of ‘‘large’” colony when
they interact with equal-sized partners. Further, Fig. 2 shows
that the frequency of stolon production is highest when large
colonies (31-62 mm) interact with very small colonies (1-10
mm) and is intermediate with progressively larger colonies.

We tested the hypothesis that asymmetry in size rather
than absolute size is associated with greater stolon produc-
tion with a three-way G test. The three-way interaction
among stolon frequency, large colony size (sizes 2 and 3), and
small colony size (sizes 1 and 2) was not significant (G = 0.20;
P > 0.05), indicating that the dependence of stolon frequency
and small colony size does not reverse with large colony
sizes. The two-factor term of relative colony size and stolon
frequency was significant (G = 6.23; P < 0.05), but the effects
of absolute size were not when the relative size effect was
removed (G = 1.48; P > 0.05). These results thus support the
hypothesis that colonies are producing more stolons against
conspecifics of a smaller relative size.

Stolon length is independent of aggressor size (y = 0.422x
+ 12.68; r? = 0.21) and receiver size (y = 0.104x + 20.071;
r? = 0.02). The duration of stolon lifespan also does not vary
with aggressor or receiver size. From time-lapse video re-
cordings of induced stolons we measured average stolon
growth as 3.12 + 1.65 mm/day (n = 10; measured over 5-12
hr) and an average maximum rate of 9.12 = 8.35 mm/day (n
= 9; measured over 8.0-130 min). Average growth of edge
buds on colonies never exceeds 1-2 mm per day. A stolon
growth rate of 3.12 mm/day is equivalent to blocking forward
growth of =12 buds per day, as shown in Fig. 1a. We have
used a measure of maximum growth rate since stolons grow
in spurts and thus the maximum rate can only be detected
over short time intervals. Stolons persist for =~12-24 hr
before being overgrown. Colonies usually make multiple
stolons at an interaction zone and thus overgrown stolons are
often replaced by a new stolon (Fig. 1b).

Stolons effectively slow growth of attacked conspecifics.
Buds in contact with stolons are 27% shorter than equal-aged
buds on nearby unimpeded colony margins [0.65 = 0.036 mm
(mean = SD) compared to 0.825 = 0.04 mm (mean = SD); P
< 0.001, ¢ test]. This situation is shown in Fig. 1b, where the
buds distal to an overgrown stolon are shorter than those
beyond its influence.
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actions by M. membranacea. Numbers on top of each column are
sample sizes for the frequencies in each category.
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In an asymmetrical encounter, the larger and smaller
colonies accelerate their timing of reproduction (Fig. 3).
Since Membranipora is a hermaphrodite, zooids pass first
through a male phase of producing spermatocytes and then
produce oocytes and spermatocytes. Normally, inner regions
of the colony become mature first and later outer edges
mature. However, when two colonies contact, reproduction
in large and small colonies proceeds first on the colony
margin adjacent to the contact zone (Fig. 3). Although we
have summarized the reproductive state of a region of the
colony by the average of the reproductive states of its zooids,
it is more accurate to visualize a gradient of reproductive
states ranging from most accelerated at the contact zone to.
less accelerated further from the interaction. For analysis, we
divided the reproductive states into either nonreproductive
or reproductive (producing either sperm or oocytes) and
analyzed the frequencies with a three-way G test (Table 3).
For the large colonies, the three-way interaction was not
significant (G = 0.110, df = 1), indicating that the effects of
reproductive state and location within the colony did not
reverse with proximity to contact. However, there was a
significant effect of proximity to contact on the relationship
between reproductive state and location (G = 22.306, df = 3).
This is due to the increase in reproductive state of edge
regions (relative to center regions) in contact with a conspe-
cific. The half of the colony not in contact with a conspecific
shows only a slight increase in reproductive activity and no
tendency for reproduction to accelerate near the edge. The
small colonies show qualitatively similar results (three-way
interaction not significant; G = 0.1228, df = 1), but the effect
of proximity to contact is not significant (G = 3.104, df = 3),
probably because the sample size is too small (n = 12).

Large and small colonies should be capable of cross-
fertilization because they often are of opposite gender. As the
duration of the interaction continues, small, crowded colo-
nies rapidly develop oocytes, whereas larger colonies pro-
duce mostly spermatocytes and only a few oocytes near the
interaction (unpublished observation). Thus, although both
colonies are hermaphrodites, it is likely that large colonies
will be primarily sperm parents and small colonies will be
primarily egg parents because a larger proportion of the small
colonies’ perimeter is impeded and crowding accelerates the

FiG. 3. Acceleration of the timing of reproduction by regions of
colonies 10-13 days after initial contact with conspecifics. Two
colonies beginning the transition from growth to reproduction at
10-13 days after contact are depicted. By 15 days after contact both
colonies will be producing oocytes. Depicted is an asymmetrical
two-colony interaction with both colonies divided into a contact and
noncontact half and each half divided into an older central region and
a younger outer region. The numbers are means for large and small
colonies (n = 23 and 16, respectively) of highest reproductive states
in that region. The hatched pattern indicates a statistically significant
acceleration of one zone relative to adjacent zones. Not only does the
contact half reproduce before the noncontact half but also the edge
next to a conspecific becomes reproductive before the center (three-
factor G test, Table 3).
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