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Settlement of a marine tube worm as a function of current velocity:
Interacting effects of hydrodynamics and behavior!
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Abstract

Settlement experiments were conducted with larvae of Phragmatopoma lapidosa californica (a reef-
building sabellariid polychaete) in turbulent flume flows (near-surface velocities of 5, 10, 15, 20, 25, 30,
and 35 cm s~') over a hydrodynamically smooth bed. Boundary shear velocities spanned the critical
shear velocity for initiation of particle motion and for suspended-load transport of passive larval mimics.
Larvae were allowed one pass over a sediment array with two treatments: tube sand, a natural inducer
of metamorphosis, and noninductive sand. Delivery of larvae to the array was the result of interactions
between the flow regime and larval behavior. At intermediate flows (15, 20, and 25 cm s™!'), where
numbers of metamorphosed juveniles and total animals (larvae + juveniles) in the array were maximal,
larvae tumbled along the flume bottom, as did the passive larval mimics. At slower flows, larvae actively
left the bottom and swam into the water, passing over the array. At the fastest flows, hydrodynamics
alone may have reduced settlement because larvae, like the mimics, were eroded from the bed and carried
as suspended load over the array or because enhanced turbulent mixing distributed larvae more evenly
in the water, thus reducing their concentration close to the bed. Once delivered to the substratum,
behavioral responses to chemical cues were ultimately responsible for metamorphosis; in all flows, >96%
of metamorphosed juveniles were in the tube sand, whereas most unmetamorphosed larvae were in

noninductive sand.

Explanations for the observed patterns of
distribution and abundance of benthic marine
organisms have shifted in the past decade from
those invoking postrecruitment mortality (dis-
turbance, predation, competition) to those in-
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voking prerecruitment phenomena (e.g.
Keough 1983; Sutherland 1990). In recent dis-
cussions of settlement processes, the relative
importance of physical and biological factors
has been widely debated (e.g. Woodin 1986;
Butman 1987; Pawlik 1992). There is, how-
ever, an emerging consensus that both biolog-
ical and physical processes can play important
roles in determining the ultimate distribution
of settled larvae, and the current challenge is
to delimit precisely when and where biology
or physics tend to dominate. Toward this end,
we recently began studying the settlement of a
reef-building polychaete worm, Phragmato-
poma lapidosa californica, under well-defined
flow conditions in a laboratory flume (Pawlik
et al. 1991).

P. [ californica constructs tubes of aggluti-
nated sand grains on hard substrata in the in-
tertidal and subtidal of southern California.
Site-specific settlement of the planktonic lar-
vae on adult tubes results in the formation of
aggregations and reefs (see Pawlik and Faulk-
ner 1986). Larvae of P. . californica are par-
ticularly well suited for flume experiments for
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several reasons. Larvae are easily reared to ma-
turity and delay settlement indefinitely in the
absence of the proper substratum (Pawlik
1986). Settlement occurs almost exclusively on
the sand of adult worm tubes (Jensen and Morse
1984; Pawlik 1986). Tube sand can be reliably
obtained by “farming” anterior tube segments
ofadult worm colonies. Larvae are large enough
(500-700 um) to be observed macroscopically
in the flume. Settlement results in an imme-
diate and specific morphological change (loss
of the provisional chaetae) so that larvae can
be distinguished from metamorphosed juve-
niles in preserved samples.

In our first set of experiments (Pawlik et al.
1991), larvae were offered five choices of sub-
strata at two flow speeds. In both flows, meta-
morphosed juveniles largely were restricted to
the sand treatments that had induced settle-
ment in single-choice, still-water experiments
(Pawlik 1986, 1988). The unexpected result,
however, was that significantly more larvae
and juveniles were present in arrays in the fast
flow. This result occurred even though the total
distance travelled by the water mass in the
flume was similar at both velocities. In addi-
tion, larval behavior was strikingly different in
the two flows. In fast flow, larvae bounced and
rolled over the flume bottom and presumably
were cumulatively delivered to the array dur-
ing multiple passes around the flume. In slow
flow, many of the larvae were observed near
the water surface or swimming in the water
column; these larvae passed over and were
never delivered to the array.

The two flow velocities chosen for our initial
experiments fell on either side of the critical
shear velocity required to initiate motion (4.,
of passive larval mimics (plastic spheres with
fall velocities within the range of downward
swimming speeds of competent larvae of P. /.
californica). Boundary shear velocities (u#4) in
these flume experiments were within the range
of those for typical tidal flows in coastal em-
bayments (Butman 1986). The vertically av-
eraged mean flow speeds were of the same or-
der as long-term averages for the southern
California shelf (Winant and Bratkovich 1981),
where reefs made by P. [ californica occur in
the shallow subtidal. Much faster flows than
those tested are frequent, however, over short
time scales due to local wind events (e.g. Win-
ant 1980) or to local effects of shoreline mor-
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phology and bathymetry (e.g. Geyer and Sig-
nell 1990). Moreover, our flume experiments
were not designed to simulate the very strong
oscillatory flows experienced by intertidal reefs
built by this species.

Our objective was to investigate larval set-
tlement responses of P. [. californica over a
wider range of steady, unidirectional flows than
tested previously and to include shear veloc-
ities exceeding the threshold for suspended-
load transport (Myss,) Of passive larval mimics.
Previous results (Pawlik et al. 1991) indicated
that behavioral responses of larvae resulted in
low settlement when u, < Uy (of passive
larval mimics) and that settlement was en-
hanced under bedload-transport conditions. In
the present study, we hypothesized that when
Uy > Uy, (of passive larval mimics), settle-
ment should decrease due to hydrodynamical
processes alone. For example, if larvae acted
like the mimics in fast flow, they would be
unable to attach because of high boundary shear
stress and would be distributed more evenly
in the water column by enhanced turbulent
mixing, perhaps reducing their probability of
encountering the bottom.

The experimental design of this study was
refined and simplified in three important re-
spects relative to previous experiments (Paw-
lik et al. 1991). First, experiments were con-
ducted in a much larger flume specifically
designed to generate highly one-dimensional
flows for surface velocities of ~5-100 cm s™!
(Trowbridge et al. 1989). Second, larvae were
allowed only a single pass over the array and
were captured at the end of the channel so they
would not recirculate. This modification elim-
inated any uncertainty regarding the time re-
quired for larval response, because cumulative
settlement on multiple passes over the array
could not occur. Third, the sediment array was
simplified to a 2 X 2 latin square design with
two sediment treatments, tube sand (the nat-
urally occurring substratum that induces set-
tlement) and filmed sand (a noninductive con-
trol).

Methods

Larval culture—Colonies of P. [. californica
were collected in September 1990 in the rocky
intertidal at the foot of Ladera Street on Point
Loma (San Diego, California) and transported
to Woods Hole Oceanographic Institution
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(Massachusetts), where they were maintained
in aquaria supplied with 18°C flowing seawa-
ter. Five batches of larvae were raised from
adults spawned on 26 September and 10, 22,
26, and 30 October 1990. Adult worms
spawned when removed from their tubes (see
Pawlik 1986, 1988); gametes from several fe-
males and males were used for each spawning.

Larvae were cultured as described by Pawlik
(1986, 1988) with minor modifications. Swim-
ming trochophores were separated from un-
fertilized gametes and transferred to gallon (~4
liters) jars filled with 3 liters 0of 0.45-um filtered
seawater containing a 1:1 mixture of the di-
atom Phaeodactylum tricornutum and the fla-
gellate Paviova lutheri at ~10° cells ml~!. The
contents of each culture jar were gently swirled
by a slow stream of bubbles from the tip of a
pipet attached to an airline. Cultures were
maintained in a 20°C constant-temperature
room under fluorescent lamps set at 14:10
L/D. Jars were cleared and media changed
every other day. Under these culture condi-
tions, >80% of the larvae became competent
to metamorphose after 20-25 d (see Pawlik
1986, 1988). Five batches of larvae were used
for the experiments, with each batch used over
the course of 3 d or less. Experiments began
when the larvae were 37-, 30-, 26-, 28-, and
33-d old, respectively (see dates of spawning,
above).

Experimental conditions—Experiments were
carried out in the 17-meter flume (see Butman
and Chapman 1989; Trowbridge et al. 1989),
a recirculating, temperature-controlled, sea-
water flume located in the Coastal Research
Laboratory of Woods Hole Oceanographic In-
stitution. Flow through the flume channel (0.6
m wide and 17.3 m long from the flow straight-
ener to the weir; filled to 12 cm with 1-um
filtered seawater for these experiments) was
driven by a centrifugal pump. Seawater in the
flume was kept at 20°C by thermostatically
controlled heat exchangers.

Each flow was tested in a separate flume run
with larvae from each of five batches. For each
run, 2,000 larvae were introduced to the flume
by pouring them into a funnel and through a
23-cm length of Tygon tubing (0.7-cm i.d.) that
emerged from the upstream flow straightener
(a vertical baffle composed of cells 1.2 x 1.2
X 7.5 cm long) so that the tube opening was
1.5 cm downstream from the baffle and 3 cm
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above the center of the flume bottom. From
this point, larvae travelled 12.75 m over the
polyvinylchloride bottom before reaching the
acrylic plate containing the sediment array. The
four square depressions of the 2 X 2 array,
recessed into the bottom, were 5 cm on a side,
0.3 cm deep, with a 0.3 cm space between
adjoining squares. Each depression held 9+1
g of sand (Ottawa sand, 20-30 mesh, Fisher
Scientific) when filled to the level of the bottom
(see description of sand treatments, below). The
array was centered in the flume with one side
(row 1, see below) facing the flow. A vertical
weir was located 4.65 m downstream from the
array. Larvae were captured in a 100-pum-mesh
plankton net placed over the channel terminus,
downstream from the weir.

Each experiment was run for 3 h, then the
pump was turned off, the channel allowed to
drain slowly, and the contents of each of the
four depressions removed by suction and pre-
served in a solution of 70% ethanol dosed with
Rose Bengal stain. After 1 h or more, each of
the four samples was rinsed in tapwater, par-
titioned on 100- and 300-um sieves, spread on
a Petri dish under a dissecting scope at 15 X
magnification, and the numbers of metamor-
phosed juveniles and unmetamorphosed lar-
vae counted. As previously mentioned, larvae
of P. I. californica retain their provisional chae-
tae and are easily distinguished from juveniles.

The number of larvae remaining in the flume
channel at the end of an experiment was de-
termined for the last three of the five batches
oflarvae. For each flume run, after the channel
had drained and the array contents were re-
moved, the plankton net was cleaned and re-
placed, and residual water in the channel (e.g.
trapped in the seams between the false bottom
panels and the spaces between the panels and
channel walls) was rinsed into the net by run-
ning the pump at high speed with the weir fully
open. The contents of the net were preserved
and processed as for larvae in the array.

Variables —Larval settlement response as a
function of flow speed and u, was of primary
interest in these experiments. Near-surface (10
cm above the bottom) velocities of 5, 10, 15,
20, 25, and 30 cm s~ ! were tested with each
of the five batches of larvae; two of the five
batches were also tested at 35 cm s~!, but these
data were not included in the statistical anal-
yses. For each batch of larvae, the order of the



