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INTRODUCTION

The white abalone Haliotis sorenseni is a large gas-
tropod in the family Haliotidae characterized by slow
growth and longevity (35 to 40 yr). It inhabits rocky
subtidal ocean waters off the west coast of North
America from Point Conception in California, south to
Punta Abreojos, Baja California, Mexico (Bartsch 1940,
Cox 1960). Long recruitment intervals, site fidelity,
fishing, poaching, disease, and habitat change have
contributed to its decline. Surveys of historic habitat in
the 1990s indicated that population densities had
dropped to 1.67 to 2.73 abalone ha–1, less than 0.1% of
the estimated pre-exploitation population size (Haaker

1994, Davis et al. 1996,1998). Reviews of the status of
the white abalone (Tegner et al. 1996, Hobday et al.
2000) ultimately led to its listing in 2001 as the first
endangered marine invertebrate under the Endan-
gered Species Act of 1976 (NMFS 2001).

As with other marine invertebrates with complex life
cycles including planktonic larvae (Scheltema 1971,
Johannesson 1988, Hohenlohe 2004), distribution of
abalone species has been attributed primarily to dis-
persal of the planktonic larvae (Prince et al. 1988,
Shepherd et al. 1992, Sasaki & Shepherd 1995). Ben-
thic juveniles and adults are mostly sedentary, al-
though they are capable of moving over some distance
in search of food (Shepherd 1973, Tegner & Butler
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1985a) or to form seasonal spawning aggregations (Ino
1980, Shepherd 1986, Nie 1992). These life stages are
restricted to rocky bottoms and rarely move more than
10s of m. This movement likely contributes little to
abalone dispersal (Momma & Sato 1969, Koike et al.
1970, Poore, 1972, Shepherd 1973, Beinssen & Powell
1979). There is still sparse information for many
abalone species regarding the connection between lar-
val dispersal and gene flow to other populations. For
some marine invertebrates the role of pelagic larval
dispersal in population genetics may be overestimated
(Burton 1983), and pelagic larval dispersal may not
maintain gene flow among conspecific populations
(Hedgecock 1986). Other mechanisms for dispersal
may be of greater importance, especially in species
such as abalone that have a relatively short larval
duration. Dispersal of abalone larvae may be limited
by a planktonic larval duration of 6 d at 15°C for the
larvae of white abalone (T. B. McCormick & J. Brogan
unpubl. data). Drift studies in the Southern California
Bight have implied that short larval lifetimes are insuf-
ficient for regular connections between island and
mainland abalone populations (Tegner & Butler 1985b)
because transit times in either direction between the
Channel Islands and the mainland are at least 14 to
18 d (Hobday 2000a).

Adult white abalone, like other abalone species, are
dependent upon macroalgae as their main source of
nutrition (Tutschulte & Connell 1988, Karpov et al.
2001). At depths of 20 to 60 m they inhabit rocky reefs
or solitary outcrops adjacent to the sand–rock inter-
face (Cox 1960, Tutschulte 1976) where they have
access to a supply of drifting fragments of macroalgae,
hereafter called drift algae, carried by currents. Like
other sedentary marine herbivores, abalone catch
algae that drift within their reach by lifting the anterior
portion of their foot to grasp the algae (Momma & Sato
1969, Poore 1972, Shepherd 1973). Drift algae is often
abundant in subtropical and temperate environments
(Josselyn 1977, Holmquist 1994, Hobday 2000a) and
may be transported over long distances by tides and
currents, providing a mesoscale dispersal mechanism
(Highsmith 1985, Hobday 2000b). In the Southern Cal-
ifornia Bight, macroalgae, most often the giant kelp
Macrocystis pyrifera, is often ripped from rocky subti-
dal substrates by ocean swells and tides. Once dis-
lodged, the kelp plants trail hold fasts and blades along
the bottom until moving into deeper water. Thousands
of drifting kelp rafts are found in the bight throughout
the year.

Rafting on drift algae plays a role in the worldwide
distribution of benthic marine invertebrates (e.g. gas-
tropods, amphipods, echinoderms, and holothurians),
many of which may brood their young and lack a larval
stage (Johannesson 1988, Hobday 2000b, Hohenlohe

2004). Documented examples of such transport already
exist for benthic invertebrates (Santos & Simon 1980,
Stoner 1980, Gunnill 1982, Herrnkind & Butler 1986,
Bushing 1994, Holmquist 1994, Hobday 2000b, Sponer
& Ray 2002) and fishes (Kulczycki et al. 1981). Con-
cealment on or within drift algae may greatly reduce
predation during the dispersal period (Heck & Thoman
1981, Smith & Herrnkind 1992, Hobday 2000b). A
review by Thiel & Gutow (2005) indicates that over
1200 species of marine and terrestrial organisms use
rafting as a dispersal mechanism.

Observation of 1 to 3 yr old white abalone raised in
our hatchery revealed 2 behaviors that may provide
an alternative long-range dispersal mechanism. Juve-
nile and young adult white abalone assume a ‘stand-
ing’ position in response to the presence of some drift-
ing substrates. Many then ‘climb’ onto fragments of
drifting giant kelp, other benthic macroalgae, and
drifting substrates in flumes. Such behavior has not
previously been described for any abalone species.
Post-metamorphic dispersal by drifting is actively ini-
tiated by foot lifting in another species of marine gas-
tropod (Martel & Chia 1991, Martel & Diefenbach
1993). Dispersal of white abalone on fragments of drift
algae may be facilitated by an additional locomotor
behavior following foot lifting that is used during
feeding.

Behavior that enables juvenile and early adult aba-
lone to use drift algae as a means of dispersal has
not previously been documented for any of the
56 extant species of abalone. As a transport mecha-
nism, drift algae could greatly extend the distribution
of benthic stage individuals and groups of white
abalone, compared to their primary locomotor behav-
ior of gliding on a muscular foot over the benthos.
Contrary to the general belief that the larval stage is
the only vector for long distance dispersal, our obser-
vations revealed that young white abalone sponta-
neously move onto drift algae in the laboratory. The
purpose of this work was to describe the rafting
behaviors of small (shell length <40 mm) white
abalone in the laboratory and to discuss the signifi-
cance of these behaviors on white abalone popula-
tion distribution and the location of adults within the
benthic habitat. Specifically, laboratory experiments
tested the following hypotheses: (1) there is no sig-
nificant difference in frequency of rafting behavior
relative to type of substrate; (2) there is no significant
difference in frequency of rafting behavior relative to
size of the substrate; (3) there is no significant differ-
ence in frequency of rafting behavior between white
Haliotis sorenseni and red H. rufescens abalone; and
(4) there is no significant difference in the size of
young abalone relative to the duration of attachment
to the rafting substrate.

226



McCormick et al.: Macroalgae as a white abalone dispersal mechanism

MATERIALS AND METHODS

Prior to being listed under the Endangered Species
Act, adult white abalone were collected in 2000 from
southern California offshore waters by the California
Department of Fish and Game, brought into the Or-
mond Beach Mariculture Hatchery in Oxnard, Califor-
nia, and spawned to produce animals as the beginning
of a population restoration effort (NMFS 2001) Postlar-
vae were fed on a mixed community of diatoms (Navic-
ula spp., Nitzchia spp., Amphora spp.), bacteria, and
monostromatic algae (Myrionema sp., Uvella spp.)
(Seki 1980). Juveniles were fed giant kelp Macrocystis
pyrifera, feather boa kelp Egregia menziesii, and culti-
vated Pacific dulse Palmaria mollis. Cultivation tanks
were located outdoors under 75% shade cloth and ex-
perienced a natural photoperiod with low levels of
indirect lighting at night.

White abalone drift substrate preference. Drift sub-
strate preference was tested using an apparatus con-
sisting of 4 plastic flumes (Wildish & Kristmanson
1988), each 2.1 m in length. Each flume was 16 cm
wide and filled with seawater to a depth of 12 cm. New
and recirculated seawater first passed through a
packed column to maintain dissolved oxygen at or near
saturation. Water then passed through a series of baf-
fles that resulted in laminar flow as it entered the 4
flumes. Water from the flumes flowed to a holding
tank, where it was pumped by a 1.5 hp pump back to
the packed column. Filtered seawater was added to
the system at a rate of 57% system volume h–1, pre-
venting the build up of metabolites. Seawater velocity
in each flume was 10 cm s–1, a speed within the range
measured in other drift algae environments (Holmquist
1994) and for flows measured in the California Current
in southern California (Brink & Muench 1986). Once
placed in the head of each flume, drift substrates took
20 s to pass down the 2 m test section. Dissolved oxy-
gen concentrations were consistently above 95% satu-
ration. Seawater temperature ranged from 15.3 to
17.3°C. Flumes were located indoors; the only light
source during trials was a red 25 W incandescent light
bulb suspended 1.4 m above the top of the flume to
approximate nocturnal conditions as closely as possi-
ble. Flumes were drained and air dried between
nightly trials. Tests were conducted over a period of
2 wk in April 2003 and again in November 2006.

For each flume trial, 400 hatchery-raised abalone were
randomly selected from a culture tank holding 2000
white abalone, each 16 to 40 mm in shell length (0.6 to
7.0 g total wet weight ind.–1). After sunset, a period when
abalone are most active (Uki 1981), 100 abalone were
randomly placed in each of the 4 flumes and allowed to
acclimate for 30 min prior to the first trial. The density of
abalone in the flume, equivalent to 125 abalone m–3, was

high to ensure that some abalone would come in contact
with the drifting substrate as it brushed against the bot-
tom and sides of the flumes. Four drift substrates were
tested: 3 brown algae including 2 that are consumed by
abalone (giant kelp Macrocystis pyrifera and feather boa
kelp Egregia menziesii); 1 not consumed by abalone,
Cystoseira osmundacea; and 1 synthetic, a flat piece of
black butyl rubber (bicycle tire tube) similar in size and
shape to a blade of giant kelp. A large and small version
of each test substrate was used; the size was standard-
ized on the basis of the mean wet weight of single or dou-
ble M. pyrifera blades including pneumatocyst and con-
necting stipe (total weight was 13 or 25 g respectively).
Equivalent wet weights of E. menziesii, C. osmundacea,
and rubber were used. White abalone readily consume
M. pyrifera and E. menziesii in our hatchery but neither
C. osmundacea nor (presumably) rubber. Test substrates
were released at the head of each flume and were car-
ried by the current to the downstream end. The choice of
substrate type and size for each trial was randomized, re-
sulting in 60 to 160 trials of each (Table 1). A trial is de-
fined as one substrate drifting down one flume. Abalone
behavior was observed and recorded during each trial.
Occasionally a drift substrate was caught by multiple
abalone and lodged in a stationary position. If no move-
ment was detected within 15 s, the drift substrate was
gently pushed forward with a plastic pipette to ensure
that the substrate traversed the entire flume. Each drift
substrate was removed upon reaching the end of the
flume. Attached abalone were counted, removed from
the drift substrate, and then replaced in the flume. Fif-
teen minutes were allowed between trials to minimize
effects of the previous trial. Abalone that had been re-
placed in the flumes showed behavior similar to that of
animals that had not moved onto the substrates. Algae
substrates were discarded after each test. Rubber sub-
strates were rinsed in fresh water and reused. At the end
of the evening’s testing all abalone were returned to the
culture tank.

Behavioral differences between white and red aba-
lone. Juvenile red abalone (average 17 mm shell length)
were tested in a second flume array to determine if they
would display the same behavior as white abalone.
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Table 1. Haliotis sorenseni . Number of flume trials with white
abalone offered different substrates. Each trial consists of
100 abalone placed in a flume. Small pieces of substrate 

weighed 13 g; large pieces weighed 25 g

Substrate type Number of trials
Large Small

Cystoseria osmundacea 60 89
Egregia menziesii 65 85
Macrocystis pyrifera 65 115
Rubber substrate 75 160
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Stocking densities of 93 to 100 abalone per flume were
used. Current speed, dissolved oxygen levels, and tem-
peratures were the same as in trials with the white
abalone. Only 2 substrates, Macrocystis pyrifera and the
butyl rubber, were tested. Thirty-six trials were run with
kelp and 12 with rubber. The clean surfaces of the flume
may have an effect on mollusc behavior (Martel &
Diefenbach 1993). Flume tests were undertaken to com-
pare behavior of red abalone on clean surfaces and on
microalgae-covered fiberglass plates that had been in
constant use for years. These plates closely resemble
rock substrate covered with a community of diatoms,
bacteria, and crustose and other types of benthic algae.
White abalone of appropriate size were unavailable for
testing.

Attachment duration. A laboratory test was devel-
oped to determine the time that individual white
abalone would stay on a blade of kelp suspended in
the water column. A blade of Macrocystis pyrifera was
rinsed with freshwater to reduce possible infection
from rickettsia, then tethered at the pneumatocyst with
monofilament line, extending from above, at the center
of the water surface in a 0.64 m cube-shaped tank. The
blade extended downward from the floating pneuma-
tocyst. The length of the tether was adjusted to prevent
contact of the kelp blade with the tank walls or bottom.
Each of 6 tanks was filled to a depth of 41 cm with 133 l
of sand-filtered, UV-irradiated seawater. Each tank
received a seawater flow of 2 l min–1. An air stone pro-
vided additional oxygenation and constant mixing of

the water column. Tanks were located outside with a
natural day-night light cycle and covered with 80%
shade cloth, simulating subsurface daylight intensity at
depths of 2 to 5 m (Sverdrup et al. 1947). Abalone were
randomly selected from culture tanks, then measured
and weighed. Each trial began when a single abalone
was placed on a tethered kelp blade. The abalone posi-
tion on or off the kelp was noted each day. If the
abalone was off the kelp, the animal and kelp were
removed from the tank, which was then drained,
scrubbed with a brush, rinsed with fresh water and
refilled with seawater. A new blade of M. pyrifera and
a new individual abalone were then used for the next
trial. A total of 60 trials were run.

RESULTS

White abalone drift substrate preference

Once introduced to the flowing water of the flume,
abalone positioned themselves on the bottom and wall
surfaces throughout the length of the flume, moving
or remaining stationary. As Macrocystis pyrifera
floated down the flume, more than one-third of the
abalone assumed a standing position, extending the
body out as far as possible into the water at an
approximately 90° angle to the tank surface. Only the
posterior 10% of the foot remained in contact with the
flume. Fig. 1 illustrates this behavior. If contact was
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Fig. 1. Haliotis sorenseni. White abalone adapts a standing position as it prepares to climb onto a blade of giant kelp Macrocystis
pyrifera
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made with the kelp, the abalone would grasp it with
the anterior portion of the foot. For several seconds,
the abalone grasped both kelp and the tank. Some
abalone would then release their hold on the tank and
quickly move onto the floating kelp, which would
continue to drift down the flume. Frequency of stand-
ing behavior was dependent upon the type of test drift
substrate introduced in the flume. When Egregia
menziesii was introduced, fewer abalone displayed
standing behavior and fewer climbed onto it than
climbed onto M. pyrifera. There was little reaction to
Cystoseria osmundacea or the rubber. Up to 41% of
the abalone tested with M. pyrifera climbed onto the
kelp blade, whereas the maximum number of abalone
that climbed onto the other 2 species of algae was
much lower (up to 7% for E. menziesii and up to 16%
for C. osmundacea). In contrast, 3% or less climbed
onto the rubber substrate. The average number of
abalone that moved onto different test substrates rela-
tive to substrate size and composition is summarized
in Fig. 2.

The Mantel-Haenszel procedure of analysis of pro-
portions was used to test for homogeneity of odds
ratios between different test substrates and substrate
sizes. Analysis revealed that the odds ratios are not
homogeneous (p > 0.01, χ2

[3, 0.05] = 7.815); there was a
significant difference in the frequency of attachment to
the different test substrates. A Tukey’s HSD revealed
that significantly more abalone attached to Macrocys-
tis pyrifera than any other test substrate type (p < 0.01),
whereas Egregia menziesii, Cystoseria osmundacea,
and rubber were not significantly different (p > 0.3
in all cases). To assess the effect of the size of the
drift substrates on attachment frequency, a Between-

Subjects Effects test was conducted. The analysis con-
firmed a significant difference among test substrates
(p > 0.01; see Fig. 2) and revealed some difference
between sizes within test substrates (p = 0.144).
Smaller test Macrocystis and rubber substrates had
more abalone.

Behavioral differences between white and
red abalone

Red abalone did not display the standing behavior
observed with white abalone. In 48 trials (over 4000
opportunities for an abalone to interact with the test
substrates) only 2 red abalone moved toward the kelp
or contacted it with their cephalic tentacles. No red
abalone climbed onto the test substrates. The remain-
der of the abalone did not react to the approaching
drift algae but did move actively about the raceway.
There was no difference in red abalone behavior in
flume tests comparing behavior of red abalone on
clean surfaces and on microalgae-covered fiberglass
plates.

Attachment duration

In tests of long-term attachment to kelp blades sus-
pended in the water column, abalone remained on
tethered kelp blades for periods up to 51 d in low-flow
calm water laboratory conditions. The average dura-
tion on the kelp was 15 d, with 20% of the abalone
remaining for 30 d or more (Fig. 3). Abalone consumed
the kelp which they were drifting on, reducing the size
of the kelp blade each day. Regression analysis
showed high variability between shell length and the
time spent on kelp blades (R2 = 0.0386), but did show a
decreasing duration on kelp as shell size increased.

229

0

2

4

6

8

10

12

Large Small Large Small Large Small Large Small
Cystoseria Egregia Macrocystis Rubber substrate

Type of drift substrate

N
um

b
er

 o
f a

tt
ac

he
d

 a
b

al
on

e

Fig. 2. Haliotis sorenseni. Number of white abalone (mean
± SD), from a pool of 100 individuals, that ‘climbed’ onto dif-
ferent test substrates drifting down a 2.1 m long flume at a
velocity of 10 cm s–1. Controls consisted of pieces of rubber of
similar size and shape to Macrocystis pyrifera blades. Small
pieces of substrate weighed 13 g; large pieces weighed 25 g

y = –0.5378x + 32.648
R2 = 0.0386

0

10

20

30

40

50

60

20 25 30 35 40 45
Shell length (mm)

D
ay

s

Fig. 3. Haliotis sorenseni. Duration of white abalone attach-
ment relative to shell length when placed on a single blade of 

kelp suspended in the water column



Mar Ecol Prog Ser 362: 225–232, 2008

DISCUSSION

Hydrodynamics may play a role not only in the dis-
persal of larvae, but in the rafting of juvenile and small
adult white abalone on drift algae. Drift algae is sea-
sonally abundant in the habitat of many abalones
which may position themselves to catch this passing
food source (Shepherd 1973, Douros 1985). White
abalone behavior may be a mechanism that results in
their presence on drift algae with other species of ben-
thic molluscs, holothurians, and arthropods that use
this substrate as a dispersal mechanism in the Santa
Barbara Channel and Southern California Bight (Bush-
ing 1994, Hobday 2000a,b). Water velocities within the
California Current System may exceed 20 cm s–1 dur-
ing spring conditions (Nishimoto & Washburn 2002)
and nearshore eddies can exceed 30 to 45 cm s–1 in the
Southern California Bight (Sverdrup et al. 1947, Ano-
nymous 1991, Winant et al. 1991, Miller et al. 1999) for
durations of several days. At those speeds, drift algae
could travel 26 to 39 km d–1. Distances travelled at a
more moderate 15 cm s–1 could reach 13 km d–1. At this
speed, abalone that stayed on the kelp from 30 to 51 d
could possibly be transported from 389 to 661 km. Suc-
cessful transport of kelp rafts to another kelp forest
commonly extends up to 300 km and has been
reported over 1000 km (Hobday 2000a). A large num-
ber of kelp rafts are generated throughout the year in
southern California. Hobday (2000a) estimated kelp
raft density in the Southern California Bight between
39 000 and 348 000 rafts at any given time: 45% of
these rafts successfully encounter another kelp forest
after an average journey of 10 d (56 km). Kelp rafts that
encounter the substrate would provide opportunities
for abalone to move off the kelp onto the benthos.

Rafting on drift algae could greatly increase the dis-
persal distance of individuals and groups of abalone
colonists, and could also reduce their susceptibility to
some mortality sources, particularly predation, compa-
red to planktonic dispersal of larvae (Holmquist 1994).
Rafting on drift algae by individuals or groups of juve-
nile or early adult abalone increases dispersal times
from days to months and dispersal distances from 10s
to 100s of km. In the Southern California Bight, drifting
kelp rafts can persist up to 100 d (Hobday 2000b). In
our work, once white abalone were on a kelp blade
suspended in the water column, they displayed great
fidelity, remaining there up to 51 d, often until the
entire blade was consumed. Increasing the size of the
floating kelp from a single blade to a kelp raft would
increase the time the abalone remain adrift.

Over long time scales, rafting by individuals or
groups of juveniles or young adults on kelp could re-
sult in secondary recruitment at, and colonization of,
distant locations. Young, reproductive white abalone

(>20 mm, McCormick & Brogan 2003) such as those
tested here in the flumes are active enough to en-
counter and climb onto kelp trailing from kelp paddies.
Recruitment of rafting individuals could contribute to
heterogeneity of existing populations. In the flume and
in hatchery tanks, we observed multiple siblings raft
on a single kelp blade. Rafting of young white abalone
on kelp could explain the distribution of this species
whose entire distribution is within and to the south
of the Southern California Bight. Cyclonic onshore
eddies at the extremes of the abalone’s distribution
may retain both larvae and kelp-rafting juveniles and
small adults if they coincide with times when these life
stages occur in the water column.

Transport of juvenile or small adult white abalone by
drifting kelp rafts might provide a possible explanation
for location of the adults within the benthic habitat.
Recent surveys by Lafferty et al. (2004) and Butler et al.
(2006) found white abalone at depths of 43 to 60 m in
habitat consisting of low-relief rock outcrops or boul-
ders interspersed with sand channels. The flow of cur-
rents in these habitats accumulates drift Macrocystis
pyrifera and other algae at densities higher than the
rate of net production for the surrounding area (Tut-
schulte & Connell 1988). It is conceivable that ocean
currents transport both the drift macroalgae and young
abalone to these sites. Surveys of white abalone habi-
tat have failed to locate juvenile animals. It is plausible
that juvenile white abalone inhabit habitat that differs
from that of the adults, as Seki & Sano (1998) found for
abalone in Japan. This study examined the behavior of
abalone with shell lengths of 16 to 40 mm. We antici-
pate that as abalone become larger this behavior will
cease as the abalone become too heavy to ride on small
fragments of drift kelp.

We observed the greatest number of white abalone
assuming a standing behavior when Macrocystis pyri-
fera was introduced into the flume. Similarly, the grea-
test number of white abalone climbed onto M. pyrifera.
M. pyrifera comprises the greatest benthic algae bio-
mass in the Southern California Bight and as such is an
important food source, readily consumed by both red
and white abalone. It is possible that white abalone
detect a biochemical cue from the approaching kelp
which can trigger the standing and climbing behav-
iors. Our observations in the field and hatchery indi-
cate that red abalone may also detect a biochemical
cue from kelp, but do not display behaviors seen in the
white abalone.

We have demonstrated that juvenile and small adult
white abalone are prone to catching and riding on drift
Macrocystis pyrifera under experimental conditions in
the laboratory. Up to 41% with a mean of 6% of the
abalone in a test flume moved onto drifting blades of
M. pyrifera in less than half a minute. In the natural
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environment, abalone are nocturnally active, especial-
ly juveniles and young adults, moving out of cryptic
diurnal homesites to forage in the open (Tutschulte &
Connell 1988). Once suspended on kelp in the water
column, abalone could remain there for periods of time
that greatly exceed the duration of the larval stage;
therefore, neustonic transport could greatly exceed the
distance of larval transport. Future work testing dis-
persal of experimental rafts with abalone or analogs
having satellite tags or time-depth recorders could
substantiate the behaviors we observed.

CONCLUSIONS

This is the first demonstration that juvenile and
small adult white abalone display a behavior that
enables them to climb onto fragments of drift algae
and remain there for extended periods of time. Such
behavior, while seen in other benthic invertebrates,
has not been reported for any other abalone species.
Similar sized red abalone displayed no behavioral
response to the presence of drift algae. Once on drift-
ing kelp, currents may carry juvenile and small adult
white abalone from nursery areas to found new popu-
lations, or establish movement from one population to
the next. Rafting of white abalone to new areas may
be of particular importance in light of the low popula-
tion densities that now exist in much their former
range. Such migration of benthic juvenile or adult
invertebrates may play a greater role than larval set-
tlement in the rebuilding of populations following to-
tal defaunation (Pearson & Rosenberg 1978, Santos &
Simon 1980). Additional laboratory studies are nee-
ded to explore factors affecting this behavior. Field
work is needed to identify similar behavior in other
species of abalone and to demonstrate that algal raft-
ing occurs in coastal waters with sufficient frequency
to influence distribution.
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