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Abstract The larvae of many benthic marine inver-
tebrates settle to form conspecific aggregations and are
thought to rely on chemical cues associated with adults
as indicators of habitat suitability, although the identi-
fication of inductive compounds has proven difficult.
Still-water laboratory assays carried out during the
summers of 1992 and 1993 with larvae of the serpulid
polychaete, Hydroides dianthus (Verrill, 1873), demon-
strate that unidentified water-borne compound(s) were
responsible for gregarious settlement of competent
larvae. Unlike inductive compounds associated with
other tube-dwelling polychaetes, the settlement cue was
soluble in water and was not associated with the tube,
but rather with the body of live adults. In assay cham-
bers divided by a 52-um mesh barrier, a greater per-
centage of larvae settled on biofilmed substrata when
adult worms were present on the other side of the
barrier than when adults were absent. Settlement in
response to conspecific adults, live worms removed
from their tubes, and amputated tentacular crowns of live
worms was significantly greater than settlement in re-
sponse to dead worms, empty tubes, or biofilmed slides.
The settlement inducer appears to emanate from the
openings of occupied tubes; settlement was greatest along
the anterior two-fifths of the tube of living conspecific
adults. A single adult was equally capable of eliciting
a gregarious response as were five or 25 conspecifics.
and newly, settled juveniles began to elicit gregari-
ous settlement after approximately 96 h. Extraction of
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aggregations of adult worms with organic solvents re-
moved the inductive capacity of the tissue, and activity
was found in both nonpolar and polar fractions of an
extraction series.

Introduction

Larvae of benthic marine invertebrates were once
thought to metamorphose in the water column and
then sink passively to the bottom (e.g., Yonge 1937),
however, considerable evidence has accumulated over
the past few decades that larvae are capable of behav-
ioral responses to substrata which may influence the
local distribution of adults (reviewed by Meadows and
Campbell 1972; Burke 1986; Pawlik 1992). The obser-
vation that many sessile invertebrate species are found
primarily in monospecific aggregations has prompted
studies to examine possible mechanisms leading to ag-
gregated distributions. Settlement on or near conspecific
adults (gregariousness) has obvious benefits; adults derive
reproductive benefits from being within aggregations (e.g.,
Levitan 1991, 1993), and larvae that settle near adults
benefit from choosing a habitat likely to support post-
larval growth (reviewed by Crisp 1979; Pawlik 1992).
Studies of gregarious settlement of invertebrate
larvae have repeatedly implicated chemical cues asso-
ciated with adult conspecifics as being responsible for
larval settlement responses, although the identification
of specific cues has proven elusive (reviewed by Burke
1986; Pawlik 1992). Gregarious settlement has been
reported in dt least 35 marine invertebrate species rep-
resenting 8 phyla, and in 18 of these studies, there was
evidence for:a chemical inducer of settlement (e.g.,
Crisp 1967: Keck et al. 1971; Larman et al. 1982; re-
viewed by Burke 1986; Pawlik 1992). Despite abundant
evidence implicating the existence of chemical cues that
mediate settlement, the chemical structures of substra-
tum-derived, naturally occurring compounds that
stimulate settlement are known for only five species of
marine invertebrates: the hydroid Coryne uchidai



726

(Nishihira 1968; Kato et al. 1975), the echiuran Bonellia
virdis (e.g., Jaccarini et al. 1983), the bivalve Pecten
maximus (Yvin et al. 1985; Cochard et al. 1989), two
subspecies of the sabellid polychaete Phragmatopoma
lapidosa (Pawlik 1986, 1988a, b; Pawlik and Faulkner
1986), and the bivalve Crassostrea virginica (Zimmer-
Faust and Tamburri 1994). Only the last of these exam-
ples is not the subject of some disagreement regarding
the effectiveness of the isolated cue under natural con-
ditions (Pawlik 1992).

Hydroides dianthus is a common fouling species. oc-
curring from New England south through the West
Indies (Hartman 1969), which is often found in large
aggregations (dozens to hundreds of individuals) at-
tached to the underside of floating docks, ships and
other submerged hard substrata. Individuals are gon-
ochoristic and reproduce sexually, with gametes broad-
cast every 2 to 4 wk at 23 °C (Zuraw and Leone 1968).
Females release an average of 30000 ova, and males an
average of 6 x 107 sperm per spawn (Zuraw and Leone
1972). Larvae develop from fertilized eggs very rapidly;
trochophore larvae begin feeding after 18 to 24 h, and
become competent to settle after about 5d at 23°C
(Scheltema et al. 1981). Settlement occurs only on bi-
ofilmed surfaces (Toonen 1993; the present study),
allowing larvae to be cultured in clean vessels over an
extended planktonic lifespan. Larvae are ~300 um
in length at competency and undergo obvious mor-
phological changes during metamorphosis that distin-
guish settled individuals from attached larvae. Gregarious
settlement by larvae of the tube-dwelling polychaete
worm H. dianthus was first described by Scheltema et al.
(1981), and although chemical cues were suspected, none
were characterized or isolated. We have further exam-
ined patterns of settlement in this species, and have
hypothesized that H. dianthus produces larvae of at
least two distinct behavioral classes that we term foun-
ders and aggregators (Toonen 1993; Toonen and Paw-
lik 1994). The majority of larvae are strongly gregarious
(the type we term aggregators — these larvae will delay
metamorphosis until they die in culture if not presented
with adult conspecifics, see Toonen 1993; Toonen and
Pawlik 1994), and chemical inducers of settlement are
likely to be responsible for this settlement preference.

In the present study we examined settlement prefer-
ences of Hydroides dianthus larvae to determine the
nature of adult-associated cues to which settling larvae
respond. Further, we attempted to isolate and charac-
terize the compounds responsible for inducing gregari-
ous settlement of H. dianthus.

Materials and methods

Spawning of Hydroides dianthus (Verrill, 1873)

Adult Hydroides dianthus were collected from large ( = 125000 liter)
settling tanks at the former Wrightsville Beach desalination plant, or

from Banks Channel under the drawbridge access to Wrightsville
Beach, North Carolina, USA during the summers of 1992 and 1993,
Water in the settling tanks was exchanged every 2 to 3d, with
replacement water pumped in from Banks Channel. a tidally flushed
inlet of the Atlantic Intracoastal Waterway. Aggregations of H.
dianthus were brought into the laboratory, where they were kept in
running, unfiltered seawater until spawned.

For cach experiment. spawning was induced by removing indi-
vidual worms from their calcareous tubes (also see Strathmann 1987
for spawning and fertilization techniques). To collect gametes. each
female was placed into a 10-cm diameter dish containing 50 ml of
I-pm-filtered seawater, and each male was placed on a watch glass
without seawater. Eggs from 15 to 25 females were pooled prior to
fertilization by sperm from a single male. Approximately 1 ml of
sperm from each male was suspended in 20 ml of filtered seawater
and checked for motility. The male with the highest density of motile
sperm was selected to fertilize all females in a given replicate culture.
Eggs were fertilized by placing dishes containing cggs on a shaker
table rotating at 50 rpm and by initially adding 5 drops of sperm
suspension, followed with two more additions, each of doubled
volume, at 10-min intervals therecafter.

Larval culture technique

Trochophore larvae of Hydroides dianthus were cultured at 10000
larvac 1~ using techniques adapted from Pawlik (1986). Each ex-
periment was performed on a different batch of ~90000 larvae
pooled from ~25 females. Larvae were cultured in three 4-liter
wide-mouth glass jars containing 3 liter of I-pum-filtered seawater.
Culture jars were maintained in 21 + 2°C constant-temperature
water baths beneath two 40 W fluorescent lamps set for a 15h
light:9 h dark photoperiod (Pawlik 1986). The contents of each jar
were gently agitated with filtered air bubbling at approximately
2 bubbles per second from the tip of a 23-cm Pasteur pipette resting
on the bottom of the jar.

Larval cultures were cleaned every second day by filtering the
entire culture through a 153-pm-mesh prefilter (to collect any partic-
ulate debris) followed by a 52-pum mesh to retain larvae. Filters were
kept submerged during transfer to minimize damage to larvae.
Larvae were resuspended in a clean jar filled with 3 liter of 1-pm-
filtered seawater drawn from the settling tanks from which the adults
were obtained; used jars were scrubbed in hot freshwater and al-
lowed to air-dry prior to reuse. If larval cultures were to be main-
tained longer than 7 d, cultures were cleaned daily after 6 d. Larvae
were fed monospecific cultures of the diatom Phaeodactylum tricor-
nutum at 10° cells ml ~ ! each time larval cultures were cleaned. Algal
culture methods were adapted from Guillard (1975).

Settlement substrata

Substrata presented to larvae to assess settlement preference were all
biofilmed prior to being used in experimental assays. Biofilmed
substrata were made by placing etched glass microscope slides
(75 x 25 mm) in running, unfiltered seawater for at least 5 d, so that
they became coated with an organic/microbial film. Experimental
treatment slides were similarly submerged, but after 5 d, a potential
cue source was attached to them using Thick-gel Superglue (cy-
anoacrylate adhesive). The slides were then returned to running
seawater for at least 1h before use in an assay. Biofilmed and
experimental treatment slides used concurrently were submerged in
close proximity for the same period of time and kept in running,
unfiltered seawater for subsequent assays. Before adding slides to
assay dishes, each slide was scraped with a straight-edge razor to
remove any macroscopic organisms (such as algae or protozoans).
Experimental slides were similarly scraped, but a toothbrush was
also used to remove any organisms from the tubes of adults, if
appropriate.



Experimental substrata included a variety of potential cue sources
attached to biofilmed microscope slides: (1) conspecific worms in
their tubes (adults); (2) intact live worms removed from their tubes
(live worms); (3) intact worms removed from their tubes and killed by
freezing (dead worms); (4) empty worm tubes (tubes); (5) tentacular
crowns amputated from live worms (crowns); (6) worms removed
from their tubes and with tentacular crowns amputated by dissec-
tion (bodies); or (7) plain biofilmed microscope slides (biofilm). In
cases where extracts or isolated [ractions were assayed, they were
resuspended in methanol and =50 pl of extract (a volume equiva-
lent to 1 mg of extract) was added to biofilmed slides; for controls in
these assays 50 pl of methanol was also added to adult and biofilmed
slides (see below). Conspecific worms, tubes or body portions were
all attached to slides using Thick-gel Superglue, and any treatments
in which body portions died during the experiment (did not respond
to being touched with a probe after the assay period) were not used
for analysis.

Settlement assays

Bioassays to determine inductive activity of extracts were performed
by removing 25 larvae from a culture and placing them in a covered
10-cm plastic petri dish containing 25 ml of 1-um-filtered seawater
and a single slide; dishes were then placed into a constantly illumi-
nated 20 °C incubator for 24 h. Larvae were assayed 7 to 8 d after
fertilization, because that was the period of peak larval settlement
(Toonen 1993; Toonen and Pawlik 1994). Replicate samples were
run simultaneously for each treatment on larvac from a single
mixed-parentage (25 females) batch, but larval batches differed
among experiments. Slides were rinsed gently with filtered seawater
after 24 h, and settled juveniles were counted as they were removed.

Effect of adult density and juvenile age on settlement

To assess the eflect of adult density on larval settlement, we ran
assays with either 0. 1, 5 or 25 small (3 to Scm long) adult
conspecifics per slide. We also wanted to know how soon alter
settlement juveniles could elicit gregarious settlement. We exposed
competent (7-d-old) larvae to biofilmed slides for 1 h, selected 60
slides with five or more metamorphosed larvae, and then removed
excess individuals to leave five juveniles per slide (recruits). Eight
slides were immediately placed into petri dishes, and settlement
assays were run as previously described, while the remaining recruit
slides were returned to the water table. At intervals of 12, 24, 48, 72,
96 and 168 h we removed eight slides from the water, checked that
they each had five live individuals still attached, and then assayed
the response of larvae from the same batch to recruits of increasing
age.

Solubility of settlement cue

In order to determine whether the cue was soluble, we ran assays in
which larvae were [ree to contact only biofilmed slides, but other
substrata were also present to which larvae were denied access by
a 52-pm mesh. Larvae were contained in an 800-ml Tripour beaker
with the bottom cut out and covered with 52-pm Nytex mesh. This
800-ml beaker was then suspended in a 1000-ml beaker filled with
filtered seawater that contained an air-lift tube that circulated water
from the larger beaker into the smaller (see diagram of “airliflted-
droplet stirrer,” p. 16, Strathmann 1987). A biofilmed slide was
placed on the mesh within each 800-m! beaker, and either a bio-
filmed slide (hiofilm), 5 live worms in their tubes (adults), 5 live worms
removed [rom their tubes (worms), or empty tubes (tubes) were
placed beneath the mesh on the bottom of the 1000-ml beaker. In
this way. larvae contained within the internal (800 ml) beaker had
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access to a biofilmed substratum, but were prevented from contact-
ing the source of a potential cue by the 52-um mesh. Larvae (800)
were added to the 800-ml beakers and left for 24 h before settlement
was scored. Settlement assays, as described above, were run simulta-
neously with larvae from the same batch to confirm the batch was
settling “normally” during these assays.

Crude extraction and stability of the settlement inducer

To determine whether an inducer of settlement could be extracted
from adult conspecifics, we performed a series of crude aqueous and
organic solvent extractions of an aggregation of live Hydroides
dianthus (=50 ml displacement volume) collected from the field.
Worms and tubes were finely ground with a mortar and pestle with
10 ml of filtered seawater, and the resultant slurry of ground tissue
and tubes was divided into three equal portions (20 ml) and frozen.
The first portion was thawed. and the mixture was used to treat
biofilmed and clean (new) slides (homog). The second portion was
freeze-dried, then rehydrated with distilled water to the original
volume and thoroughly mixed. The resultant mixture was used to
treat biofilmed and clean slides (FD homog). The final portion was
extracted in ~50ml ol a 1:1 mixture of dichloromethane and
methanol for 24 h at 4 to 5°C with periodic agitation. The organic
extract was filtered off, dried down on a rotary evaporator, and then
resuspended in 4 ml of methanol. This extract in methanol was
subsequently used to treat biofilmed slides (crude org). For each
replicate, 50 pl of extract or homogenate was spread onto clean or
biofilmed slides and allowed to dry for about 30 s before slides were
placed into disposable plastic petri dishes with 25 ml of 1-um-filtered
seawater and 25 larvae for settlement assays. The volume of extract
added (50 pl) was selected because this concentration translates to
approximately 0.25 ml displacement volume from the initial ag-
gregation, roughly equivalent to a single large adult. To control for
the effect of methanol, adult and biofilmed slides were treated in the
same way with 50 pl of pure methanol, and assayed at the same time.

Extraction of cue with organic solvents

Results from body portion settlement assays (above) indicated that it
was the worm itself, and not the tube, that induced gregarious
settlement. Therefore, after determining that we had an active cue in
crude organic extracts, we used worms removed from their tubes
prior to extraction for all subsequent assays. Extracts (50 ml) were
prepared from isolated adult worms, which had been washed briefly
in l-pm-filtered seawater and frozen in a plastic scintillation vial.
Becausg no adverse effect of [reeze drying was detected in previous
settlement assays, worms were all freeze-dried prior lo extraction,
and the dry weight of a 20 ml displacement volume of worms was
recorded. The freeze-dried worms were then extracted with a series
of solvents consisting ol respectively: dichloromethane (DCM), 1:1
DCM;methanol (/:7), methanol (MeOH), and water (water). It is
important to note that this extraction series was done sequentially,
so that, unlike the first crude extraction. worms were extracted in
DCM to remove lipophilic compounds, then the solvent was de-
canted and replaced with 1:1 DCM:methanol to extract more hy-
drophilic compounds, etc. Extracts were then filtered off, dried down
on a rotary evaporator and resuspended in methanol as previously
described. Extracts (=50 pl) were spread onto slides so that 1 mg of
extract was assayed in cach case. These extracts were assayed along
with adult, biofilm, and homog slides for controls.

Statistical analysis

Differences between mean larval settlement in response to experi-
mental substrata were tested with the parametric t-test (Sokal and
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Rohlf 1981). Percentage settlement data were arcsine-transformed
prior to testing, with the exception of a few cases where data
required the more extreme — log [1/(x + 1)] transformation to meet
assumptions of normality (where x is the absolute number of larvae
that settled in each assay). In cases where the assumption of homo-
scedasticity was violated after transformation (using a log-ANOVA
test for homogeneity of variances), the data were analyzed with the
t-test corrected for unequal variances (Sokal and Rohll 1981). Differ-
ences between the mean larval settlement for each substratum within
multiple-cue assays were tested with the nonparametric Krus-
kal-Wallis test, with p determined using a ¥* approximation (Sokal
and Rohll 1981). Pairwise comparisons of means among assay
treatments were tested using Bonferroni’s correction for multiple
comparisons (Snedecor and Cochran 1989).

Results
Settlement in response to adult density

Assays run to determine the effect of varying densities
of conspecifics on the substratum indicated that
the presence of a single adult was sufficient to elicit
gregarious settlement of Hydroides dianthus (Fig. 1).
Settlement responses to adults (1, 5 and 25) were not
significantly different (Kruskal-Wallis H = 2.4135,
p > 005, df =29), but all were significantly greater
than responses to biofilm (' = 2.88 to 4.10, p < 0.05,
df ~ 12 to 18). Recruits were capable of eliciting settle-
ment after 96 h (Fig. 2). There were significantly more
larvae responding to recruit slides at 96 h than to
biofilm (1 = 542, p < 0.05, df = 4), but no significant
difference between settlement in response to adults and
recruits (1" =377, p>005 df~2). Settlement
in response to recruits prior to 96 h was not signifi-
cantly different from biofilm (t = 0.19 to 0.58, p > 0.05,
df =9).
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Fig. 1 Hydroides dianthus. Mean percentage settlement (n = 10,

+ 1 SE) of larvae in response to biofilmed slides with 0, 1, 5 and 25
adult conspecifics attached in 24-h assays
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Fig. 3 Hydroides dianthus. Total proportion (n =25, + 1 SE) of
larvae that settled on each fifth (a to e) of the tube of conspecific
adult worms and a sixth section extending anteriorly for the same
length (head). The head section would normally be occupied by the
appendages of a feeding worm. Larvae were assayed 7 d after fertil-
ization for responses to adult slides in 24-h assays. Letters above bars
designate groups among which the means did not differ significantly
(multiple comparisons t-test with Bonferroni correction, Tegir =

2,998, o = 0.05)

Settlement in response to location on adult tubes

To determine whether larval settlement responses to
adult conspecifics were nonrandom with respect to
position along the worm tube, we recorded the position
of settlers along the tube in a separate set of assays.
Most settlers on adult slides were concentrated along
the anterior section of the tubes of adults (Fig. 3). The
length of the tube was divided into five equal sections



(a to e, anterior to posterior), with an additional (sixth)
section of the same length extending anteriorly from
the tube opening (head). The head section would nor-
mally be occupied by the appendages of a feeding
worm. The number of larvae found within each section
was recorded at the end of the 24-h assay period.
Significant differences in settlement were found among
the tube regions (Kruskal-Wallis H = 64.69, p < 0.01,
df = 5), but there was no settlement on or around the
head. There were no differences in the responses of
larvae between Sections a and b (¢t = 0.72, p > 0.05,
df = 38), nor was there a difference between Sections
d and e of the tube (r = 0.78, p > 0.05, df = 38). The
middle of the tube (Section ¢) had intermediate settle-
ment, being significantly lower than Section b (t = 2.70,
p < 0.05, df = 38) and significantly higher than Section
d (t' =224, p<0.05, df ~ 33). A Bonferroni pairwise
comparison of means indicated three groups among
which the means did not differ significantly (Fig. 3).

Settlement in response to whole worms,
tubes and isolated portions of worms

The portion of the body in which the cue is elaborated
was determined by assaying each portion separately
(Fig. 4). Significant differences were found among the
responses of larvae to these substrata (Kruskal-Wallis
H = 32408, p < 0.01, df = 6), but adult, live worm and
crown were the only treatments with levels of settlement
significantly higher than responses to biofilm. There
were no significant differences in the responses of larvae
to live conspecific adults in their tubes or to live worms
removed from their tubes (t = 0.96, p > 0.05, df = 10),
but settlement responses to both were significantly
higher than to biofilm (t = 11.08 and 11.96, respectively,
p < 0.01, df = 10). Settlement in response to crown was
significantly lower than responses to adult (1 = 5.66,
p < 0.01, df = 10) and live worm treatments (t = 5.33,
p < 0.01, df = 10), but was significantly higher than
responses to biofilm (t = 4.10, p < 0.01, df = 10), dead
worm (t =424, p <001, df=10), body (t = 2.54,
p <005 df=10), and tube treatments (t= 3.96,
p < 0.01, df = 10). There were no differences in the
responses of larvae to dead worm, body, tube and biofilm
treatments (Kruskal-Wallis H = 4.674, p > 0.05,
df = 3). A Bonferroni pairwise comparison ol means
found three groups among which the means did not
differ significantly (Fig. 4).

Cue solubility

The inductive compound(s) appear to be water soluble;
larvae responded to biofilm in the presence of adults,
even when prevented from contacting them by a 52-
um-mesh screen (Fig. 5). In assays in which larvae
could contact the substratum, significantly more
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Fig. 4 Hydroides dianthus. Mean percentage settlement (n = 6, + |
SE) of larvae in response to isolated portions ol conspecific adults.
Assays were run 7 d after fertilization to assess larval responses to
worms or body portions attached to biofilmed slides: (1) conspecific
worms in their tubes (adulrs); (2) intact live worms removed from
their tubes (live worms); (3) intact worms removed [rom their tubes
and killed by freezing (dead worms); (4) empty worm tubes (tubes); (5)
tentacular crowns removed (rom live worms (crowns); (6) worm
bodies removed from their tubes and with tentacular crowns ampu-
tated (bodies); or (7) plain biofilmed microscope slides (biofilm).
Letters above bars designate groups among which the means did not
differ significantly (multiple comparisons -test with Bonferroni cor-
rection, Tepr = 3.276, o = 0.05)

worms settled in response to adult and worm treatments
than to biofilm and tube (t = 3.45 to 4.53, p < 0.05,
df = 6). Patterns of settlement, however, were similar
when larvae were permitted contact or denied contact
with the experimental substrata (Fig. 5). There were no
significant differences in the response of larvae to
biofilm or tube treatments in either assay method
(t = 0.36 and 0.97, p > 0.05, df = 6), but the total pro-
portion of larvae settling was significantly greater when
they could contact the experimental substrata (Krus-
kal-Wallis H =4.317, p < 0.05, df = 1). A Bonferroni
pairwise comparison of means confirmed three groups
among which the means did not differ significantly
(Fig. 5).

Cue stability and isolation in organic solvents

Crude organic extractions of a homogenized aggrega-
tion of adult Hydroides dianthus elicited gregarious
settlement (Fig. 6). Freeze-drying the worms prior to
extraction had no apparent effect on the activity of the
extract; there were no differences among settlement
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Fig. 5 Hydroides dianthus. Mean percentage settlement (n = 3,
+ I SE) of larvae that were able to contact experimental substrata
(contacr) and prevented from contacting experimental substrata by
a 52-uym-mesh screen (no contact). Larvae were assayed 7d after
fertilization for responses to: biofilm, adults, tubes or live worms; in
24-h assays. Letters above bars designate groups among which the
means did not differ significantly (multiple comparisons t-test with
Bonferroni correction, Tegrr = 3.513. & = 0.05)

responses to adult, FD homog, homog or crude extract in
the presence of biofilmed slides (Kruskal-Wallis
H = 6.11, p > 0.05, df = 47). However, all four of these
substrata elicited significantly greater settlement than
did biofilmed slides (' = 3.78 to 11.38, p < 0.01, df ~ 6
to 13). Extracts were not effective when applied to
unfilmed (clean) slides (Fig. 6). Despite significant ac-
tivity in the presence of biofilm, there were no differ-
ences between settlement responses to biofilm and to
FD homog or homog applied to clean slides (Krus-
kal-Wallis H = 3.86, p > 0.05, df = 35).

Settlement responses were more variable in solvent-
fractionated extracts than those seen in whole aggrega-
tion crude extractions. Assays (12 replicates) with
solvent-partitioned extracts were repeated 17 times with
different batches of larvae to overcome this increased
variability. The means of these trials are presented
(Fig. 7). There was no significant difference in the re-
sponse to adult, homog, DCM and MeQH slides (Krus-
kal-Wallis H = 4.8743, p > 0.05, df = 67), Similarly, there
was no significant difference in the response of larvae to
biofilm, 1:1 or water slides (Kruskal-Wallis H = 5.5504,
p > 0.05, df = 50). A Bonferroni pairwise comparison
of means established that there were two groups among
which the means did not differ significantly (Fig. 7).

Discussion

We have demonstrated previously that most larvae of
the tube worm Hydroides dianthus settle gregariously,
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Fig. 6 Hydroides dianthus. Mean percentage settlement (n = 12,
+ 1 SE) of larvae in response to biofilm, adult, homog, FD homog,
and crude extracts of whole aggregations on biofilmed slides. Re-
sponses to homog and FD homog were [urther assayed on new,
unbiofilmed (clean) glass slides in 24-h settlement assays 7 d after
fertilization. Letters above bars designate groups among which the
means did not differ significantly (multiple comparisons r-test with
Bonferroni correction, Tegr = 3.151, & = 0.05)
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Fig. 7 Hydroides dianthus. Mean percentage settlement (n = 17,
+ 1 SE) of larvae in response to extracts of worms removed from
tubes. Worms were extracted with a series of organic solvents con-
sisting of respectively; dichloromethane (DCM), 1:1 dich-
loromethane:methanol (/ : /), methanol (MeOH), and water. Larvae
were assayed 7 d after fertilization for responses to hiofitm (with and
without worm extracts and homogenate) and adult slides in 24-h
assays. Letters above bars designate groups among which the means
did not differ significantly (multiple comparisons t-test with Bonfer-
roni correction, Tegr = 3.202, o = 0.05)

and that these larvae delay settlement in the absence of
cues associated with conspecifics (Toonen 1993;
Toonen and Pawlik 1994). The present study examines
the nature of cues associated with adults that are



responsible for the gregarious settlement of larvae. We
have discovered that, unlike other tube-dwelling poly-
chaetes that have been studied to date (reviewed by
Pawlik 1992), the inductive compounds responsible for
gregarious settlement of H. dianthus are soluble in
water and are associated with the body of living adults
rather than the calcareous tubes they secrete. More-
over, production of the settlement inducer by juvenile
worms does not begin until 4 d after metamorphosis.
This delay in inducer production may be the result of
maturation, or alternatively, it may be a consequence of
small juveniles being incapable of producing sufficient
concentrations of the inducer to affect larval settlement.

Our results suggest that there are at least two
different cues to which gregariously settling larvae of
Hyvdroides dianthus respond: biofilm on the substratum
surface, and soluble chemical compound(s) released
from adult or juvenile worms. Biofilm appears to be
a prerequisite for larval settlement; in assays using
adult homogenate (FD homog and homog) and crude
organic extracts (crude), both of which induced signifi-
cant levels of settlement on biofilmed slides, settlement
was not significantly different from zero when an ex-
tracted cue was applied to clean (unfilmed) slides.
A similar settlement requirement for biofilm has been
demonstrated for the congeneric Pacific species, H.
elegans (Hadfield et al. 1994). The crown-of-thorns star-
fish, Acanthaster planci, has been shown to metamor-
phose in response to a biofilm on the surface of crustose
coralline algae (Johnson and Sutton 1994).

Because larvae of H. dianthus settled in response to
adults even when prevented [rom contacting them, they
must respond to a cue that is soluble. In the present
study, significantly more larvae settled in assays in
which contact was allowed, however, suggesting that
a soluble cue is likely diluted at distance from the
source, and the response is concentration dependent.
Alternatively, multiple ranked cues could be involved
in settlement, and contact with the adult-occupied sub-
stratum may provide further inductive cues to which
larvae respond. Wethey (1984, 1986) demonstrated that
multiple ranked cues were responsible for the settle-
ment of two barnacle species, Chthamalus fragilis and
Semibalanus balanoides.

Soluble cues have been implicated in the settlement
behavior of several other invertebrate species (reviewed
by Crisp 1984; Pawlik 1992), with a range of cue
sources including postmetamorphic prey organisms
(Hadfield and Scheuer 1985; Chia and Koss 1988) and
sediments suitable for adult survival (Scheltema 1961,
1974). There is good evidence to suggest that soluble
cues are also responsible for gregarious settlement of
sand dollars (Highsmith 1982) and oysters (Zimmer-
Faust and Tamburri 1994). Recently, Lambert and
Todd (1994) provided evidence that a water-borne cue
is involved in inducing metamorphosis in the dorid
nudibranch Adalaria proxima, and Stoner (1994) found
that larvae of the colonial ascidian Diplosoma similis

731

use a noncontact mode of substratum selection on
coral reefs.

The present study represents the first demonstration
of gregarious settlement of a polychaete worm in re-
sponse to a soluble cue. Sabellariid worms of the genus
Phragmatopoma settle with a high degree of specificity
on the sand tubes of adult conspecifics (Pawlik 1986),
but for these worms, perception of the cue is dependent
on contact with the tube, and a biofilm is not required
for metamorphosis (Jensen and Morse 1984; Pawlik
1988a, b). Contact with the substratum is also impor-
tant for the spirorbid polychaete Janua brasilensis,
which settles preferentially on microbial films cultured
from the green alga Ulva lobata (Kirchman et al.
1982a, b). But soluble cues may be important for some
polychaetes that settle associatively: Marsden (1987)
discovered that even precompetent larvae of the ser-
pulid worm Spirobranchus giganteus, an obligate coral
associate, would swim toward some coral species in
preference to other substrata in assays performed in
small volumes of still water.

Crisp (1965, 1984) argued that larval cues for settle-
ment and metamorphosis should be insoluble (re-
viewed by Pawlik 1992). First, turbulent water flow
would dilute a soluble cue to negligible concentrations
within a very short distance (Butman 1986). Second, the
small sizes of most invertebrate larvae would make
orientation and navigation in a concentration gradient
largely ineffective. There appear to be two ways that
larvae could perceive a chemical gradient: (1) by detect-
ing a difference in concentration between receptors
located on opposite ends of the body, or (2) by integrat-
ing concentration changes through time as the larva
moves through the water column. The former appears
implausible because a concentration gradient across
the length of a larva seems likely to be imperceptible,
and the latter seems equally unlikely because larvae are
far more apt to travel along with a water mass than
move through it (Denny and Shibata 1989).

In light of the theoretical difficulties with both the
perception and response of larvae to soluble cues, it
may be that gregariously settling larvae of Hydroides
dianthus perceive soluble cues only at very short range.
In both of our experiments in which half the larvae
were allowed to contact the substrata and the others
were not, significantly more larvae settled in response
to living conspecific adults (within or removed from
their tubes) than to either biofilm or uninhabited
conspecific tubes. As previously stated, under natural
conditions, a soluble cue would be diluted rapidly in
turbulent flow. Therefore, it seems likely that the in-
ducer would be present in appreciable concentrations
only in the viscous boundary layer adjacent to the
substratum. The thickness of the boundary layer under
natural flow conditions would be similar to the size of
an individual larva (Butman 1986), and therefore, larval
responses to a diffusing cue may be virtually equivalent
to responses to substratum-derived insoluble cues in
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the field. Adult worms might also mediate larval settle-
ment by entraining or catching larvae in their feeding
tentacles and depositing them near the anterior ends
of their tubes, where soluble cues should be at their
highest concentrations.

Homogenates of whole adult worm aggregations
elicited settlement from competent larvae, and freeze
drying the samples did not significantly decrease the
inductive activity. suggesting that the cue is relatively
stable. The inductive activity of the homogenates and
extracts indicates that a chemical cue is responsible for
settlement, because no physical cues associated with
adult conspecifics were available to the larvae in these
assays. Extraction of washed worms, which had been
previously removed from their tubes, confirmed that
the cue was associated with the worm bodies, rather
than the tubes. Activity was concentrated in both the
nonpolar (DCM) and polar (MeOH) fractions of the
extraction series, suggesting that the cue may consist of
a mixture of compounds of differing polarities. Further
characterization of the compounds that induce gregari-
ous settlement of Hydroides dianthus is a subject for
future research, but it is clear that the chemical induc-
tion of invertebrate larval settlement is not currently
subject to broad generalizations, either in terms of cue
solubility, or the structural class of inductive com-
pound.

Acknowledgements We wish to thank AA Henrikson, B Chanas,
J Armstrong, DC Swearingen I11, and especially SG Bullard for their
assistance on this project. Nine of the 17 cue extraction assays were
completed by S Bullard for credit in an independent study program
directed by JR Pawlik. Important advice on statistics was provided
by V Starczak. We would also like to extend thanks to AA Henrik-
son, SG Bullard, and four anonymous reviewers for helpful com-
ments on the manuscript. This research was supported by an Office
of Naval Research Grant (N00014-92-J-1144) and an NSF Presiden-
tial Young Investigator Award (OCE 91-58065) to JR Pawlik, and
a Natural Sciences and Engineering Research Council of Canada
(NSERC) postgraduate scholarship to RJ Toonen.

References

Burke RD (1986) Pheromones and the gregarious settlement of
marine invertebrate larvae. Bull mar Sci 39: 323-331

Butman CA (1986) Larval settlement of soft-sediment invertebrates:
some predictions based on an analysis of near-bottom velocity
profiles. In: Nihoul JCJ (ed) Marine interfaces ecohydro-
dynamics. Elsevier, New York, NY, pp 487-513

Chia F-8, Koss R (1988) Induction of settlement and metamorphosis
of the veliger larvae of the nudibranch, Onchidoris bilamellata.
Int J Invert Repro Dev (Amsterdam) 14: 53-70

Cochard IC, Chevolot L, Yvin JC, Chevolot-Magueur AM (1989)
Induction de la metamorphose de la coquille Saint Jacques
Pecten maximus L. par des derives de la tyrosine extraits
de lalgue Delesseria sanguinea Lamouroux ou synthetiques.
Haliotis, Paris 19: 129-154

Crisp DJ (1965) Surface chemistry, a factor in the settlement of
marine invertebrate larvae. Botanica, Gothoburg 3: 51-65

Crisp DJ (1967) Chemical factors inducing settlement in Crassostrea
virginica (Gmelin). J Anim Ecol 36: 329-335

Crisp DI (1979) Dispersal and re-aggregation in sessile marine
invertebrates, particularly barnacles. In: Larwood G, Rosen BR
(eds) Marine organisms — genetics, ecology and evolution. Vol.
I1. Academic Press, London, pp 319-327

Crisp DJ (1984) Overview of research on marine invertebrate
larve, 1940-1980. In: Costlow JD, Tipper RC (eds) Marine
biodeterioration: an interdisciplinary study. Naval Institute
Press, Annapolis, Md., pp 103-126

Denny MW, Shibata MF (1989) Consequences of surf-zone turbu-
lence for settlement and external fertilization. Am Nat 134:
859-889

Guillard RRL (1975) Culture of phytoplankton for feeding marine
invertebrates. In: Smith WL, Chanley MH (eds) Culture of
marine invertebrate animals. Plenum Press, New York, NY,
pp 29-60

Hadfield MG, Scheuer D (1985) Evidence for a soluble metamorphic
inducer in Phestilla: ecological, chemical and biological data.
Bull mar Sci 37: 556-566

Hadfield MG, Unabia CC, Smith CM, Michael TM (1994) Settle-
ment preferences of the ubiquitous fouler Hydroides elegans. In:
Thompson MF, Nagabhushanam R, Sarojini R, Fingerman
M (eds) Recent developments in biofouling control. Oxford and
IBH Publishing Co., New Delhi, India, pp 65-74

Hartman O (1969) Atlas of the sedentariate polychaetous annelids
from California. Allan Hancock Foundation, University of
Southern California, Los Angeles, pp 48-49

Highsmith RC (1982) Induced settlement and metamorphosis of
sand dollar (Dendraster excentricus) larvae in predator-free sites:
adult sand dollar beds. Ecology 63: 329-337

Jaccarini V, Agius L, Schembri PJ, Rizzo M (1983) Sex determina-
tion and larval sexual interaction in Bonellia viridis Rolando
(Echiura: Bonelliidae). J exp mar Biol Ecol 66: 2540

Jensen RA, Morse DE (1984) Intraspecific facilitation of larval
recruitment: gregarious settlement of the polychacte Phrag-
matopoma californica (Fewkes). J exp mar Biol Ecol 83: 107-126

Johnson CR, Sutton DC (1994) Bacteria on the surface of crustose
coralline algae induce metamorphosis of the crown-of-thorns
starfish Acanthaster planci. Mar Biol 120: 305-310

Kato T, Kumanireng AA, Ichinose I, Kitahara Y, Kakinuma Y.
Nishihira M, Kato M (1975) Active components of Sargassum
tortile effecting the settlement of swimming larvae of Coryne
uchidai. Experientia 31: 433-434

Keck R, Maurer D, Kauer JC, Sheppard WA (1971) Chemical
stimulants affecting larval settlement in the American oyster.
Proc natn Shellfish Ass USA 61: 24-28

Kirchman D, Graham S, Reish D, Mitchell R (1982a) Bacteria
induce settlement and metamorphosis of Janua (Dexiospira)
brasiliensis Grube (Polychaeta: Spirorbidae). J exp mar Biol
Ecol 56: 153-163

Kirchman D, Graham S, Reish D, Mitchell R (1982b) Lectins may
mediate the settlement and metamorphosis of Janua (Dexios-
pira) brasiliensis Grube (Polychaeta: Spirorbidae). Mar Biol Lett
3:131-142

Lambert WJ, Todd CD (1994) Evidence for a water-borne cue
inducing metamorphosis in the dorid nudibranch mollusc Adalaria
proxima (Gastropoda: Nudibranchia). Mar Biol 120: 265-271

Larman VN, Gabbott PA, East J (1982) Physico-chemical properties
of the settlement factor proteins from the barnacle Balanus
balanoides. Comp Biochem Physiol 72B: 329-338

Levitan DR (1991) Influence of body size and population density on
fertilization success and reproductive output in a free-spawning
invertebrate. Biol Bull mar biol Lab, Woods Hole 181: 261-268

Levitan DR (1993) The importance of sperm limitation to the evolu-
tion of egg size in marine invertebrates. Am Nat 141: 517-536

Marsden JR (1987) Coral preference behaviour by planktotrophic
larvae of Spirobranchus giganteus corniculatus (Serpulidae: Poly-
chaeta). Coral Reefs 6: 71-74

Meadows PA, Campbell JI (1972) Habitat selection and animal
distribution in the sea: the evolution of a concept. Proc R Soc
Edinb 73B: 145-157



Nishihira M (1968) Brief experiments on the effect of algal extracts in
promoting the settlement of the larvae of Coryne uchidai
Stechow (Hydrozoa). Bull mar biol Stn Asamushi 13: 91-101

Pawlik JR (1986) Chemical induction of larval settlement and meta-
morphosis in the reef-building tube worm Phragmatopoma cali-
fornica (Sabellariidae: Polychaeta). Mar Biol 91: 59-68

Pawlik JR (1988a) Larval settlement and metamorphosis of sabel-
lariid polychaetes, with special reference to Phragmatopoma
lapidosa, a reef-building species, and Sabellaria floridensis,
a non-gregarious species. Bull mar Sci 43: 41-60

Pawlik JR (1988b) Larval settlement and metamorphosis of two
gregarious sabellariid polychaetes: Sabellaria alveolata com-
pared with Phragmatopoma californica. J mar biol Ass UK 68:
101-124

Pawlik JR (1992) Chemical ecology of the settlement of benthic
marine invertebrates. Oceanogr mar Biol A Rev 30: 273-335

Pawlik JR, Faulkner DJ (1986) Specific [ree fatty acids induce larval
settlement and metamorphosis of the reef-building tube worm
Phragmatopoma californica (Fewkes). J exp mar Biol Ecol 102:
301-310

Scheltema RS (1961) Metamorphosis of the veliger larvae of Nas-
surius obsoletus (Gastropoda) in response to bottom sediment.
Biol Bull mar biol Lab, Woods Hole 120: 92-109

Scheltema RS (1974) Biological interactions determining larval
settlement of marine invertebrates. Thalassia jugos! 10: 263-269

Scheltema RS, Williams IP, Shaw MA, Loudon C (1981) Gregarious
settlement by the larvae of Hydroides dianthus (Polychaeta:
Serpulidae). Mar Ecol Prog Ser 5: 69-74

Snedecor GW, Cochran WG (1989) Statistical methods, 8th edn.
lowa State University Press, Ames, lowa

Sokal RR. Rohlf FJ (1981) Biometry: the principles and practice of
statistics in biological research, 2nd edn, W.H. Freeman and
Company, New York, NY

Stoner DS (1994) Larvae of a colonial ascidian use a non-contact
mode of substratum selection on a coral reef. Mar Biol 121:
319-326

733

Strathmann ME (1987) Reproduction and development of marine
invertebrates of the northern Pacific coast: data and methods for
the study of eggs. embryos. and larvae. University of Washing-
ton Press, Seattle, Wash

Toonen RJ (1993) Environmental and heritable components of
settlement behavior of Hydroides dianthus (Serpulidac:
Polychaeta). Masters Thesis, University of North Carolina,
Wilmington, NC

Toonen RIJ, Pawlik JR (1994) Foundations of gregariousness.
Nature, Lond 370: 511-512

Verrill AE (1873) Report upon the invertebrate animals of Vineyard
Sound and adjacent waters, with an account of the physical
characters of the region. In: SF Baird (Commissioner) Report on
the condition of the sca fisheries of the south coast of New
England in 1871 and 1872, Part 1. Commission of Fish and
Fisheries, Washington, DC, pp 295-778

Wethey DS (1984) Spatial pattern of barnacle settlement: daily
changes during the settlement season. J mar biol Ass UK 64:
687-698

Wethey DS (1986) Ranking of settlement cues by barnacle larvae:
influence of surface contour. Bull mar Sei 39: 393-400

Yonge CM (1937) The biology of Aprrhais pes-pelecani (L..) and A.
serresiana (Mich.). ] mar biol Ass UK 21: 687-703

Yvin JC, Chevolot L, Chevolot-Magueur AM, Cochard JC (1985)
First isolation of jacaranone from an alga, Delesseria sanguinea.
A metamorphosis inducer of Pecten larvae. J nat Products
(Lloydia) 48: 814-816

Zimmer-Faust RK, Tamburri MN (1994) Chemical identity and
ecological implications of a waterborne, larval settlement cue.
Limnol Oceanogr 39: 1075-1087

Zuraw EA, Leone DE (1968) Laboratory culture of the tubeworm
Hydroides (Eupomatus) dianthus Verril [sic] 1873. General Dy-
namics, Electric Boat Division Publication, Groton, Conn

Zuraw EA, Leone DE (1972) Development of a tubeworm bioassay
to evaluate antifouling coatings. General Dynamics. Electric
Boat Division Publication, Groton, Conn



