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were captured by the cirri in the same manner and were taken into the mantle cavity,
but were expelled in most cases (Fig. 2). Rejected larvae of B. neritina were cast forcibly
in the rostral direction by the exhalent pulse of water, but were never observed to contact
the rostral plates (Fig. 2).

.- Fig. 2. Capture and rejection of B. neritina larva (indicated by arrow) by established B. eburneus. Photo-

graphs are taken from a single videotaped sequence of = 3-s duration. (A) larva is released from pipette

during cirral recovery stroke. (B) Cirri at their maximal extension. (C) Larva is captured by the cirri during
effective stroke. (D) Following an incomplete stroke, larva is ejected beyond shell in rostral direction.

Although we initially expected that differential predation should result in different
field-settlement patterns, laboratory data suggested that larval rejection could have the
same small-scale effect as larval consumption. Based on the feeding behavior of the
barnacles, we expected that settlement should be lower along the rostro—carinal axis
than on the lateral and carinolateral plates for both species.

A three-factor ANOVA of settlement data (expressed as recruits per barnacle,
irrespective of whether the barnacle was alive) showed significant differences between
species, between runs, and between living and dead barnacles (Table II). The direction
of the latter difference was opposite that predicted for a predation effect; more bryozoan
larvae settled on living barnacles than on the shells of dead barnacles (Fig. 3). There
were no significant interactions among any factors in the analysis (Table II). The
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absence of an interaction between “species” and “alive/dead” indicates that no differen-
tial predation effect is detectable at this scale. A priori ¢ tests (equal variance not
assumed) comparing settlement between living and dead barnacles within each species
and run were all nonsignificant (Fig. 3).

The data on small-scale distribution of settlers on barnacle shells were analyzed at
two scales with goodness-of-fit tests. At the larger scale (data pooled into four qua-

TaBLE 11

Three-way ANOVA comparing settlement densities of bryozoan larvae on living barnacles and empty
barnacle shells for two runs (data in Fig. 3).

7" Source of variation df ss Ms F P
Species 1 48.40 48.40 67.74 0.0000
Run 1 7.450 7.450 10.42 0.0029
Alive/dead 1 3.440 3.440 4.81 0.0356
Species X run 1 2.580 2.580 3.61 0.0663
Species x alive/dead 1 0.001 0.001 0.00 0.9672
Run x alive/dead 1 0.740 0.740 1.04 0.3165
Species X-Tun x alive/dead 1 0.310 0.310 0.43 0.5177
Error 32 22.900 0.720 - -
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Fig. 3. X + SD settlement densities of B. neritina and B. stolonifera larvae on living barnacles and dead
barnacle shells. A priori tests of live/dead differences are by ¢ tests in which homogeneity of variance is
not assumed. ANOVA is in Table IIL
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drants), all but one of eight analyses were nonsignificant. In Run 2, heavier settlement
of B. neritina than expected on the rostral and carinal plates of dead barnacles produced
the only significant pattern at this scale (Fig. 4). No significant patterns could be
attributed to predation by barnacles (Figs. 4, 5). -

Bugula neritina
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RUN 2
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Fig. 4. Diagrammatic summary of settlement distributions of B. neritina larvae on living barnacles and dead

barnacle shells at two scales. Each drawing represents a barnacle viewed from distal end with rostrum

toward top of page. Observed and expected (in parentheses) number of settlers are shown within each

region. Expected values were calculated on basis of relative projected surface areas. Regions producing large

Freeman-Tukey deviates are shaded; solid black regions had lower settlement than expected, hatched

regions had higher settlement than expected. Within each pair, drawing on left summarizes data at larger
of two scales and one on right divides each quadrant in half to represent data at smaller scale.

At the smallest scale, living barnacles generally had fewer settlers than expected on
the rostro—carinal axis (Figs. 4, 5). In all living-barnacle treatments with both species,
a significantly low number of settlers was found on the portion of the rostrum nearest
the feeding aperture. This pattern was not present in any of the dead treatments; indeed,
in three of the four analyses of settlement on dead barnacles, the deviation from expected
was positive rather than negative on the top half of the rostral plate (Figs. 4, 5). In Run
2, there were significantly fewer settlers (both species) than expected on the lower region
of the carinal plates of living barnacles. This is the region that underlies the cirri at the
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moment they capture food particles. Because both species of larvae are captured by the
cirri in the same way, this pattern could be attributed to the capture process for both
species.

Bugula stolonifera

LIVING BARNACLES

G=6688 G=19.207
ns. p<00l

DEAD BARNACLES

G=4639 G=I.I15 G=2605 G=15.295
ns. ns. n.s. _p<005

Fig. 5. Diagrammatic summary of settlement distributions of B. stolonifera larvae on living and dead
barnacle shells at two scales. See Fig. 4 for explanation.

DiscussioN

Scale has often been recognized as an important consideration in planning ecological
studies (Allen, 1977; Pielou, 1977; Dayton & Tegner, 1984; Butman, 1987; and others),
since processes occurring at one scale can be completely missed while sampling at
another (Allen, 1977). Many studies of infaunal and epifaunal recruitment have focused
on relatively small scales (e.g., Crisp, 1961; Standing, 1976; Woodin, 1976; Osman,
1977; Dean & Hurd, 1980; Sutherland, 1981; Young & Gotelli, 1988; and others). This
is appropriate where the processes producing settlement patterns (e.g., habitat selection,
flow processes near boundary layer) act within small areas (Butman, 1987), but Dayton
& Tegner (1984) have argued that ecologists limiting their studies to small scales because
of greater tractability may ignore large-scale processes (i.e., kilometers or hundreds of
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kilometers) which can provide insights into the biotic and abiotic environmental factors
influencing patterns at all scales.

Too often, the ecologist does not know at which scale a pattern should be sought,
even when he suspects that a process occurs. Pattern analysis, in which mathematical
evidence for aggregation is sought by repeatedly analyzing a set of data on ever-
increasing scales (Greig-Smith, 1964 ; Kershaw, 1973; Pielou, 1977), is one solution to
this dilemma. We have used a similar approach in the present study. After predicting
the patterns that should be produced by larval predators at three scales, we tested the
predictions by analyzing the data three times, using statistical methods appropriate to
each pattern and its respective scale. Thus, we expected that large-scale (between-
barnacle) predation effects should be manifest by statistically lower recruitment on live
barnacles than on dead barnacles, and that smaller-scale effects should appear as
differences between the regions influenced directly by the cirral feeding stroke and the
other regions of the shell. Within bryozoan species, there were no differences in settle-
ment density between living and dead barnacles, nor were there significant differences
among quadrants of the barnacle shells. Only by considering the smallest scale (qua-
drants divided into top and bottom portions) could an apparent predation effect be
documented. Thus, the measurable spatial effects of larval predation occurred only in
certain regions of the shell and within millimeters of the cirri.

Several recent studies have demonstrated that benthic filter-feeders have little or no
effect on settlement of epifauna or infauna (Young & Young, 1978; Peterson, 1982;
Maurer, 1983; Commito, 1987; Hunt et al., 1987; Young & Gotelli, 1988; Young, in
press). In most of these studies, settlement effects were sought on or in substrata
adjacent to predators, often where the predator feeding apertures were several
centimeters away from the substratum. It would be interesting to determine if greater
effects occur directly adjacent to the feeding aperture on the predator body proper. Hunt
etal. (1987) and Peterson (1982), both of whom obtained results similar to ours,
suggested that the effect of larval depletion by filter-feeders may be averaged over a large
area. Large-scale larval predation experiments are needed to test this hypothesis, but
such experiments are difficult to run with replication adequate to overcome spatial
variation in larval abundance.

We do not know what factors stimulate barnacles to reject B. neritina larvae (cf.
Anderson, 1981). Size (Fig. 1) and chemical composition are the two most likely
possibilities. B. Bingham (pers. comm.) has recently shown that larvae of B. neritina are
rejected by fishes that consume other particles much larger than bryozoan larvae. This
supports the hypothesis that defensive chemicals could be important. Because neither
species of larva swims fast enough to escape a barnacle feeding stroke, behavioral
defenses are probably not important.

Living barnacles had virtually the same effect on both vulnerable larvae of B. stoloni-
fera and invulnerable larvae of B. neritina. Both species occurred in smaller numbers
on the rostral and carinal plates than on the lateral plates or the carinolateral plates.
Based on the videorecords of barnacle—larva encounters, this is the pattern that one
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would predict. A larva of either species that encounters the portion of the water column
directly overlying the carinal plate has a high probability of being captured by the cirri
when the barnacle is feeding. Many of the larvae that are not captured are swept rapidly
in the posterior—anterior direction (i.e., from the carinal plate over the rostral plate) by
the currents set up by the sweep of the cirri. Captured larvae of B. stolonifera are
ingested; captured larvae of B. neritina are not. Nevertheless, the effect on spatial
distribution is similar for both species because rejected larvae are expelled forcefully
from the mantle cavity in the rostral direction. In other words, larvae of B. stolonifera
do not encounter the rostral plate because they are eaten, and larvae of B. neritina do
not encounter the rostral plate because of the force with which they are expelled during
the rejection process (Fig. 2). The few larvae that settled on the rostral and carinal plates
probably encountered these surfaces between feeding strokes or during periods of
inactivity.

The abundances of invertebrate larvae are determined by numerous interacting fac-
tors, including density and distribution of adults, mortality by physical and biological
factors, larval behavior, and dispersal processes (Jackson, 1983; Young & Chia, 1987).
Larval predation is often considered a major source of mortality (Thorson, 1950;
1966). For bryozoans and other species with extremely short-distance dispersal
(Jackson, 1983; Keough, 1984), benthic filter-feeders such as barnacles are probably
major predators. One might be tempted to infer low predation rates from our result
showing negligible predation effects on settlement patterns. This inference, however,
would be inappropriate. Any factors causing variability in larval abundance over the
spatial range of our experimental array could make predation immeasurable by
increasing within-treatment variance in the ANOVA. This could happen irrespective of
the number of larvae consumed by barnacles. Thus, our results do not contradict
Thorson’s (1950) statements concerning the importance of predation in larval wastage.
Because benthic bryozoan populations are “open” (sensu Roughgarden et al., 1985),
larval loss cannot be directly inferred from settlement densities or patterns.

Cowden et al. (1984), who documented differential larval predation by two species
of benthic filter-feeders, predicted that species-specific predation should have important
population and community consequences. The present test does not provide strong
support for the differential larval predation hypothesis. To the contrary, our data suggest
that predator—prey interactions involving larvae are probably less important than other
factors in determining small-scale abundance patterns of epifauna.
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