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ABSTRACT: We conducted still-water time-course experiments on cultured larvae of the serpulid
polychaete Hydroides dianthus (Verrill, 1873) to examine timing and patterns of gregarious and non-
gregarious settlement to better understand the conditions under which larvae of a gregarious species
colonize new habitats. We first confirmed that these worms are aggregated in the field, and quanti-
fied patterns of association with a number of other common intertidal species. Patterns of negative
association with spatial competitors is unlikely to have resulted from larval avoidance during settle-
ment, because we found no difference in larval settlement in response to conspecifics with or without
the solitary tunicate Ascidia interrupta present. We then examined the settlement of competent lar-
vae in response to biofilm and conspecifics to determine the conditions under which the larvae of this
gregarious species settle nongregariously. Larvae settled concurrently in response to both biofilm
and conspecifics, starting approximately 4 d after fertilization, and response was of similar magnitude
to both biofilm and to conspecifics for the first couple of days post-competency. While settlement in
response to conspecifics continued in subsequent assays carried out over 70 d (at which time larvae
began to die in culture), settlement in response to biofilm decreased abruptly after the peak, and
ceased by Day 14. Settlement patterns were qualitatively similar regardless of previous exposure to
substrata; similar results were obtained whether the whole population of larvae in culture was denied
access to or daily provided access to 1 or both experimental substrata. Furthermore, these patterns of
settlement did not change as larval planktonic period was prolonged. Of larvae settling during 24 h
sample assays, the majority of larvae metamorphosed in response to biofilm during the first 6 h,
whereas metamorphosis in the final 6 h (between 18 and 24 h) of the assays was primarily in response
to conspecifics. These results are opposite to the pattern predicted by the desperate larva hypothesis,
because some larvae settled in response to biofilm even after rejecting conspecifics the previous day.
In fact, cultures of competent larvae appear to become more specific in terms of larval settlement in
response to live adult conspecifics as the planktonic period is artificially prolonged.
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INTRODUCTION

Gregarious settlement is common among benthic
marine invertebrates; at least 35 species representing 8
phyla produce larvae that settle preferentially on or
near conspecific adults (reviewed in Burke 1986, Paw-
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lik 1992a). However, in order for larvae to respond gre-
gariously, conspecifics must already be present. How,
then, is the aggregation process initiated if larvae set-
tle preferentially in response to conspecific adults?
Aggregations of nonclonal species must initially
develop through a 2-step process: solitary larvae first
colonize a suitable but previously uninhabited sub-
stratum; gregarious settlement may then occur in
response to these 'founders’ (Toonen & Pawlik 1994).
Regarding the process of aggregation, several interre-
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lated questions arise: (1) Under what circumstances
will larvae of gregarious species settle in the absence
of conspecific cues? (2) Are these colonizers simply
larvae that have searched unsuccessfully for adult
conspecifics? (3) Does previous exposure influence
the likelihood of gregarious larvae settling apart from
conspecifics?

To date, studies of gregarious invertebrate larval set-
tlement have focused mostly on the second step of
aggregation, the selection of settlement sites on or near
adult conspecifics on established substrata (reviews by
Crisp 1974, 1984, Scheltema 1974, Chia & Rice 1978,
Burke 1986, Pawlik 1992a,b). These studies have
repeatedly implicated chemical cues associated with
adult conspecifics as being responsible for larval set-
tlement responses, although the isolation and chemical
characterization of specific cues have remained largely
elusive (Pawlik 1992b). Gregarious settlement of
Hydroides dianthus is no exception: larvae respond to
an unidentified, water-soluble chemical cue associated
specifically with the bodies of living conspecific worms
(Toonen 1993, Toonen & Pawlik 1996), although as
with the congeneric worm H. elegans, a bacterial or-
ganic coating (biofilm) appears to be an important pre-
requisite for larval response to this inductive cue (Too-
nen & Pawlik 1996, Walters et al. 1997, Bryan et al.
1998, Beckmann et al. 1999, Unabia & Hadfield 1999).
Also as with H. elegans, larvae of H. dianthus probably
respond to a variety of cues when assessing substratum
suitability, including a suite of chemical cues from bac-
teria and other common members of the fouling com-
munity, as well as hydrodynamic forces (e.g. Bryan et
al. 1997, Lau & Qian 1997, Walters et al. 1997, Bryan et
al. 1998, Carpizo-Ituarte & Hadfield 1998, Beckmann
et al. 1999, Harder & Qian 1999, Unabia & Hadfield
1999). Although much attention has been focused on
attempts to isolate specific chemical cues which induce
gregarious larval settlement in a variety of inverte-
brate species, the initial colonization of new substrata
is at least as important as gregarious settlement in
understanding the development of nonclonal aggrega-
tions and in controlling biofouling by gregarious spe-
cies. Yet the settlement patterns of larvae of gregarious
marine invertebrates that colonize previously uninhab-
ited substrata has been studied very little.

Larvae that colonize uninhabited substrata probably
respond to physical, chemical or biological cues unre-
lated to the presence of conspecifics. One hypothesis
for the initiation of aggregations is that larvae unable
to locate a preferred substratum for settlement may
become progressively less discriminatory in their sub-
stratum choice, and consequently more likely to colo-
nize a new substrate (Knight-Jones 1951, 1953, Wilson
1953, Pechenik 1990 [review]). This theory, referred to
as the ‘desperate larva hypothesis' (Toonen & Pawlik

1994), suggests that all larvae of a gregarious species
should initially delay metamorphosis while searching
for a suitable habitat, but could eventually colonize a
new substratum if unsuccessful in locating con-
specifics. Decreased substratum-specificity of larvae
faced with a prolonged planktonic lifespan could be
adaptive, because an aging larva should risk settle-
ment in a poor site rather than die without settling. The
ability for larvae to delay metamorphosis is wide-
spread (reviews by Pechenik 1990, 1999) and is consis-
tent with the intuitive predictions made by the desper-
ate larva hypothesis. Alternatively, if larvae do not
respond with desperation, individual larvae may differ
genetically, physiologically or behaviorally and there-
fore have different likelihoods of accepting uninhab-
ited biofilmed substrata for settlement.

Here we examine patterns of settlement among the
larvae of the gregarious serpulid polychaete Hydro-
ides dianthus and document differential settlement of
competent larvae through time in response to experi-
mental substrata. We address several questions in this
manuscript. First, although H. dianthus has been
shown to exhibit gregarious settlement in the labora-
tory (Scheltema et al. 1981, Toonen & Pawlik 1996), is
this species actually aggregated in the field? This is an
important point to consider, because patterns of gre-
garious larval settlement in the laboratory are likely to
have little biological relevance if conspecifics do not
show an aggregated dispersion in the field. Second,
could the settlement patterns of larvae in response to a
spatial competitor account for aggregations of adults in
habitats lacking those competitors? Third, do larvae of
H. dianthus show any evidence of reduced substratum-
specificity through a prolonged planktonic period, as
predicted by the desperate larva hypothesis, and does
previous experience of larvae affect that answer.
Finally, we ask whether our laboratory assays indicate
a difference in the timing of larval metamorphosis in
response to biofilm and conspecifics.

MATERIALS AND METHODS

Study organism. Hydroides dianthus (Verrill, 1873)
is a tube-dwelling serpulid polychaete that ranges
from New England through the West Indies and is
found commonly on the underside of rocks, on shell
hash, and on other natural and anthropogenic hard
substrata (Hartman 1969). Individuals are gonochoris-
tic and reproduce sexually, with gametes broadcast
every 2 to 4 wk at 23°C (Zuraw & Leone 1968). Females
release an average of 30000 ova, and males an average
of 6 x 107 sperm per spawn (Zuraw & Leone 1972). Tro-
chophore larvae begin feeding 18 to 24 h after fertil-
ization, and become competent to settle after about 5 d
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at 23°C (Scheltema et al. 1981). Settlement occurs only
on biofilmed surfaces, but gregarious settlement addi-
tionally requires the presence of water-soluble chemi-
cal cues associated with bodies of live conspecifics
(Toonen 1993, Toonen & Pawlik 1996). Larvae are
approximately 300 pm long at competency, and
undergo rapid and obvious morphological changes
during metamorphosis that distinguish settled individ-
uals from attached larvae (Scheltema et al. 1981,
Carpizo-Ituarte & Hadfield 1998).

Field associations of Hydroides dianthus. We col-
lected 25 concrete cinder blocks from a pile of rubble
at the base of the easternmost support for the draw-
bridge which provides access to Wrightsville Beach,
North Carolina, USA. These blocks were apparently
scrap that had been dumped into the intertidal some-
time in the recent past, and had since been colonized
by a variety of fouling invertebrates. The position of
the blocks was such that they would be exposed for
only a short period of time during very low (-20 cm or
lower) tides. We brought these blocks into the labora-
tory and determined nearest-neighbor and quadrat
contents in order to assay associations between
Hydroides dianthus and other common fouling inver-
tebrates. Focal animals for nearest-neighbor analyses
were chosen by blindly selecting a spot on the block
with a probe until a live worm was contacted. We also
blindly placed a 5 X 5 cm wire frame on each block and
identified and counted the contents of each quadrat.
We chose this quadrat size with the intention of com-
paring natural (primarily Mercenaria sp. shell hash)
and anthropogenic substrata, but found no qualitative
differences in faunal associations between the two
(Toonen unpubl. data). Although these quadrats were
relatively small, as many as 6 species (and up to 25
individuals) were included in them, and interactions
among sessile fouling species are likely to occur over
such relatively small distances. In addition to H.
dianthus, other common fouling invertebrates found in
these quadrats included: Botryllus planus (colonial
tunicate), Chthamalus fragilis (barnacle), Schizopor-
ella unicornis (encrusting bryozoan), Spirorbis sp.
(tubiculous polychaete), Aplysilla longispina (sponge),
Ascidia interrupta (solitary tunicate), Ecteinascidia
turbinata (solitary tunicate), Microciona prolifera
(sponge), and Tubularia crocea (stalked hydroid). We
excluded rare animals (<2 % of total abundance) from
these analyses for statistical reasons.

Nearest neighbors were recorded and index of asso-
ciation (v) tests were calculated for species identified in
our quadrats following Rejmanek & Leps (1996). We
determined the significance of association for each
species with Hydroides dianthus using a 2 x 2 good-
ness-of-fit test (Sokal & Rohlf 1981). For those species
that were sufficiently abundant to allow homogeneity

of variance to be confirmed using a log-ANOVA test
(Sokal & Rohlf 1981), we also used a Spearman's rank
correlation coefficient to test statistical associations
among species abundances in the quadrats (again fol-
lowing Rejmanek & Leps 1996).

General spawning and f{ertilization techniques.
During the summers of 1992 and 1993, adult Hydroides
dianthus were collected from large (125000 1) seawater
settling tanks at the former Wrightsville Beach desali-
nation plant, or from the field at Banks Channel, under
the drawbridge access to Wrightsville Beach, North
Carolina. Aggregations of H. dianthus were kept in
running, unfiltered seawater until spawned.

Spawning was induced by breaking individual
worms from their calcareous tubes (Strathmann 1987%).
Each female was placed into a 10 cm dish containing
50 ml of 1 pm filtered seawater, and each male was
placed on a watch glass without seawater. Eggs from
15 to 25 females were combined prior to fertilization by
sperm from a single male that produced the highest
density of motile sperm. Eggs were fertilized by plac-
ing dishes containing the spawn of a group of females
on a shaker table rotating at 50 rpm and initially
adding 5 drops of sperm suspension (~1 ml 'dry’ sperm
diluted in 20 ml of 1 pm filtered seawater). Additional
sperm suspension was added twice thereafter at
10 min intervals, the volume being doubled with each
addition (i.e. 10 drops, then 20 drops). Each experi-
ment was run with a different culture of mixed-parent-
age larvae produced from the spawning by a different
adult male and group of female worms.

General larval culture techniques. Trochophore lar-
vae of Hydroides dianthus were cultured at 10000 lar-
vae 1! using techniques adapted from Pawlik (1986).
Each experiment was performed on a different popula-
tion of 90000 larvae, pooled from the spawns of about
25 females. For most experiments, larvae were kept in
three 4 1 wide-mouth glass jars each containing 3 1 of
1 pm filtered seawater. Culture jars were maintained
in 21 + 2°C constant-temperature water baths beneath
two 40 W fluorescent lamps set to a 15:9 h light:dark
photoperiod (also adapted from Pawlik 1986). The con-
tents of each jar were gently agitated with filtered air
bubbling at approximately 2 bubbles s~ from the tip of
a 23 cm Pasteur pipette resting on the bottom of the jar.

Larval cultures were cleaned every second day, and
larvae were resuspended in a clean jar filled with 31 of
1 pm filtered seawater; used jars were scrubbed in hot
freshwater and allowed to air-dry prior to reuse. Cul-
tures were cleaned daily after 6 d to keep cultures as
clean as possible and minimize development of a
biofilm and subsequent settlement in culture jars.
Based on the work of Zuraw & Leone (1968) and Schel-
tema et al. (1981), larvae were fed monospecific cul-
tures of the diatom Phaeodactylum tricornutum (Boh-
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lin) at 10° cells ml™! each time the larval cultures were
cleaned. The algal culture methods were adapted from
Guillard (1975).

Larval settlement assays and experimental sub-
strata. Each larval assay was performed by removing
25 larvae from a well-mixed culture and placing them
in a covered 10 cm plastic petri dish containing 25 ml of
1 pm filtered seawater and a single biofilmed or adult
slide; dishes were then placed into a constantly illumi-
nated 20°C incubator for 24 h. For each experiment,
unless otherwise specified, there were 12 replicate
sample assays (run simultaneously) for each substra-
tum (described in the following paragraphs). Slides
were examined through a dissecting microscope, after
being rinsed gently with 1 pm filtered seawater to
remove larvae, and settled juveniles (identified by
rudimentary crown and tube formation) were counted
as they were individually removed (Scheltema et al.
1981, Toonen & Pawlik 1996).

We used etched-glass cytology slides (Fisher 75 x
25 mm etched slides) for all experimental substrata
because we found that settlement on these slides was
much higher than on unfrosted microscope slides (Too-
nen unpubl. data). In each experiment, larvae were
presented with a single experimental substratum in a
no-choice experiment. Experimental substrata con-
sisted of either a single biofilmed or adult conspecific
slide, unless otherwise specified.

Biofilmed slides were made by placing slides in run-
ning, unfiltered seawater for at least 5 d, so that they
became coated with an organic/microbial film. We did
not measure the organic content or determine the
community composition of the biofilm on the slides,
but we assume that variation in the microbial commu-
nity and organic content did not affect larval settle-
ment significantly; there was no significant difference
in the response of larvae to slides that had been
biofilmed for 5 d, 2 wk and 2 mo (R.J.T. unpubl. data).
Furthermore, although 1 pm filtered seawater is not
axenic and after 24 h an organic film is likely to form
on the interior surfaces of the culture dishes, we did
not ever find a single larva metamorphosed on any
surface other than the glass slides in any of our cul-
ture assays.

Conspecific slides were similarly treated, but after
5 d, 5 small (3 to 5 cm long) conspecific worms were
attached using Thick-gel Superglue (cyanoacrylate
adhesive). There were no obvious signs of toxicity of
the glue to adult worms, and cyanoacrylate had no
measurable effect on larval settlement (Toonen
unpubl. data). The slides were then returned to run-
ning seawater for at least 1 h before use in an assay.
Adult and biofilmed slides used concurrently were
submerged for the same period of time, and kept to-
gether 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 filamen-
tous algae or protozoans). Adult slides were similarly
scraped, but a toothbrush was also used to remove
any organisms from the tubes of adults. We could not
use unfilmed ‘clean’ slides for settlement substrata in
these experiments because competent larvae of
Hydroides dianthus refuse to settle on unfilmed sur-
faces, even in the presence of inductive cues (Toonen
& Pawlik 1996).

For simplicity, hereafter we refer to these experi-
mental substrata as 'biofilm’ and ‘conspecifics'.

Larval predator/competitor effects on settlement
choice. To examine whether avoidance at the time of
larval settlement could account for the negative asso-
ciations found between Hydroides dianthus and other
fouling species (see ‘Field associations' section), we
conducted a series of sample assays with the common
spatial competitor and potential larval predator,
Ascidia interrupta. We attached a single small tuni-
cate to some substrata previously used as biofilm and
conspecifics to compare larval response to biofilm and
conspecifics with or without the tunicate present. In
preparing the +tunicate slides, we selected individu-
als that were too small to currently act as larval
predators so that they would not consume larvae and
alter our assay sample sizes. Using small tunicates for
this purpose also simplifies handling and did not
require any modification of assay vessels (large tuni-
cates would not fit in the 10 cm plastic petri dishes).

We cultured larvae as above, and after 7 d exposed
samples of larvae to each of the following experimen-
tal substrata: (1) conspecific adults, (2) Ascidia inter-
rupta attached to a biofilmed slide, (3) biofilm, or (4)
A. interrupta attached to a conspecific adult slide.

The significance of differences in the settlement of
larvae in response to the 4 experimental substrata
present in the larval predator experiment were
assessed with a parametric 1-way ANOVA after —log
[1/(x+1)] transformation to fit assumptions of paramet-
ric statistics. Homogeneity of variance was confirmed
using a log-ANOVA test for homogeneity of variances
(Sokal & Rohlf 1981), and post hoc comparisons were
done with a Bonferroni correction for unplanned con-
trasts among means.

Settlement on biofilm or conspecifics during a pro-
longed planktonic period. We assayed larval response
to experimental substrata repeatedly throughout a
prolonged planktonic period to determine whether lar-
vae show decreased substratum-specificity when
forced to delay metamorphosis. Larvae were sampled
for response to biofilm or conspecifics daily for the first
week, and then weekly thereafter until the experiment
was ended due to larval depletion after 70 d. Early in
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the experiment, assays were run daily to examine lar-
val settlement shortly after reaching competency,
because this is the period most likely to show short-
term variation in larval settlement rates (Toonen 1993,
Toonen & Pawlik 1994).

Percentage settlement data were transformed by
arcsine square-root or —log [1/(x+1)] to meet assump-
tions of normality and homogeneity of variance. Het-
eroscedastic data (determined using a log-ANOVA
test for homogeneity of variances) were first trans-
formed using -log [1/(x+1)], and then analyzed with a
Student's {-test corrected for unequal variances (t'),
with the critical value and degrees of freedom being
derived from a weighted average of the 2 samples
being tested (Sokal & Rohlf 1981). Post hoc compar-
isons among means were performed using Scheffé
comparisons at a = 0.05.

We also compared the results of our experiment here
to that of previous work in which the entire culture of
larvae was either: (1) exposed previously to biofilm
daily prior to no-choice sample assays being con-
ducted, or (2) exposed previously to both biofilm and
conspecifics daily prior to running no-choice sample
assays (see Toonen & Pawlik 1994 for methods and
data). Data are compared as both the total mean pro-
portion of larvae settling in response to biofilm and
conspecifics per assay throughout the planktonic
period and as the actual time course over which these
assays were conducted. We analyzed statistical differ-
ences between these experiments using a 3-way
ANOVA on arcsine square-root transformed percent-
age settlement data (after Sokal & Rohlf 1981).
Although parametric statistics are robust to some devi-
ation from normality and homogeneity of variance
assumptions (Sokal & Rohlf 1981), after best-fit trans-
formation to parametric assumptions, our data still fail
both the Shapiro-Wilks test for normality and Bartlett's
test for homogeneity of variance (see ‘Results’).
Because we have no quantitative manner in which to
assess whether the violation of parametric assumptions
here is within that robust range, we also conducted a
nonparametric 2-way Friedman's test on ranked data
for each biofim and conspecifics separately.

Timing of larval metamorphosis on experimental
substrata. To investigate the more immediate res-
ponses of competent larvae to experimental substrata,
we conducted sample assays with cultures of 7 d old
larvae to compare when larvae settled in response to
biofilm as compared to conspecifics. Because scoring
these assays is labor-intensive and relatively slow, it
was impossible to remove settled larvae from substrata
individually during the experiment as for previous
assays. Therefore, we present the proportion of meta-
morphosed larvae that had completed primary tube
formation in each replicate assay rather than some

measure of individual settlement per unit time. Slides
were examined hourly for the first 6 h, then every 3 h
until 18 h, and finally again at 24 h.

Differences in the timing of settlement between lar-
vae on biofilmed and adult slides in sample assays
were tested with a 1-way ANOVA after again testing
for conformity of -log [1/(x+1)]-transformed data to
assumptions of parametric statistics.

RESULTS
Field associations of Hydroides dianthus

Of the 25 focal individuals of Hydroides dianthus
selected, 16 nearest neighbors were conspecifics, con-
firming that H. dianthus is highly aggregated in the
field (R = 0.45, z = 15.57, p < 0.05). Analysis of quadrat
data suggests that H. dianthus is positively associated
with conspecifics (v=0.94, df = 1, p < 0.05), and nega-
tively associated with several other common fouling
invertebrates: Botryllus planus, Chthamalus fragilis,
Ascidia interrupta, Ecteinascidia turbinata and Tubu-
laria crocea (v=-0.47 t0 -0.94, df = 1, p < 0.05). Indices
of association calculated for each of the other common
species identified in the quadrat sampling (Schizo-
porella unicornis, Spirorbis sp., Aplysilla longispina,
and Microciona prolifera) did not differ significantly
from zero (v=-0.05to -0.37, df = 1, p > 0.05).

Only 4 species could be transformed to meet homo-
geneity of variance assumptions required to compute
Spearman's rank correlations with Hydroides dianthus:
Botryllus planus, Spirorbis sp., Aplysilla longispina, and
Microciana prolifera (Cochran’'s Q < 0.75, Bartlett's test
p > 0.05). Of these species, individual abundance of H.
dianthus was significantly negatively correlated with
only B. planus (r; =-0.49, df = 1, p < 0.05).

Larval competitor/predator effects on
settlement choice

We did not see any obvious effects of the inclusion of a
potential larval competitor/predator on experimental
substrata. Significantly more larvae settled in response to
substrata with conspecifics (conspecifics & conspecifics +
Ascidia interrupta) than to those lacking conspecifics
(biofilm & biofilm + A. interrupta) (ANOVA, F=13.93, df
= 3, p < 0.05). There were no significant differences in
the response of larvae to either: (1) conspecifics with or
without A. interrupta (t = 0.36, df = 10, p > 0.05) or (2)
biofilm with or without A. interrupta present (t = 0.62, df
=10, p > 0.05). Larval response to substrata with A. inter-
rupta present was equivalent to that of the same substra-
tum without the tunicate attached (Fig. 1).
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Fig. 1. Hydroides dianthus. Mean (+1 SE, n = 12) percentage
settlement of samples of 25 larvae exposed to biofilm and con-
specifics with and without a potential competitor and larval
predator, (Ascidia interrupta) present. Experimental substrata
(conspecifics, conspecifics + A. interrupta, A. interrupta alone
on a biofilmed slide, and biofilm alone) were presented to lar-
vae after 7 d culture in sample assays (see '‘Materials and
methods’). Lines above bars indicate groups (a, b) among
which the means did not differ significantly (Scheffé, a = 0.05)

Settlement on biofilm or conspecifics during a
prolonged planktonic period

Specificity of settlement did not decrease over a
planktonic lifespan extended for 10 wk (Fig. 2). Settle-
ment in response to biofilm occurred primarily within
the first week, and did not increase throughout a
planktonic larval lifespan prolonged artificially in
excess of 10 times the precompetent period (Fig. 2).
Gregarious settlement in response to conspecifics,
however, did not decrease throughout the entire ex-
periment (Fig. 2). The bars representing settlement on
biofilmed slides at Weeks 3, 5, 6, 7, and 9 each repre-
sent a single juvenile (1 of 300 larvae in each case) that
settled in response to biofilm. There was no significant
difference between the settlement of larvae in re-
sponse to biofilmed and adult slides at Days 4 (t=1.33,
df =22, p>0.2) or 5 (t=2.08, df = 22, p > 0.05). From
Days 6 through 70, however, significantly more larvae
settled in response to adult slides than to biofilmed
slides (t'=3.99 t0 9.74, df = 11, p < 0.01). Statistical sig-
nificance is similar whether comparing the percentage
of assayed larvae settling in response to each substrate
or the ratio of settled larvae responding to biofilmed
(Bio) compared to adult (Ad) slides (i.e. Ad/Ad + Bio).

By comparing these data to those of Toonen & Pawlik
(1994), in which larvae were either presented with only
biofilm or both biofilm and conspecifics daily prior to as-
saying larval settlement response, we can examine the
effect of previous exposure to experimental substrata on
the pattern of larval settlement in these assays. We found
no evidence to suggest that previous larval exposure to
experimental substrata altered the proportion of larvae

settling in response to either biofilm or conspecifics
(Fig. 3), and this result did not change with the ‘age’ of
the larvae (Fig. 4). Results were qualitatively similar
whether analyzed using parametric (Table 1A) or
nonparametric (Table 1B) statistics. Regardless of ex-
perimental treatment, we could find no case in which
specificity of larval settlement decreased over a pro-
longed planktonic period. In fact, if anything, lar-
val substratum-specificity actually increased throughout
the planktonic period as larvae ceased to settle in
response to biofilm (Fig. 4).

Timing of larval settlement on
experimental substrata

Among 7 d old larvae, metamorphosis within the first
6 h of sample assays occurred predominantly in
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Fig. 2. Hydroides dianthus. Mean (+1 SE, n = 12) percentage
settlement of samples of 25 larvae from cultures kept in clean
jars for 10 wk. Larvae were assayed for response to con-
specifics and biofilm in sample assays (see ‘Materials and
Methods'). Assays were run daily during the first 7 d, and
weekly thereafter. (A) Daily sample assays of larvae from
clean culture jars to assess larval response to substrata shortly
after reaching competency. (B) Weekly sample assays of
larvae from clean culture jars to assess larval substratum-
specificity over the planktonic lifespan when denied access
to substrata; data for Week 1 are mean of results in (A)
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Fig. 3. Hydroides dianthus. Comparison of total mean per-
centage settlement of larvae per assay throughout the plank-
tonic period with different previous exposure to experimental
substrata. Sample size varied between experimental groups
(n = 72 to 156 replicate samples of 25 larvae each), and bars
indicate overall means of all sample assays conducted in each
experiment +1 SE. Larvae were cultured and assayed as
described in ‘Materials and methods’, with samples of larvae
exposed to substrata in no-choice experiments using biofilm
or conspecifics daily during the first week, and then weekly
thereafter. Letters above bars indicate groups among which
the means did not differ significantly (Scheffé, a = 0.05)

response to biofilm, whereas metamorphosis in the
final 6 h (18 to 24 h) was in response to primarily con-
specifics (Fig. 5). The majority of larvae that settled in
these assays attached within the first hour, and it is
important to note that these results are differences in
the timing of metamorphosis, not larval attachment.
Because we did not remove any larva that attached in
these assays, and simply scored the time at which the
morphology of an attached larva switched to that of an
attached juvenile, the numbers of settlers in Fig. 5 are
the cumulative percentages of larvae that completed
metamorphosis on each experimental substrata in our
sample assays. Of those larvae that completed meta-
morphosis during the first 12 h, significantly more
responded to biofilm than to conspecifics (ANOVA,
F = 16.3606, df = 1, p < 0.05), but few juveniles re-
cruited to biofilmed slides throughout the remaining
12h of the 24 h assay period (Fig. 5). Few of the larvae
that metamorphosed in response to conspecifics com-
pleted the process within the first 12 h (Fig. 5). How-
ever, there was a sudden increase between 18 and
24 h, such that the cumulative percentage of metamor-
phosed larvae scored at the end of the 24 h assay

period was significantly higher in response to conspe-
cific adults than in responseto biofilm (t = 22.48, df = 1,
p < 0.05).

DISCUSSION

Gregarious settlement of Hydroides dianthus has
been studied previously by a number of researchers
(e.g. Leone 1970, Scheltema et al. 1981, Mullineaux &
Garland 1993, Toonen & Pawlik 1994, 1996), but to the
best of our knowledge no study has yet demonstrated
the spatial pattern of aggregation among these worms
in the field. Here we show that H. dianthus is highly
aggregated (positively associated) with conspecifics
and negatively associated with several other common
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Fig. 4. Hydroides dianthus. Mean (+1 SE, n = 12) percentage
settlement of samples of 25 larvae throughout the planktonic
period with different previous exposure to experimental sub-
strata. Cultures were maintained until depleted by larval
settlement, but only the mean percentage of samples of larvae
assayed in no-choice experiments are reported here (see Too-
nen & Pawlik 1994 for additional data). Larvae were cultured
and exposed previously to substrata as described in Fig. 3
legend (see ‘Materials and methods'). Statistical comparisons
in Table 1
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Table 1. Comparison of arcsine-transformed mean percent-
age settlement among larvae within the 3 previous exposure
regimes listed in Fig. 4. Day: days after fertilization, Expt:
previous exposure regime (none, biofilm only, both biofilm
and conspecifics); Substrate: substrate type was either biofilm
or conspecifics. (A) Summary of results from a 3-way para-
metric ANOVA with a best-fit transformation to assumptions
of parametric statistics; although data fail statistical tests for
conformity to parametric statistics, the complete analysis of
these data including the interaction terms requires this statis-
tical method; these data are compared to the nonparametric
analyses in (B). (B) Nonparametric 2-way Friedman's tests on
ranked data for each substrate separately

(A)
Source DF SS F P
Day 1 0.14 11.04 0.002
Expt 2 0.16 3.13 0.053
Substrate 1 0.13 4.92 0.031
Day x Expt 2 0.13 3.22 0.049
Day x Substrate 1 0.44 15.53 <0.001
Expt x Substrate 2 0.09 2.65 0.081
Day x Expt x Substrate 2 0.17 3.21 0.050
(B)
Factor DF F, p
Conspecifics
Day 9 15.99 0.067
Expt 2 3.80 >0.1
Biofilm
Day 9 18.80 0.027
Experiment 2 1.65 >0.1
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Fig. 5. Hydroides dianthus. Cumulative mean proportion of

settling of 7 d old larvae (n = 10 replicate samples of 25 larvae

each) that metamorphosed in response to conspecifics or to

biofilm throughout 24 h sample assays (see '‘Materials and
methods’)

fouling invertebrates including the colonial tunicate
Botryllus planus, the spirorbid polychaete Spirorbis
sp., the solitary tunicates Ascidia interrupta and
Ecteinascidia turbinata, and the encrusting sponge
Microciona prolifera. These other fouling invertebrates
are probably competitors for space, and some (the soli-
tary tunicates in particular) are likely to act as larval
predators as well.

The strong negative association between the solitary
tunicate Ascidia interrupta and Hydroides dianthus
documented in the field did not translate into a
decrease in larval settlement in response to con-
specifics in laboratory assays (Fig. 1). In our assays, we
used a single small tunicate to prevent tunicates from
consuming larvae and affecting sample sizes, and
although we tried to include the largest individual pos-
sible given our experimental design, we may have not
provided a sufficient individual density of competitors
to affect larval settlement choice. We wanted to avoid
larval predation by the tunicates, because although
these are perfectly capable of ingesting polychaete lar-
vae, high rates of larval predation by tunicates in the
laboratory does not seem to translate to significant dif-
ferences among settlement plates in the field (Young
1989). Therefore, both larval predation and direct lar-
val avoidance seem unlikely explanations for the neg-
ative association between these 2 species observed in
the field. However, Grosberg (1981) found that recruit-
ment of Hydroides sp. to settlement plates in Eel Pond
at Woods Hole, Massachusetts, was significantly
reduced in the presence of high densities of botryllid
tunicates (15 individuals on a 5 x 5 cm plate), but not in
the presence of low tunicate densities (5 individuals/
plate). Grosberg concluded that larvae of species
showing such density-dependent recruitment patterns
are most probably capable of recognizing the density
of dominant spatial competitors and rejecting substrata
when that density exceeds a certain threshold (Gros-
berg 1981). The tunicate used by Grosberg (Botryllus
schlosseri) is colonial, and 15 zooids of this tunicate
actually form a smaller mass than 1 of the solitary A.
interrupta used in our assays; however, because we
did not address density of competitors directly in these
assays, we cannot rule out the possibility that a higher
density of tunicates might have resulted in larval
avoidance. Alternatively, the negative association
could also be the result of post-settlement mortality
due to overgrowth by the tunicate itself, or differential
effects of overgrowth on these species by other co-
occuring fouling species (e.g. Stachowicz et al. 1999).

Hydroides dianthus is significantly aggregated in
the field (R = 0.45, z = 15.57, p < 0.05), with 16 of 25
individuals having a conspecific as their nearest neigh-
bor. Gregarious settlement of larvae in response to
chemical cues associated specifically with conspecific
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adults is the most likely explanation for this pattern of
dispersion, given substantial preferential settlement in
response to live adult conspecifics in laboratory exper-
iments (e.g. Scheltema et al. 1981, Toonen 1993, Too-
nen & Pawlik 1994, 1996). Gregarious settlement of
marine invertebrates has been extensively studied
(e.g. Burke 1986, Pawlik 1992a), but the mechanisms
by which aggregations are initiated on previously
uninhabited substrata have received much less atten-
tion. We are interested in the infrequently addressed
question of how monospecific aggregations of species
with gregarious larvae first form. Decreased substra-
tum-specificity over the planktonic lifespan was first
proposed by Knight-Jones (1951, 1953) and Wilson
(1953) to account for those larvae that initiate aggrega-
tions. Our results provide no support for this hypothe-
sis. If gregarious larvae that colonize uninhabited
substrata are the result of decreased substratum-speci-
ficity, settlement on biofilmed slides should occur only
with larvae that have had their planktonic lifespan pro-
longed, and that have never previously encountered
conspecific adults. The present study provides evi-
dence that, for H. dianthus at least, settlement in
response to biofilm and conspecifics begins concur-
rently, and does not differ in magnitude for the first
couple of days post-competency (see Days 4 and 5,
Fig. 2). Furthermore, the proportion of larvae settling
in response to biofilm throughout the planktonic
period did not differ regardless of previous exposure of
larvae to any combination of these experimental sub-
strata (Fig. 3). In direct opposition to the predictions of
the desperate larva hypothesis, settlement of larvae in
response to biofilm and conspecifics occured similarly
among cultures with no previous exposure to experi-
mental substrata (Fig. 4C), previous exposure to bio-
film only (Fig. 4B), and even in cultures in which the
entire population of larvae had previously been ex-
posed to both conspecifics and biofilm daily (Fig. 4A).
These results indicate that, if anything, larvae of H.
dianthus become more substrate-specific throughout a
prolonged planktonic period as larvae cease to settle in
response to biofilm, but continue to settle in response
to live adult conspecifics (Figs 3 & 4). This result is most
likely explained by the culling of those larvae willing
to accept biofilm as a suitable cue for settlement. Meta-
morphosis of larvae in response to biofilm occurred
primarily within the first 6 h of the 24 h assay period
(Fig. 5), whereas metamorphosis in response to con-
specifics peaked during the final 6 h (i.e. 18 to 24 h).
One potential explanation for the observed difference
in settlement is that there may be a relationship
between the time required to complete settlement and
metamorphosis and the number of cues which larvae
assess in making the decision to accept or reject that
substratum. Alternatively, larvae may take longer to

encounter the source of cue production associated with
adult conspecifics, whereas larvae responding to a
bacterial cue are more likely to encounter the source
with greater frequency. To the best of our knowledge,
there is currently no data to support or deny the exis-
tence of such a relationship, although other authors
have shown similar differences in response time
among groups of larvae, and invoked a similar rela-
tionship to account for more rapid settlement in
response to certain substrata than others (e.g. Mackay
& Doyle 1978). This remains a subject worthy of further
attention, and as studies on the physiological basis of
larval response to metamorphic cues become more
sophisticated and approach the functional mechanisms
by which settlement of larvae is stimulated, our under-
standing of data such as these will be greatly advanced
(e.g. Holm 1990, Pawlik 1990, Fenteany & Morse 1993,
Carpizo-Ituarte & Hadfield 1998, Pechenik & Qian
1998, Beckmann et al. 1999, Unabia & Hadfield 1999).

Research on the congeneric worm Hydroides ele-
gans has found that larvae of this species settle in
response to a cue derived from a number of common
marine bacteria (Bryan et al. 1998, Beckmann et al.
1999, Harder & Qian 1999, Unabia & Hadfield 1999).
Harder & Qian found that both bio-organic films and
extracts from conspecific H. elegans and from the
arborescent bryozoan Bugula neritina all induced
rapid settlement, and traced activity to a series of dis-
solved free amino acids (DFAA). Beckmann et al.
found a significant correlation between rate of DFAA
reduction, bacterial film development and larval meta-
morphosis in 24 h larval settlement assays with larvae
of H. elegans, but concluded that induction by the bac-
terial film rather than perception of DFAA directly trig-
gers larval settlement. The authors went on to argue
that if putative signaling compounds, such as DFAA or
the exudates from live conspecific worms, serve as a
source of nutrition for inductive bacterial strains, then
there is a systematic error introduced into any explicit
investigation of the efficacy of metamorphic inducers
(Beckmann et al. 1999). Fortunately, we see no evi-
dence for such an effect here; switching the glass
slides used as the substrate for these assays and
repeating assays did not significantly alter the propor-
tion of larvae settling in response to biofilm and con-
specifics, and an examination of the bacterial commu-
nities on a number of slides previously assigned to
biofilm and conspecific treatments did not reveal any
consistent differences in the microbial community pre-
sent (Esham & Toonen unpubl. data). We did en-
counter a couple of biofilmed slides in the course of our
experiments which elicited settlement nearly equiva-
lent to that observed in response to conspecific slides,
but were unable to isolate the cause of the high settle-
ment; although we did discover that an unidentified



112 Mar Ecol Prog Ser 224: 103-114, 2001

rod-shaped bacterium was consistently present, we
were unsuccessful at culturing and repeating the high
proportion of settlement in response to either pure cul-
tures of these rod-shaped bacteria or nonspecific cul-
tures of bacterial films isolated from these slides
(Esham & Toonen unpubl. data). Unlike response to
the unidentified bacteria, response to conspecific-
inhabited-substrata was consistently repeatable, and
the cue could be both extracted and consistently
shown to induce settlement (Toonen & Pawlik 1996). A
similar result was obtained with the congeneric worm
H. ezoensis, in which extractions of aggregations of
conspecifics were found to contain a novel monoacyl
glycerol that induces larval settlement (Okamoto et
al. 1998, Watanabe et al. 1998). However, unlike H.
dianthus and H. ezoensis, aggregations of H. elegans
may not result from gregarious settlement of larvae,
and the specific chemical and hydrodynamical cues
leading to aggregation in this congener remain a sub-
ject of controversy (e.g. Bryan et al. 1997, 1998, Lau
& Qian 1997, Walters et al. 1997, Carpizo-Ituarte &
Hadfield 1998, Beckmann et al. 1999, Harder & Qian
1999, Unabia & Hadfield 1999).

Our experiments provide the data to reject the des-
perate larva hypothesis for the initial colonization of
substrata by larvae of the gregarious tubeworm
Hydroides dianthus. However, our data do not provide
us with an unambiguous explanation for nongregari-
ous settlement by larvae of this species. There remain
a number of other hypotheses which could account for
the initial colonization of previously uninhabited sub-
strata by larvae of a gregarious species. First, larvae
may simply have an imperfect ability to assess the suit-
ability of substrata and some individuals essentially
make a mistake in their choice of substrate as a result.
Under this error variance hypothesis, all larvae are
searching for the same specific habitat-suitability cues,
but each individual has some probability of incorrectly
assessing the cues present. Given that the number of
errors made by individuals should be independent of
time (unless larvae are capable of learning: see follow-
ing sentence), there should be no fixed relationship
between settlement of larvae on substrata of each type
and time in the plankton. A second possibility is that
larvae are initially incapable of assessing habitat suit-
ability without error, but are capable of remembering
previous encounters with substrata, and that this learn-
ing allows larvae to become better at selecting conspe-
cific-inhabited substrata with time. A third possibility
is that larvae are again all searching for the same habi-
tat cues, but require some minimal developmental time
in which to develop the necessary physiological or
sensory machinery to properly assess habitat suitabil-
ity. Under the developmental constraint hypothesis,
larvae are constrained to making their choice based on

incomplete or inaccurate sensory input early in the
competent period, but become more proficient at habi-
tat assessment as they continue to develop. A final pos-
sible explanation is that larvae have an innate prefer-
ence for different substrata and that settlement in
response to biofilm should not be viewed as a mistake
by the larvae of a gregarious species, but rather a poly-
morphism in individual larval settlement preference.
Individual larval settlement preference may be the
result of differences in larval energetic condition,
maternal provisioning, or the result of some heritable
genetic effect.

We currently lack the data and ability to conclusively
test these hypotheses. However, we hope that as the
physiological basis for larval settlement becomes bet-
ter understood the ability to distinguish among them
will someday be available. We believe that our data
indicate that some hypotheses are unlikely explana-
tions for the initiation of aggregations of Hydroides
dianthus, but we cannot currently reject any of them.
Given our current data, we feel that the learning and
the error-variance hypotheses are particularly unlikely
to account for both the similarity and consistency of
settlement patterns among larvae previously exposed
to varying combinations of the experimental substrata.
An examination of a number of obvious life-history
correlates and larval feeding regimes suggests that
decreased substratum-specificity is not associated with
environmental factors, maternal state or larval ener-
getic state (Toonen & Pawlik 2001a, this issue). We
have also undertaken a selection and cross-breeding
experiment to examine the heritability of larval settle-
ment preference, and we have found that the estimate
of heritability for larval settlement on biofilm is unex-
pectedly high (Toonen & Pawlik in press). The most
likely explanations for the pattern of nongregarious
settlement among the larvae of this gregarious tube
worm appear currently to be either developmental
constraint or polymorphic settlement response, espe-
cially given that we have found the proportion of
founders in a given clutch to be a highly heritable trait
(Toonen & Pawlik in press). Further research into dif-
ferential settlement of the larvae of gregarious species
is likely to provide greater understanding of the pro-
cesses governing the initiation and persistence of
monospecific aggregations of nonclonal marine inver-
tebrates.
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