
Journal of Sea Research 60 (2008) 176–183

Contents lists available at ScienceDirect

Journal of Sea Research

j ourna l homepage: www.e lsev ie r.com/ locate /seares
Active and passive migration in boring isopods Limnoria spp. (Crustacea, Peracarida)
from kelp holdfasts

Leonardo Miranda a, Martin Thiel a,b,⁎
a Facultad de Ciencias del Mar, Universidad Católica del Norte, Larrondo 1281, Coquimbo, Chile
b Centro de Estudios Avanzados en Zonas Áridas (CEAZA), Coquimbo, Chile
⁎ Corresponding author. Facultad de Ciencias de Mar,
Larrondo 1281, Coquimbo, Chile.

E-mail address: thiel@ucn.cl (M. Thiel).

1385-1101/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.seares.2008.06.002
A B S T R A C T
A R T I C L E I N F O
Article history:
 Many boring isopods inhab

Received 4 March 2008
Received in revised form 23 May 2008
Accepted 10 June 2008
Available online 18 June 2008

Keywords:
Kelp Forests
Kelp Holdfasts
Migration
Colonization
Burrow-dwelling
Rafting
Dispersal
Storms
El Niño
it positively buoyant substrata (wood and algae), which float after detachment,
permitting passive migration of inhabitants. Based on observations from previous studies, it was
hypothesized that juvenile, subadult and male isopods migrate actively, and will rapidly abandon substrata
after detachment. In contrast, reproductive females and small offspring were predicted to remain in floating
substrata and thus have a high probability to disperse passively via rafting. In order to test this hypothesis, a
colonization and an emigration experiment were conducted with giant kelp (Macrocystis integrifolia), the
holdfasts of which are inhabited by boring isopods from the genus Limnoria. A survey of benthic substrata in
the kelp forest confirmed that limnoriids inhabited the holdfasts and did not occur in holdfast-free samples.
Results of the colonization experiment showed that all life history stages of the boring isopods immigrated
into young, largely uncolonized holdfasts, and after 16 weeks all holdfasts were densely colonized. In the
emigration experiment, all life history stages of the isopods rapidly abandoned the detached holdfasts —

already 5 min after detachment only few individuals remained in the floating holdfasts. After this initial rapid
emigration of isopods, little changes in isopod abundance occurred during the following 24 h, and at the end
of the experiment some individuals of all life history stages still remained in the holdfasts. These results
indicate that all life history stages of Limnoria participate in both active migration and passive dispersal. It is
discussed that storm-related dynamics within kelp forests may contribute to intense mixing of local
populations of these burrow-dwelling isopods, and that most immigrants to young holdfasts probably are
individuals emigrating from old holdfasts detached during storm events. The fact that some individuals of all
life history stages and both sexes remain in floating holdfasts suggests that limnoriids could successfully
reproduce during rafting journeys in floating kelp, facilitating long-distance dispersal. We propose that the
coexistence of different modes of dispersal (short distance local migrations and long-distance regional
dispersal) within these kelp-dwelling isopods might be advantageous in an environment where
unpredictable El Niño events can cause extinction of local kelp forests.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Dispersal ofmarine invertebrates remains one of the least understood
processes in the marine environment. During recent years this topic has
received particular attention because reliable estimates of effective
dispersal distances are considered important for the design of marine
protected areas. Estimates of dispersal distances are often based on
indirect measures, namely the duration of the planktonic life history
stages (for most recent examples see e.g. Shanks et al., 2003; Carson and
Hentschel, 2006). However, results from an ever increasing number of
molecular studies on population connectivity in marine invertebrates
indicate that dispersal distances are not directly related to the duration of
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planktonic stages. For example, studies of species with indirect develop-
ment increasingly suggested that long-lived planktonic larval stages may
not necessarily result in long-distance dispersal (e.g. Baums et al., 2005;
Johnson and Black, 2006; Levin, 2006). Recent studies on species with
direct development confirmed a high potential for long-distance
dispersal, most likely via passive migrations on rafts, i.e. on floating
items (Waters and Roy, 2004; Donald et al., 2005). While molecular
studiesoffer important insights about theoutcomeof successful dispersal,
they provide relatively little information about the process itself.

Dispersal in the marine environment may be result of active or
passive migration behaviour of organisms (e.g. Palmer, 1988). Active
migration can involve walking or swimming from local source
populations to nearby new habitats (Perry, 1988; Franz and Mohamed,
1989; Kumagai, 2006; Munguia et al., 2007). Passive movements of
inquilines often occur when important ecosystem-engineering organ-
isms (mussels, corals, mangroves, saltmarsh plants, algae) are detached
from the primary substratum, thereafter being at the mercy of wind,
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waves and currents (e.g. Paine and Suchanek, 1983; Hobday, 2000;
Norkko et al., 2000; Brooks and Bell, 2001a; Salovius et al., 2005).

Active migrations are often undertaken by particular ontogenetic life
historystages,whileall stagesof apopulationmaybesusceptible topassive
migrations. In directly developing species, active migrations are often
undertaken by juvenile or subadult stages with adults (in particular
reproductive females) leading a more sedentary life style. Interestingly,
some of these organisms with direct development, when subjected to
passive migrations on floating items, may become transported over
extraordinarily longdistances. These long-distancemigrations can result in
successful dispersal because all life-history stages, including reproductive
females, are able to survive during these voyages (Thiel and Gutow, 2005).

Passive long-distance migrations can be expected for a number of
organisms that live in and on floating substrata. Animals that excavate
burrows into wood and macroalgae are most prone to be passively
dispersed once these substrata are detached andfloat awaywith currents.
Hill andKofoid (1927) suggested that boring isopodsLimnoria lignorum are
transported to new habitats via floating driftwood. Davidson (2008)
reportedpersonalobservationsof raftingdispersal ofSphaeromaquoianum
within an estuary. Theworldwide distribution of S. terebrans, which bores
intomangrove roots,was taken to infer long-distancedispersal viafloating
mangroves (Baratti et al., 2005). Rafting dispersal is frequently used to
explain thewide distributional ranges ofwood- or algae-dwelling isopods
and amphipods (Johnson, 1935; Svavarsson, 1982; Brooks, 2004).

Despite their high potential for passive rafting migrations, the
behaviour of wood- or algae-boring isopods and amphipods upon
detachment of their primary substratum from the bottom is not well
known. Experimental studies indicated that many holdfast inhabi-
tants disappear shortly after detachment (Kingsford and Choat, 1985;
Edgar, 1987; Vásquez, 1993). During the first day after detachment,
Edgar and Burton (2000) registered a strong decrease in numbers of
Limnoria carptora from holdfasts of Durvillaea antarctica: benthic
holdfasts often harboured more than 50 individuals, but detached
holdfasts that were tethered for one day near the sea surface (i.e.
mimicking floating plants) contained fewer than 5 individuals per
holdfast. These data suggest that most individuals rapidly abandon
holdfasts after detachment. Edgar (1987) also observed a decrease in
the abundance of Limnoria spp., but substantial numbers of isopods
also persisted in the holdfasts ofMacrocystis pyriferawhen these were
suspended in the water column. Since subadults and males of boring
isopods show a strong tendency for active migration (Eltringham and
Hockley,1961; Davidson et al., 2008) and subadults are themost active
colonists of new substrata (Brooks and Bell, 2001b), it is hypothesized
that the individuals that persist in the floating substrata are mainly
reproductive females. This would favour maintenance of local demes
in the floating holdfast during long-lasting rafting journeys and also
increase the chance of successful colonization after returning to the
shore, because ovigerous females release fully developed juveniles,
which can immediately colonize adjacent habitats.

In the present study we examined the migration behaviour of a
limnoriid isopod that excavates burrows in kelp holdfasts in order to
reveal whether subadults (and males) show a higher tendency of active
migration than reproductive females. In accordancewith this hypothesis
of stage-dependentmigration behaviour, we expected that colonization
of young holdfasts ismainly done by subadults andmales. Furthermore,
we hypothesized that detachment of kelp holdfasts induced active
emigration in subadults and males, but that females persisted in their
burrows in the holdfasts. In order to test thesehypotheseswe conducted
a colonization and an emigration experiment.

2. Materials and methods

2.1. Study organisms

The holdfasts ofmany large kelp are commonly inhabited by isopods
from the genus Limnoria (Menzies, 1957; Edgar, 1987; Cookson, 1991).
Along the Pacific coast of S America, these algae-burrowing isopods had
previously been identified as Limnoria chilensis (e.g. Elias, 1981; Thiel
and Vasquez, 2000; Thiel, 2003), but a recent molecular study suggests
the existence of divergent lineageswithin the genus Limnoria (Haye and
Marchant, 2007). Since the taxonomic identification of these lineages
has not yet been resolved, hereinwe refer to themas Limnoria spp. These
isopods burrow in the holdfasts of different algae, including Durvillaea
antarctica, Lessonia trabeculata, L. nigrescens,Macrocystis integrifolia and
M. pyrifera (Thiel and Vasquez, 2000; Thiel, 2003). Large holdfasts may
contain hundreds of individuals. The isopods excavate extensive
burrows in the holdfasts and feed on the algal tissues, similar as
described for wood-boring limnoriids (Cragg et al., 1999). Usually there
is one individual per burrow, but adult females may occasionally share
burrows with male partners or with their small offspring. Small
juveniles start to build their own burrows from within their mother's
burrow and based on this observation it had been inferred that they
might recruit directly into their natal holdfast (Thiel, 2003). No
observations on the migration behaviour of these isopods are available.

Three of the principal host algae of the isopods, D. antarctica, M.
pyrifera and M. integrifolia, have gas-filled structures and float to the
sea surface when detached from the bottom. These algae are also
frequently found floating along the Chilean coast (Macaya et al., 2005;
Hinojosa et al., 2006).

2.2. Study site and isopod population during the study period

The study was carried out during austral summer/fall (December
2005–May 2006) in a large kelp forest ofM. integrifolia in Playa Blanca,
Región de Atacama (28°11′18″S, 70°09′53″W) on the northern-central
coast of Chile. The kelp forest, which also contains patches of L.
trabeculata, has a long-shore length of approximately 1200 m. Common
understory algae are Halopteris sp., Dictyota kunthii, and Asparagopsis
armata (Buschmann et al., 2004).

The experiments and samplings were conducted by scuba-diving on
the shoreward side of the kelp forest, which is sheltered against the
predominant winds from the SE. Water depth in that part of the kelp
forest ranged from 2–5 m. Between January and May 2006, the
background population of Limnoria spp. at the study site was surveyed
to reveal the strength of the association of Limnoria spp. with kelp
holdfasts. During the same time period, a colonization experiment was
conducted to find out which life history stages immigrate into young
holdfasts. In December 2005, we conducted an emigration experiment
to reveal which life history stages actively emigrate in response to
detachment of giant kelp. In order to obtain all isopods from a holdfast,
these had to be sampled in the field and thereafter carefully dissected in
the laboratory. Consequently all samples taken herein were destructive
samples.

For the survey of the background population of Limnoria spp., we
took two types of benthic samples, (i) substratum containing a kelp
holdfast and (ii) substratum without a holdfast. Samples were taken
with a corer of 11 cm diameter (95 cm2 surface area). At random places
within the kelp bed, the corer was pushed into the algal substratum,
which was quickly detached and immediately placed into plastic bags.
Before taking substratum samples with holdfasts, we carefully cut off all
stipes, which was necessary to place the corer over the substratum. At
each sampling date (31 January, 4 April and 26May 2006), ten replicates
of each treatment (substratum with holdfast and substratum without
holdfast) were taken. In the substratum samples with holdfasts, there
were no significant differences in the wet weight of holdfasts between
the three sampling dates (31 January: 50.8±30.1 g, mean±S.D.; 4 April:
49.0±23.2 g; 26 May: 30.1±9.3 g; 1-way ANOVA, F=2.563, p=0.096).

2.3. Colonization experiment (young holdfasts)

The colonization of young holdfasts by isopods was monitored
over a time period of 16 weeks. At the beginning of the experiment



Fig. 1. Abundance (individuals 95 cm−2) of Limnoria spp. in holdfasts of fully developed
individuals of Macrocystis integrifolia during the three sampling dates (31 January,
4 April and 26 May 2006); box plots show median, 25% percentiles, and ranges; n=10
holdfasts per sampling date; data for benthic samples not containing holdfasts never
contained any isopods and are not shown.
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(31 January 2006), about 60 young holdfasts that appeared new
(lively green colour) and largely uncolonized by isopods were
marked with coloured cable ties. Immediately after marking the
holdfasts, we collected 8 of them in order to reveal the initial stage of
colonization. Nine weeks (4 April 2006) and 16 weeks (26 May 2006)
after these holdfasts had been marked we sampled another 8 and 7
holdfasts, respectively (at week 6, when there should have been
about 44 holdfasts left, we could only find 7 of the initially marked
60 holdfasts). After identifying a marked kelp individual for
sampling we carefully removed all the stipes without disturbing
the holdfast. We then placed a plastic bag over the remaining
holdfast, and carefully detached it from the substratum, using a dive
knife. Immediately after detachment the bag was closed over the
holdfast and sealed tight with a rubberband in order to enclose all
inhabitants of the holdfast. There were significant differences in the
wet weight of holdfasts between the three sampling dates (31
January: 70.6±15.6 g, mean±S.D.; 4 April: 123.2±33.0 g; 26 May:
72.7±22.4 g; 1-way ANOVA, F=11.372, p=0.001; post-hoc Tukey:
JanbAprilNMay); these differences were due to fast growth of
holdfasts in February/March, and between April and May holdfasts
were eroded substantially by the burrowing activity of isopods. Since
the intensely burrowed holdfasts in May were partly hollow, the
holdfast volumes (which included burrow volumes) showed no
significant differences between the three sampling dates (31
January: 69.6±29.7 ml, mean±S.D.; 4 April: 83.5±35.0 ml; 26 May:
58.1±22.7 ml; 1-way ANOVA, F=1.357, p=0.280).

2.4. Emigration experiment (detached algae)

The emigration of isopods in response to detachment of their host
algae was estimated in an indirect way. On 21 December 2005, we
detached holdfasts from adult algae and suspended them near the sea
surface, mimicking the conditions during natural detachment events,
i.e. when algae break off the bottom and rise to the sea surface due to
the buoyancy produced by their pneumatocysts. We cut off all the
stipes, then detached the holdfast with a dive knife, and slowlymoved
them to the sea surface where the holdfasts were attached to a surface
buoy. This procedure is comparable to natural detachment events,
where holdfasts are detached and pulled to the sea surface by the
positively buoyant kelp parts. Kelp individuals used for this experi-
ment came fromwater depths of 3–5 m and were suspended from the
buoys at about 20 cm below the sea surface, similar as seen in
naturally floating kelps. Holdfasts were sampled after intervals of 5,
15, 30, 60, 720 and 1440 min (5 replicates per time interval). Control
holdfasts were collected directly from the bottom with all their
original inhabitants. For sampling, a plastic bag was pulled over the
holdfast, which was then detached from the bottom or cut off from the
cable-tie, the plastic bag was quickly pulled over the entire holdfast
and closed with a rubberband. This procedure was done very carefully
and fast to avoid losses of isopods, but occasionally a few individuals
might have escaped during sampling. Once on the shore, the seawater
was carefully drained over a sieve to retain isopods that had left their
burrows during manipulation in the plastic bag. The bag then was
filled with 10% formalin for storage and later examination of the
samples.

2.5. Processing of samples in the laboratory

Preserved samples were washed over a sieve and left for 24 h in
seawater. We measured the holdfast volume based on the displaced
volume: a jar (1000ml)wasfilled to the rimwithwater, the holdfastwas
placed in the jar, the displaced water was gathered in a tray and its
volume determined. The holdfasts were thenweighed (wetweight) and
carefully dissected to extract the isopods from their burrows. All isopods
were collected and stored in 70% EtOH. Isopods were sexed and their
developmental stage determined. Males were identified based on
the presence of penis appendices and adult females were recognized
from the oostegites. We distinguished reproductive females with a fully
developedmarsupiumandembryos andnon-reproductive femaleswith
tiny oostegite buds not forming a complete marsupium. Small juveniles
(0.8–1.2 mm body length) and subadults (1.2–1.6 mm) were distin-
guished based on their total body length. For the measurements of the
body length, the isopodswere carefully stretched outwith a forceps.We
measured total body length from the anterior edge of the head segment
to the posterior end of the pleotelson with a measurement ocular in a
regular dissecting microscope.

2.6. Data analysis

The results of the habitat survey (benthic samples with and
without holdfasts) were presented as the number of isopods per area
(95 cm2), while for the analyses of the colonization and of the
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emigration experiments total isopod abundance was expressed as
individuals per 100 g algal tissue, thereby accounting for different
holdfast sizes. For the samples of the habitat survey and the
colonization experiment we conducted a one-way ANOVA to examine
whether sampling date had a significant effect on the total abundance
of isopods. Furthermore, we used contingency tables to examine
whether the proportions of developmental stages in the colonization
experiment differed significantly between the three sampling dates
(0, 9, and 16 weeks). In order to reveal whether floating duration had
an effect on the abundance of isopods during the emigration ex-
periment, we conducted a one-way ANOVA for each life history stage
with the factor floating period as independent variable (0, 5,15, 30, 60,
720, 1440 min floating period).

All analyses were conducted with SIGMASTAT 3.0. Data were log (x+
0.5) transformed to achieve homogeneity of variances if necessary. For
habitat survey and the colonization experiment we used the Tukey-test
to test for differences between sampling dates, and for the emigration
experiment we used Dunnett's test to compare between controls and
experimental treatments.

3. Results

3.1. Abundance and distribution of Limnoria spp. in the kelp forest

Isopods Limnoria spp. were only found in the benthic samples
with holdfasts. In the 30 samples of substratum without holdfasts
(mainly containing understory algae such as Asparagopsis armata
and Dictyota kunthii) that were taken between January and May
2006 we never found any limnoriids. In contrast, the substratum
samples with holdfasts contained large numbers of limnoriids
(Fig. 1). The total numbers of isopods per sample ranged from 1
individual 95 cm−2 to 134 individuals 95 cm−2 (see also Table 1).
During the latter part of the study period the number of limnoriids in
these samples increased, and in May we found significantly more
individuals in these holdfasts than in January and April (31 January:
39.0±32.9 individuals 95 cm−2, mean±S.D.; 4 April: 21.4±14.1
individuals 95 cm−2; 26 May: 70.8±36.5 individuals 95 cm−2; one-
Table 1
Total abundances of Limnoria spp. (a) in substratum samples with holdfasts, (b) in
young holdfast (marked 31 January 2006) during the colonization experiment, and
(c) in benthic control and suspended experimental holdfasts at the respective time
intervals after detachment

a)

Weeks n Min–max value Individuals 95 cm−2

0 (31 January 2006) 10 1–91 39±32.9
9 (4 April 2006) 10 4–48 21.4±14.1
16 (26 May 2006) 10 22–134 70.8±25.9

b)

Weeks n Min–max value Individuals 100 g−1

0 (31 January 2006) 8 9–35 16.4±9
9 (4 April 2006) 8 3–101 54.7±33.7
16 (26 May 2006) 7 57–224 130.2±55.5

c)

Time intervals n Min–max value Individuals 100 g−1

0 (control) 5 88–516 246.1±173.5
5 min 5 0.3–21 11.2±7.4
15 min 5 6–125 49.9±51.9
30 min 5 13–54 35.5±15.3
60 min 5 38–106 71.2±32
720 min 5 1–45 11.2±19
1440 min 5 7–87 44.5±35.2

Sample size, minimum and maximum value in the samples, and average±std are given.

Fig. 2. Abundance (individuals 100 g−1) of Limnoria spp. in holdfasts of young
individuals of Macrocystis integrifolia during the three sampling dates; holdfasts were
marked as young and uncolonized holdfasts on 31 January 2006; box plots show
median, 25% percentiles, and ranges.
way ANOVA, F=5.233, p=0.012; post-hoc Tukey: Jan=AprilbMay).
The main increase registered was among adult individuals (Fig. 1),
suggesting that immigration rather than reproduction may have
contributed to this increase in abundance.

3.2. Colonization experiment

All 8 holdfasts collected at the start of the experiment (0 week)
harboured relatively few isopods (Fig. 2), ranging from a minimum of
6 individuals (5 of which were males) to a maximum of 22 isopods in
one holdfast (corresponding to 35 individuals 100 g−1). The total
number of isopods in the holdfasts increased during the experiment,
from an initial value of 16.4±9.0 individuals 100 g−1 (31 January) to
54.7±33.7 individuals 100 g−1 (4 April) and reaching a value of 130.2±
55.5 individuals 100 g−1 at the end of the experiment (26May) (Table 1;
one-way ANOVA, F=12.832, p=0.001; post-hoc Tukey: Jan=Aprilb
May).



Table 2
Percentages of the different life history stages of Limnoria spp. during the colonization
experiment in Playa Blanca, northern-central coast of Chile

Weeks Non-reproductive
female

Reproductive
female

Males Subadults Juveniles

0 (31 January 2006) 26.7 18.0 50.7 3.7 0.9
9 (4 April 2006) 37.9 12.6 41.5 7.4 0.6
16 (26 May 2006) 34.8 11.5 36.8 10.8 6.0
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The proportions of the different life history stages (Table 2) varied
significantly between the three sampling dates (χ2=31.93; pb0.001).
Post-hoc comparisons between the subsequent sampling dates
showed that there were no significant differences between the first
and second sampling date (χ2=6.76; pN0.05), but they were sig-
nificant between the second and third sampling date (χ2=21.03;
pb0.001). These differences are due to the increase in juveniles be-
tween weeks 9 and 16 (χc

2=18.16; pb0.001).
Throughout the experiment, all size classes were found in these

new holdfasts (Fig. 3). Between the start of the experiment andweek 9
all size classes had increased in abundance, but juvenile and subadult
individuals (b1.6 mm body length) and small adults showed the
strongest increase. Between weeks 9 and 16, adults of the larger size
classes (2.4–3.2 mm) increased in proportion, possibly due to growth.
The growing number of juveniles in week 9 and in particular during
Fig. 3. Size frequency distribution of Limnoria spp. in holdfasts of young individuals of Macro
uncolonized holdfasts on 31 January 2006.
week 16 indicates increasing reproductive activity in these new
holdfasts (see also above and Table 2) — this is supported by ob-
servations of reproductive females with small juveniles in their
burrows, which we occasionally found during dissection of the hold-
fasts. The proportion of non-reproductive females increased over
time, while that of males decreased (Table 2).

3.3. Emigration experiment

Very high abundances of isopods Limnoria spp. were found in
the holdfasts that were collected directly from the bottom (Fig. 4).
During detachment of holdfasts from the substratum, the divers
immediately observed limnoriids crawling out of their burrows and
rapidly swimming away from the holdfasts. Most isopods swam
towards the bottom but some attached to nearby kelp plants or
even to the diver. Experimental detachment had a significant effect
on the total abundance of isopods in the holdfasts (one-way
ANOVA, F=30.952, pb0.001). Already 5 min after being suspended
at the sea surface, numbers of Limnoria spp. in the detached
holdfasts were significantly lower than in the benthic control
holdfasts. A large proportion of all developmental stages disap-
peared within the first 5 min. Thereafter, only minor changes in
isopod abundance were observed (Fig. 4). The total abundances of
isopods remaining in the experimental holdfasts represented about
5–20% of the abundances found in the control holdfasts (Table 1). In
each of the six temporal treatments (5, 15, 30, 60, 720, and 1440 min
cystis integrifolia during the three sampling dates; holdfasts were marked as young and



Fig. 4. Abundance (individuals 100 g−1) of Limnoria spp. inbenthic andsuspendedholdfasts
ofMacrocystis integrifolia at the respective time intervals after detachment and installation
at the sea surface; box plots showmedian, 25% percentiles, and ranges. Dunnett's test was
used as a post-hoc test to compare abundances between the control with the experimental
treatments; ≠ indicates significant difference between control and treatment.
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after detachment) at least 4 of the 5 replicate holdfasts contained
ovigerous females.

4. Discussion

The boring isopods Limnoria spp. are very abundant in kelp forests
along the Chilean coast, where they excavate extensive burrows in kelp
holdfasts. All life history stages of these isopods were found to
immigrate into young holdfasts. Similarly, upon detachment, members
of all stages rapidly emigrated from holdfasts, most of which will be
driven out of local kelp forests by currents and/or become stranded on
nearby beaches. The high migration activity in response to holdfast
detachment suggests highly dynamic movements of Limnoria spp.
within a local kelp forest. While the majority of the inhabitants quickly
abandoned their burrows when holdfasts were detached, some
individuals of all life history stages persisted in the holdfasts for at
least 24 h, possibly because they were unable to emigrate and excavate
new burrows in other holdfasts. During this time, currents might carry
some kelp rafts away from local kelp forests, and consequently these
residents of holdfasts might embark on long-distance journeys.

4.1. Active migrations of boring isopods

Migration of wood-boring isopods is thought to be induced by
intrinsic factors such as life history stage, sex, reproductive status (e.g.,
Henderson,1924; Kofoid andMiller,1927; Johnson andMenzies, 1956;
Eltringham and Hockley, 1961). Our data indicate that extrinsic fac-
tors (here detachment) also can induce active migrations in boring
isopods. After holdfast detachment individuals of all life history stages
quickly left their burrows. Interestingly, many of the reproductive
females (incubating embryos in their marsupium or juveniles in their
burrows) also emigrated actively from detached holdfasts. This
appears to be in sharp contrast with previous studies and with our
hypothesis, which suggested that ovigerous limnoriid females never or
only rarely migrate actively (Johnson 1935, Johnson and Menzies,
1956; Eltringham and Hockley, 1961). Active migration and coloniza-
tion of new habitats is mainly carried out by subadults, non-ovigerous
females andmales in boring isopods, but usually not by small juveniles
or ovigerous females (Eltringham and Hockley, 1961; Brooks and Bell,
2001b; Davidson et al., 2008).

The immediate reaction of all life history stages to detachment
suggests that it might be advantageous for isopods to abandon
detached holdfasts. Due to the rapid reaction of the isopods, this
active emigration usually occurs within the kelp forest. Limnoria spp.
are very agile swimmers (Henderson, 2000) and the individuals
emerging from detached holdfasts quickly returned to the bottom
(personal observations), where they are able to find new holdfasts as
habitat. This strategy might be advantageous because the majority of
detached holdfasts are typically deposited on nearby beaches (ZoBell,
1971), meaning certain death for holdfast inhabitants. Rapid emigra-
tion and return to the bottommay thus enhance the survival chances of
isopods. The fact that we never found Limnoria spp. in substratum
samples without holdfasts suggests that most isopodmigrants quickly
re-associated with holdfasts.

A few members of all life history stages remained in the holdfasts
(5–20% of the total holdfast population). The apparent advantages of
rapid emigration and return to benthic habitats suggest that those
isopods that remain in the holdfasts might have been unable to leave
at the moment of detachment. Possibly, these are individuals that
have recently molted and have not yet fully recovered their boring
activity. Theymight have a higher survival probability in their burrows
(even when holdfasts are detached) than on the outside.

Many burrow-dwelling isopods and amphipods are highly suscep-
tible to predators outside of their burrows (e.g. Perry, 1988). Conse-
quently, active migration is a risky enterprise and it usually occurs
during favourable time periods. For example, Saigusa et al. (2003)
revealed high swimming activity of Limnoria sp. (most likely L. lignorum
according to the authors) during night high tides. A study by Menzies
(1961) also indicated high nocturnal migration activity of L. tripunctata.
Our data confirm that at least during calmweather (when sampleswere
taken) there is little activemigrationduring the day. Interestingly, turbid
conditions during storms may diminish the predation risk of small
organisms (such as limnoriid isopods) swimming in the water column
(see e.g. De Robertis et al., 2003). Thus, isopods that migrate during
detachment events might experience low predation risk, even during
the day.

4.2. Detachment induced migrations and limnoriid population in kelp
forests

Our results on active emigration from detached kelp plants suggest
that colonization of newholdfasts is linked tomajor detachment events.
The large numbers of limnoriids colonizing the young (marked)
holdfasts can not be explained by local reproduction within these
holdfasts. Most likely many of the colonizers emigrated from older
holdfasts that were detached during the time period of the colonization
experiment, when frequent coastal storms causedmultiple detachment
events. Notorious losses of kelp plants were observed in April and May
2006 (L. Miranda and I. Hinojosa, personal observations), possibly
resulting in the significant increase of limnoriid abundance in the
remaining holdfasts observed during that time period (see Figs.1 and 2).
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Due to the extremely rapid emigration response we infer that these
migrations occur over distances of meters or tens of meters, i.e. within
the kelp forest. For the wood-dwelling species L. lignorum, Johnson
(1935) expressed that he “believed that the principal means of dispersal
within an infected area is by regular seasonal migration. …. These
migrations must not be understood as occurring over any considerable
distances but rather as a matter of only a few meters or less.”

Studies on kelp dynamics have revealed infrequent but intense
events of detachment of kelps (Jones, 1971). Based on our observa-
tions, we propose that detachment events provoke migration pulses
and a high turnover of Limnoria spp. within local kelp forests, similar
as reported for local populations of other peracarid crustaceans (e.g.
Edgar, 1992; Taylor, 1998; Poore, 2005). For an amphipod associated
with gorgonians, Kumagai (2006) also observed an increase in local
migration rates over distances of 8–70 m shortly after storm events. It
can be expected that these active migrations, whether induced by
intrinsic or extrinsic factors, result in an efficient homogenization of
local populations (i.e. within a kelp forest). Consequently, there is a
relatively limited potential for high population differentiation and the
development of local demes (within holdfasts) in a kelp forest.

4.3. Passive long-distance dispersal of boring isopods

If detached kelps float away from the shore, their inhabitants can be
passively transported to new habitats, which had also been suggested
for boring isopods (Hill and Kofoid, 1927; Johnson, 1935; Svavarsson,
1982; Brooks, 2004; Davidson, 2008). Various authors reported boring
isopods in driftwood and floating algae (Edgar, 1987; Edgar and Burton,
2000; Bushing,1994; Si et al., 2000; Davidson, 2008), but the life history
stages predominating in floating substrata were not known. This
information, nevertheless, is very important, because the presence of
reproductive females in floating substratawill increase the possibility of
persistence and successful colonization after landfall. Ovigerous females
are considered highly efficient colonizers because they will release
offspring that recruit directly into thenewhabitats (Poore andSteinberg,
1999; Kumagai, 2006; Munguia et al., 2007). In the present study we
found only low numbers of reproductive females remaining in the
holdfasts. However, there were a few ovigerous females in all holdfasts,
and in addition to these there were adult females and males. During
long-lasting journeys, these may produce offspring that recruit within
the natal holdfast, ensuringpersistence of temporary demeswithin rafts
(see also Hobday, 2000). Furthermore, reproductive females will then
also facilitate successful colonization in new habitats.

The fact that only few individuals remain in the holdfast after
detachment could even be advantageous for long-distance migrations.
Boring isopods consume their substratum, and high numbers of grazers
can accelerate the destruction of floating substrata (e.g. Gutow, 2003;
Vandendriessche et al., 2007). The decrease in isopods abundance at the
start of rafting journeys (i.e. immediately after detachment) leads to an
increase in the availability of food resources for the remaining rafters,
thereby facilitating successful long-distance dispersal.

4.4. Active local migrations and passive long-distance dispersal

Storm events and the temporal variability of the environment (e.g.
seasonal growth periods) have important effects on dispersal in many
organisms (e.g. Dobbs and Vozarik, 1983; Johst and Brandl, 1997). Our
results suggest that storm-related kelp detachment induces high local
migration activity within kelp forests. While most isopods apparently
participated in these local migration events, a small fraction of
individuals also persisted within detached holdfasts, opening the
possibility for long-distance dispersal. Depending on weather and
oceanic conditions, floating objects can be transported over large
distances in the Humboldt Current System (e.g. Marín and Delgado,
2007). If floating kelp rafts reach other kelp forests, there is a high
likelihood that some of the reproductive females can become successful
founders of new populations or contribute significantly to existing
populations (see e.g. Munguia et al., 2007).

Thus, within holdfast-dwelling Limnoria studied herein, there
seem to coexist two different dispersal modes, namely (i) active short
distance migrations, and (ii) passive long-distance dispersal. This
might be advantageous under highly variable environmental scenar-
ios as prevailing along the coasts of northern Chile and Peru. This area
of the Humboldt Current System is exposed to highly unpredictable
environmental conditions caused by El Niño Southern Oscillation
(ENSO), which can result in extinctions of kelp beds over large spatial
extensions (Castilla and Camus, 1992; Camus et al., 1994; Vega et al.,
2005). Under such conditions, mixed dispersal distances (short and
long) as suggested by our results might be advantageous, ensuring
both population persistence in local kelp forests (via short distance
migrations induced by detachment and habitat destruction) and
recolonization of regrowing kelp patches (via long-distance rafting
dispersal) (see also Johst and Drechsler, 2003).
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