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Abstract Previous studies have shown that the dispersal of plant seeds to oceanic islands

is largely attributable to birds. However, few studies have assessed the role of adhesive

dispersal by birds even though this mechanism has long been recognized as a major vector

of seed transport. Some data point to the possibility that adhesive transport by seabirds

transfers alien plant seeds in island ecosystems. In the present study, we examined the

seed-dispersing ability of seabirds among islands in the oceanic Ogasawara Islands, Japan.

We used capture surveys to examine the frequency of seeds adhering to seabirds and tested

the salt tolerances of the seeds. The distributions of the plant species were examined and

the relationships between plant and seabird distributions were analyzed using generalized

linear models. Seeds of nine plant species, including aliens, were detected on 16–32 % of

captured seabirds. Seeds included those generally considered to be dispersed by wind or

internally transported by birds in their guts. Seeds exposed to NaCl solution isotonic with

seawater for up to 8 h suffered little or no loss of viability. Analyses of plant distributions

demonstrated positive relationships between the distributions of some plants and seabirds.

These results show that seabirds effectively disperse seeds of both native and introduced

plant species. This is the first study to comprehensively assess adhesive seed dispersal by

seabirds; it provides essential information on long-distance dispersal.
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Introduction

Oceanic islands are islands that have had no previous connection to a continental land mass

from which their current biota could have been derived (MacArthur 1972). Due to the

biogeographical isolation of oceanic islands, the species that live on them must have

arrived by long-distance dispersal. Carlquist (1974) suggested air flotation, oceanic drift,

and birds as long-distance dispersal agents of plants, and estimated the modes of dispersal

likely to have resulted in the present native floras of Pacific islands. On the Hawaiian

Islands, which are remote oceanic islands, seed dispersal by birds has been the most

important mechanism accounting for 74.8 % of immigrants. About half of the immigrants

by birds were transported internally (in their guts) and the rest by seed adherence to

feathers or feet (Carlquist 1974).

Frugivorous land birds are well-known seed dispersal agents and their ability has been

examined by many researchers (e.g., Howe and Primack 1975; Sorensen 1981; Moermond

and Denslow 1983; Herrera 1984; Sorensen 1984). In contrast, the number of factual

reports on adhesive dispersal by birds is very small and mostly focused on waterbirds in

wetlands (Vivian-Smith and Stiles 1994; Figuerola and Green 2002; Brochet et al. 2010),

particular plant species (Walker 1991; Burger 2005), or incidental observations (Chapman

1891; Taylor 1954; Carlquist 1974; Godley 1985), even though this mode of transport has

long been recognized as a major vector of seed dispersal (Darwin 1859; Falla 1960;

Carlquist 1966; van der Pijl 1972; Carlquist 1974; Sorensen 1986; Godley 1989; Morton

and Hogg 1989). Early and more recent authors have reported seed adhesion to seabirds

(Chapman 1891; Taylor 1954; Carlquist 1974; Godley 1985; Walker 1991; Burger 2005).

Seabirds have the potential to be effective vectors of seeds, particularly on biogeograph-

ically isolated oceanic islands, because of their extensive flying abilities and large popu-

lation sizes at the breeding sites (Falla 1960). The aim of this study was to determine the

roles of seabirds as adhesive seed dispersers on the Ogasawara Islands.

The Ogasawara Islands is a group of oceanic islands located about 1,000 km south of

the Japanese mainland. The archipelago is composed of four main island groups: Mu-

kojima, Chichijima, Hahajima, and the Volcano groups (Fig. 1). Ono and Sugawara (1981)

classified the original immigrants (taking into account the possibility that some species

underwent speciation after arrival of small founder populations) of the native flora of the

Ogasawara Islands by their dispersal mode following Carlquist (1974). They concluded

that close to 70 % of original immigrants were transported by birds. Of these, about half

were thought to have been dispersed by internal transport and the remainder by adhesive

dispersal. This is consistent with the analysis of Hawaiian flora conducted by Carlquist

(1974) and suggests that the Ogasawara flora has characteristics typical of oceanic islands.

A few studies point to the possibility that seabirds transport seeds of alien plants

(Bergstrom and Smith 1990). Among the Ogasawara Islands, only Chichijima, Hahajima,

Iwoto, and Minamitorishima are now inhabited by humans; 10 other islands were settled

before World War II (WWII: Tsuji 1995). Although most of the islands remain uninhabited

and human visitation has been restricted since WWII ended, the distributions of alien plant

species are still expanding among many uninhabited islands (Kobayashi and Ono 1987;

Toyoda 2003). Seabird dispersal may offer one explanation for the expansion of alien

plants among uninhabited islands as the Ogasawara Islands (and many other oceanic

islands) provide large-scale breeding habitat for seabirds. Seabirds breed on all islands

other than those that are heavily disturbed by humans or are too small for breeding

purposes (Chiba et al. 2007). A few studies reported that some seabird species move

between islands within seasons (Kress and Nettleship 1988; Dearborn et al. 2003;
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Zuberogoitia et al. 2007) and it is reasonable to suppose that they play a role in the range

expansion of alien plants. Most seabirds on the Ogasawara Islands breed in colonies in

open habitats. Herbaceous plants that grow in such open habitats might be effectively

dispersed by seabirds.

Fig. 1 Study site. The Ogasawara Islands comprises four main groups: Mukojima, Chichijima, Hahajima,
and the Volcano groups. The islands in parentheses were not surveyed in the current study
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We first conducted capture surveys and documented the occurrence of seed adhesion to

seabirds to identify plant species that could potentially be dispersed by seabirds. Then we

conducted germination experiments for these plant species to confirm seed survival in salty

conditions, as seeds on feathers might be immersed in seawater doe to seabird behavior.

Finally, to clarify the effects of seabirds on the ranges of these plants, the distributions of

plants that were detected frequently in the capture surveys were investigated on 24 islands

by field and literature surveys, and the relationships between the plant and seabird dis-

tributions were analyzed.

Methods

Species composition of seeds attached to seabirds and frequency of attachment

We focused on four species of seabird, the black-footed albatross (Phoebastria nigripes),

the Bulwer’s petrel (Bulweria bulwerii), the wedge-tailed shearwater (Puffinus pacificus),

and the brown booby (Sula leucogaster) because these species have wide breeding dis-

tributions and large population sizes on the Ogasawara Islands. We investigated the

occurrence of seed adhesion to the feathers and feet of each seabird species by conducting

capture surveys by hand or using brail nets at breeding sites. The black-footed albatross

surveys were conducted in the Mukojima group, with one site on Mukojima and two sites

on Torishima. The others were conducted in the Chichijima group, as follows: petrels at

two sites on each of Higashijima and Minamijima and one site on Tatsumijima; shear-

waters at one site on each of Hyotanjima, Nishijima, Higashijima, Tatsumijima, and Mi-

namijima; and boobies at three sites on Minamijima (Fig. 1). Surveys were conducted

during the breeding seasons, viz., in March 2009 for the albatross and in June 2009 for the

petrel, shearwater, and booby. To avoid recapturing the same birds, we banded captured

individuals or recorded band numbers when specimens carried bands from previous tag-

gings. We carefully removed anything attached to the birds by placing a plastic tray

underneath the animal and running a comb or hand through its feathers. All collected seeds

were transferred to a plastic bag and transported to the laboratory for identification.

We identified the species of the seeds attached to the birds and recorded their statuses,

i.e., native or alien to the Ogasawara Islands (following Kobayashi and Ono 1987).

Cenchrus echinatus was defined as an alien according to Nobushima (2010) because

Kobayashi and Ono (1987) have not referred to this species. We classified dispersal modes

of the seeds into the following categories (following Ono and Sugawara 1981): ‘‘air

flotation,’’ seeds or fruits with flight structures such as plumose pappi; ‘‘internal transport,’’

seeds or fruits eaten and carried internally by birds; ‘‘mechanical adhesion,’’ seeds or fruits

attached to feathers of birds mechanically by barbs, bristles, awns, trichomes, and so forth;

‘‘muddy adhesion,’’ seeds or fruits embedded in mud on the feet of birds with traits such as

small seed size and the tendency for plants to grow in marshes, mud flats, or along streams

‘‘viscid adhesion,’’ seeds or fruits attached to feathers of birds by viscid substances or the

viscid fruit parenchyma surrounding seeds; ‘‘water flotation,’’ seeds with the ability to float

in the ocean for prolonged periods.

To estimate how often adhesive dispersal occurs, the frequency of individuals with

attached seeds was calculated for each dataset. Data acquired at the same sites on the same

days were included in one dataset. These were not tested statistically because the sample

sizes were too small and the variances were too high.
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Salinity tolerance of possibly dispersed seeds

We conducted germination experiments for the plant species detected in the aforemen-

tioned capture surveys, except for Solanum nigrum and Coronopus didymus, because

sufficient amount of seeds could not be acquired. Seeds for the tests were collected from

Chichijima, air-dried at room temperature for more than one night, and stored in a

refrigerator at 4 �C until the start of the experiments.

All germination experiments were performed on 1 % agarose gels because of the ease to

homogenize conditions in 9 cm petri dishes placed in a temperature-controlled incubator

on a 25/15 �C day/night cycle. Before planting, the seeds were subjected to three different

salinity treatments: control (no treatment) or soaked in 3.5 % NaCl solution (isotonic with

seawater) for either 10 min or 8 h. The salinity durations were determined by taking into

account the amount of time birds spent on the water for a trip in breeding season, viz. a few

min for the brown booby, whose trip duration is ca. 2–3 h (see Weimerskirch et al. 2009),

and 7–8 h on average for black-footed albatross, whose trip duration extends over days to a

week (see Fernandez and Anderson 2000). Five replications of 25 seeds were allocated to

each treatment for each species. Evaporated water was replenished with 0.003 % benomyl

solution every few days for fungal control. Incubation continued for 2 months or more

until no new seed germination was observed. Multiple comparisons between the percent

germination (i.e., the number of seeds that germinated/25 9 100) in different treatments

were performed by Steel-Dwass tests.

Relationships between plant and seabird distributions

To evaluate the effects of seabirds on plant ranges, we investigated plant distributions on

islands uninhabited by humans and analyzed the results. Plant species detected during the

capture surveys were targeted, except for those for which only one or two seeds were

detected; we investigated C. echinatus, Chloris barbata, Boerhavia diffusa, Oxalis cor-
niculata, and S. nigrum. We recorded the presence/absence of each target plant species on

each island using landing observations and literature data. Landing observations were

conducted on 13 islands in the Chichijima group (Hyotanjima, Hitomarujima, Nishijima,

Higashijima, Tatsumijima, Minamijima, Tatejima, Kannukijima, and five unnamed small

islands) in June 2009, Kitanoshima in the Mukojima group, and Torishima, Minamitori-

shima, and Futagojima in the Hahajima group in October 2009 (Fig. 1). We surveyed

breeding site on islands C1 ha and the whole island on islands \1 ha. Literature surveys

were conducted for seven islands where detailed investigation of plants had been con-

ducted (Mukojima and Nakodojima in the Mukojima group, Anijima and Ototojima in the

Chichijima group, Mukohjima in the Hahajima group, and Kitaiwoto and Minamiiwoto in

the Volcano group) and the islands on which landing observations had been made when

additional records were available (Fig. 1: Kobayashi and Ono 1987; Shimizu and Yasui

1992; Toyoda 2003; Yamamoto et al. 2003; Japan Forest Technology Association 2005).

We tested the effects of seabirds on the ranges of each target plant species by fitting

generalized linear models (GLMs) with binomial probability distributions and logit link

using R version 2.15.0 software (R Development Core Team 2012). The response variable

was the presence/absence of each target plant species on each island (n = 24 in each

model). Some plant species might be dispersed by some means including seabird dispersal.

To evaluate the relative effect of seabird dispersal on each plant’s range, the following

explanatory variables were adopted in the analyses: island size (ha) (AREA), distance from

the nearest inhabited island (km) (DIST), estimated number of human visitors per year
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(HV), and seabird breeding colony size (SBS). These variables likely reflect effects of

presumed dispersal vectors, which are wind dispersal, internal transport by land birds,

human transport, and seabird dispersal. When wind dispersal contributes to the expansion

of plant ranges, AREA and DIST should be selected for inclusion as explanatory variables.

When internal transport by land birds makes a contribution, AREA and/or DIST should

also be selected for inclusion as explanatory variables because most land birds are forest

species and occur only on larger islands providing sufficient forests, and the largest islands

are inhabited. If anthropogenic dispersal were essential, HV would be selected for inclu-

sion. When seabird dispersal contributed, SBS should be selected for inclusion as an

explanatory variable. AREA might be selected regardless of dispersal mode because island

size ought to have considerable effects on plant occurrences (Begon et al. 1996). AREA

was log10 transformed to remove right-skewness in the distribution of data. HV was

calculated from migration data for 2005 and 2006 summarized by the Kanto Regional

Environment Office (2007). SBS values were the estimated total seabird pairs breeding on

each island based on the data of Chiba et al. (2007), which included all seabird species. The

detailed methodology used to calculate SBS parameters is given in Online Resource 1. In

these analyses, model selections were performed using the Akaike information criterion

(AIC) to evaluate the relative importance of seabird dispersal versus other dispersal

methods. We ranked all models by DAIC (DAICi = AICi - AICmin) and considered

models for which DAIC B 2 to be the potential best models (Burnham and Anderson

2002).

Data for C. echinatus and O. corniculata were not analyzed due to a software error

message (‘‘algorithm did not converge’’). To avoid this error and because the relatively

large seeds of this species are unlikely to be dispersed by wind, DIST was removed from

the C. echinatus analysis. The error message for O. corniculata is thought to have arisen

because the spatial distribution was too wide; the species occurred on all islands larger than

2.3 ha. Therefore, additional analyses were not conducted for this species.

Results

Species composition of seeds attached to seabirds and frequency of attachment

In total, 41 black-footed albatrosses, 45 Bulwer’s petrels, 45 wedge-tailed shearwaters, and

29 brown boobies were captured (Table 1). Seeds of nine plant species (C. echinatus,

C. barbata, B. diffusa, O. corniculata, S. nigrum, C. didymus, Youngia japonica, Digitaria
pruriens, and Sporobolus diander) were collected from the birds. The three most common

species (C. echinatus, C. barbata, and B. diffusa) and C. didymus are alien species. Seeds

were attached to 16–32 % of birds for each species (Fig. 2). All seeds were found on

feathers, and none on the feet.

Cenchrus echinatus has fruits with spines and C. barbata has seeds with awns as adhesive

structures (see Fig. 3). D. pruriens, S. diander and these two were classified into the

mechanical adhesion dispersal category. The seeds of B. diffusa are surrounded by a viscid

substance and thus were classified into the viscid adhesion category. Seeds of O. corniculata
(about 1.4 mm on the major axis) were found on three bird species (albatross, petrel, and

booby), even though they have no special structures for adhesion. O. corniculata and

C. didymus were not classifiable into any category (Ono and Sugawara 1981). Fleshless seeds

of S. nigrum were detected on the feathers of shearwaters and boobies in spite of their
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classification into the internal transport category. The seeds of Y. japonica, which have

plumose pappi, were classified into the air flotation category.

Salinity tolerance of possibly dispersed seeds

Seeds of B. diffusa became moldy and none germinated. Proportions of S. diander seeds

that germinated were very low (less than 10 %) under all treatments (Fig. 4f). We do not

analyze these two species.

Among seeds of C. echinatus, C. barbata, and O. corniculata, mean percent germination

declined as salt concentration increased, although the results were significantly different

between only the control and the 8 h salinity treatment in the case of O. corniculata
(P = 0.031; Fig. 4a, b, c). Mean percent germination of salt-treated seeds in Y. japonica,

D. pruriens, and S. diander were higher than those of controls. There were significant

Table 1 Species composition of seeds attached to seabirds

Plant species Albatross Petrel Shearwater Booby Status Dispersal mode

C. echinatus 0 4 (8) 2 (15) 0 Introduced Mechanical adhesion

C. barbata 7 (7) 0 2 (2) 1 (2) Introduced Mechanical adhesion

B. diffusa 0 2 (3) 0 2 (10) Introduced Viscid adhesion

O. corniculata 4 (4) 3 (5) 0 2 (2) Native Unknown

S. nigrum 0 0 2 (9) 1 (1) Native Internal transport

C. didymus 1 (2) 0 0 0 Introduced Unknown

Y. japonica 0 0 1 (1) 0 Native Air flotation

D. pruriens 0 1 (1) 0 0 Native Mechanical adhesion

S. diander 1 (1) 0 0 0 Native Mechanical adhesion

No. of captures 41 45 45 29

Nine plant species, including four aliens, were detected. Four species had no obvious adhesive adaptations.
Values are the number of individuals of each seabird species with seeds attached: black-footed albatross
(Phoebastria nigripes), Bulwer’s petrel (Bulweria bulwerii), wedge-tailed shearwater (Puffinus pacificus),
and brown booby (Sula leucogaster). Values in parentheses are total numbers of attached seeds. The number
of C. echinatus seeds is represented by the number of fruits. Statuses of the plants follow Kobayashi and
Ono (1987) or Nobushima (2010). Dispersal modes were classified following Ono and Sugawara (1981)
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difference between the control and NaCl 10 min for Y. japonica and D. pruriens and

between the control and NaCl 8 h for D. pruriens (P = 0.019, 0.022, 0.030, respectively;

Fig. 4d, e, f).

Relationships between plant and seabird distributions

The distributions of target plant species and variables used in the statistical analyses are

presented in Online Resource 1.

Table 2 shows the results of GLM model selections in analyses used to evaluate the

relative importance of seabird effects on the ranges of each plant species. For C. echinatus,

SBS was incorporated in all three models with DAIC B 2. Only AREA, both AREA and

HV, or only HV were selected (in addition to SBS) in ascending order of DAIC; all

Fig. 3 Seeds or fruits detected by capture surveys. All images are shown to the same scale and each grid is
1 mm. a Cenchrus echinatus; 5–7 mm (except spines). A fruit includes approximately four seeds. b Chloris
barbata; 2.5–4 mm (excluding awns). c Boerhavia diffusa; 3 mm. d Oxalis corniculata; 1.4 mm. e Solanum
nigrum; 1.3 mm. f Coronopus didymus; 1.8 mm. g Youngia japonica; 1.9 mm (excluding pappus).
h Digitaria pruriens; 3–3.5 mm. i Sporobolus diander; 1.6 mm
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coefficients for these effects, including that of SBS, were positive. Only one model with all

factors (AREA, DIST, HV, SBS) was selected for C. barbata, with distance having a

negative relationship and other factors having positive relationships with plant ranges. The

range of B. diffusa was positively correlated with SBS in all four models, with DAIC B 2.

None, AREA only, DIST only, or HV only were selected (in ascending order of DAIC) as

explanatory variables for incorporation into the models (in addition to SBS); all coeffi-

cients were positive. For the range of S. nigrum, nine models had DAIC B 2. No factor was

incorporated into all of the models, but each factor was incorporated into at least four

models. DIST was negatively related to plant range; the other factors were positively
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related (see Table 2 for details). O. corniculata data were not analyzable due to an

algorithm error, which may be related to the extremely broad distribution of this species.

Discussion

Possible dispersed plant species

All targeted seabird species had the potential to act as seed-dispersal agents. A wide variety

of plant species can be transported in this way. At least nine species were attached to the

seabirds, although some seeds may have been overlooked due to the incompleteness of the

collection method (see Figuerola and Green 2002). Four of the nine plant species

(including the three most abundant) were alien species. The current results indicate that

seabirds contribute to the expansion of alien species. Although the seeds of five species had

adaptations for adhesive dispersal, seabirds also appeared to disperse the seeds of plants

with the following attributes: small seeds (e.g., O. corniculata and C. didymus), seeds

enclosed in fleshy fruits including sticky parenchyma (e.g., S. nigrum), and seeds with

plumose pappi (e.g., Y. japonica).

The small size, flatness, and rough surface of seeds of O. corniculata might render it

suitable for adhesion. However, the suitability of O. corniculata for adhesive dispersal is

Table 2 Coefficients for each explanatory variable and AIC of each model with DAIC B 2 resulting from
GLM analyses testing factors affecting the distribution patterns of each plant species

AREA DIST HV SBS AIC DAIC

C. echinatus 2.908 – 1.213 18.6 0.00

1.497 – 0.015 1.487 18.7 0.18

– 0.030 1.741 19.4 0.81

C. barbata 3.040 -0.410 0.072 4.416 23.4 0.00

B. diffusa 1.582 20.7 0.00

0.497 1.389 22.1 1.38

0.016 1.441 22.2 1.49

0.0003 1.483 22.2 1.49

S. nigrum 0.017 0.820 28.4 0.00

1.514 -0.052 0.996 28.6 0.23

0.932 28.7 0.27

1.338 -0.066 0.006 1.318 28.8 0.44

0.930 0.502 29.0 0.58

0.508 0.008 0.677 29.7 1.28

-0.023 0.021 1.073 29.7 1.30

0.783 0.001 29.9 1.49

1.150 -0.019 30.2 1.77

Ranges of C. echinatus, B. diffusa, and C. barbata were positively correlated with seabird breeding dis-
tributions in all models selected. The response variable was the presence/absence of each target plant species
on each island (n = 24 in each model). The following explanatory variables were adopted: log10 trans-
formed island size (ha) (AREA), distance from the nearest inhabited island (km) (DIST), estimated number
of human visitors per year (HV), and seabird breeding colony size (SBS). A hyphen indicates that the
variable was not used in the analysis (see ‘‘Methods’’ section for details)
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achieved by the morphological characteristics of the seeds as well as the mechanical

characteristics of the fruits. In general, the dispersal mode of O. corniculata is considered

to be autochory. If touched when the fruit is ripe, the capsule explodes suddenly and

broadcasts seeds (Ridley 1930). This mechanism facilitates entry of the seeds into the

feathers if seabirds touch the fruits. The fruits of S. nigrum are probably crushed by

seabirds (e.g., when birds sit or step on them); the exposed sticky parenchyma then

functions like a glue, adhering the seeds to the birds. The plumose pappi of Y. japonica
seeds, usually considered to be structures for wind dispersal, may also serve as adhesive

structures.

Although the proportion of germination of O. corniculata was significantly reduced by

salinity treatment, even in the 8-h treatment, none of the species had an average germi-

nation rate of less than 60 % of the value in the controls. The germination proportions

among salt-treated seeds of Y. japonica and D. pruriens were significantly higher than

those in the controls. This is attributed to immersion in water and the antifungal effects of

the salinity treatment. Few or no seeds germinated in experiments with B. diffusa and

S. diander; the incubation conditions may have been inappropriate for these species.

Further studies on the adequate conditions for each plant will be required. On the whole, it

is considered that the seeds of target species suffered nonfatal damage in seawater up to 8 h

of continuous immersion.

The germination experiments demonstrated that the plant seeds that we tested had the

potential to survive the total time of immersion during a foraging trip in the breeding

season, and seabirds move from tens to hundreds of kilometers during a single trip (Phalan

et al. 2007; Weimerskirch et al. 2009). However, during their trips, seabirds repeatedly

immerse their bodies for short periods of time (Fernandez and Anderson 2000). Burger

(2005) tested repeated submersion effects and found reduced germination of Pisonia seeds

immersed in seawater after 7 days of daily immersion for 30 min. Moreover, there are

reports of the inter-island movements of seabirds (Kress and Nettleship 1988; Dearborn

et al. 2003; Zuberogoitia et al. 2007), but the frequencies and spatial patterns of these

movements are largely unknown. Further explorations of plant physiology and seabird

behavior are necessary to quantify seabird dispersal ability.

Effects of seabirds on plant distributions

GLM analysis demonstrated that the ranges of C. echinatus, B. diffusa, and C. barbata
were positively correlated with seabird colony size (SBS). SBS was selected as an

explanatory variable in all models with DAIC B 2 of them. In particular, it is very likely

that seabirds serve as the primary seed dispersal agents for C. echinatus and B. diffusa
among uninhabited islands. For C. echinatus, AREA only, both AREA and HV, or HV

only were selected in ascending order of DAIC (in addition to SBS). In general, plant

establishment is more successful on larger islands, which tend to have more abundant and

diverse habitats and resources (Begon et al. 1996). Some seeds are likely to be dispersed by

humans where few seabirds breed but there are relatively large numbers of human visitors

(e.g., Anijima and Ototojima). However, seabirds are the only likely seed dispersers for

C. echinatus among the many other uninhabited islands where humans rarely visit. This

alien plant occurs on Minamiiwoto, where only seven introduced plant species (5.4 % of

all plant species) have been detected (Fujita et al. 2008). The island is free from human

disturbance and has been isolated geographically throughout its history, but it is home to

many breeding seabirds (Kawakami et al. 2008). The large population of seabirds might

have contributed to the range expansion of C. echinatus. Only SBS was selected as a factor
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affecting the distribution of B. diffusa in the best model, although AREA, DIST, and HV

were selected in addition to SBS in other models with DAIC B 2. At least several hundreds

pairs of seabirds bred on all six uninhabited islands where B. diffusa occurred. This species

has not been detected on Hahajima, but it was found on small satellite islands surrounding

Hahajima, such as Minamitorishima and Torishima, where many seabirds breed. These

observations are not in accord with the hypothesis of stepping stone introductions of alien

species to these satellite islands via Hahajima, which is the largest and only inhabited

island in the Hahajima group. These observations do provide strong evidence for seabird

dispersal. Although the distribution of O. corniculata was not analyzable, the primary

dispersers of this species are likely seabirds as well. This is because O. corniculata has a

very wide distribution range, even though its seeds do not exhibit any adaptations for other

dispersal methods that would enable trans-oceanic dispersal.

Seabird dispersal was suggested to be one of the several dispersal methods for C. bar-
bata. In our analysis of this species, only one model incorporating all factors was selected.

Island area and distance from inhabited islands were selected as affecting factors that likely

reflect the effect of wind dispersal, because light seeds of this species be readily dispersed

by wind (Ridley 1930). C. barbata appears to be dispersed by wind, humans, and seabirds.

The analysis of S. nigrum was confusing and factors contributing to its range were unclear.

However, like C. barbata, S. nigrum can be dispersed by several means, including adhe-

sion to humans as well as seabirds, and by internal transport by land birds, such as brown-

eared bulbuls Hypsipetes amaurotis, blue rock-thrushes Monticola solitarius, and Japanese

white-eyes Zosterops japonicus, which frequently forage on the fruits (Kawakami et al.

2009).

Even if a plant is dispersed by several mechanisms, the dispersal pattern varies

according to these mechanisms (Vittoz and Engler 2007). Seabirds appear to be especially

effective agents of long-distance dispersal because of their great flying ability and large

population sizes at their breeding sites. Long-distance dispersal ability is necessary for

trans-oceanic migration in island ecosystems such as those of the Ogasawara Islands.

The positive correlations between some plant and seabird distributions are consistent

with the hypothesis that seabirds disperse the plants. However, there is also a possibility

that correlations may be attributable to seabird habitat choices or nutrient input from feces

and pellets of seabirds; further explorations are needed to fully demonstrate that the

positive relationships result from seabird seed dispersal.

Conclusions and implications

Long-distance seed dispersal is a key process, especially in island ecosystems, and yet

there is little information on this process (Carlquist 1966; Howe and Smallwood 1982;

Cain et al. 2000). Empirical studies on avian adhesive dispersal are scarce, although this

mode of dispersal has long been recognized as a major method of long-distance dispersal

(Darwin 1859; Ridley 1930; Taylor 1954; Falla 1960; Carlquist 1966; van der Pijl 1972;

Carlquist 1974; Sorensen 1986; Godley 1989; Morton and Hogg 1989). Seabirds with

extensive flying ability and preferential nesting on isolated islands are good candidates as

dispersal agents (Falla 1960). However, data on seabirds as adhesive dispersers have

become available only incidentally (Chapman 1891; Taylor 1954; Carlquist 1974; Godley

1985) or are restricted to a few notable plant species (Walker 1991; Burger 2005). Ours is

the first comprehensive study on adhesive seed dispersal by seabirds and provides essential

information on long-distance dispersal.
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Seeds of four species collected from seabird feathers had no morphological traits for

adhesion. Thus, even plants that do not have highly adaptive morphologies are likely to be

effectively dispersed by seabirds in isolated island ecosystems. Therefore, seed morphol-

ogy is not always a reliable indicator of dispersal mode, especially when transport is over

long distances (Higgins et al. 2003; Brochet et al. 2009; Vargas et al. 2012), although it is

often assumed that morphology indicates dispersal mode (Carlquist 1974; Ono and Su-

gawara 1981).

The three most abundant plant species collected from feathers were aliens. However, we

should point out that there is uncertainty about whether the plants are indeed introduced

because it is difficult to prove that they were absent before human occupation of the

islands. Nonetheless, there is little doubt that seabird dispersal contributes to range

expansion of some alien plants. Most seabirds breed on uninhabited islands and human

access to most uninhabited islands is limited. However, some of these islands house a large

number of visitors including tourists and researchers. They sometimes bring alien plant

seeds by adhesion from inhabited islands; these aliens might establish themselves and

subsequently spread to other islands via seabirds. Among the Ogasawara Islands, these are

the circumstances on Minamijima, where three of the seabird species we targeted (Bul-

wer’s petrel, wedge-tailed shearwater, and brown booby) breed and where many tourists

visit ([6,000 people/year). Such islands could serve as gateways for alien plants to many

other uninhabited islands via seabird dispersal. Dispersal of alien species by seabirds is a

serious problem because these birds tend to breed on undisturbed islands with native

habitats, such as Minamiiwoto. Thus, tourism on uninhabited islands should be very

carefully managed because other islands might become indirect recipients of introduced

plants via seabird dispersal.
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specific syndromes for long-distance dispersal: a new perspective. Ecography 35:33–43
Vittoz P, Engler R (2007) Seed dispersal distances: a typology based on dispersal modes and plant traits.

Botanica Helvetica 117:109–124
Vivian-Smith G, Stiles EW (1994) Dispersal of salt marsh seeds on the feet and feathers of waterfowl.

Wetlands 14:316–319
Walker TA (1991) Pisonia Islands of the Great Barrier Reef. Part I. The distribution, abundance and

dispersal by seabirds of Pisonia grandis. Atoll Res Bull 350:1–23
Weimerskirch H, Shaffer SA, Tremblay Y, Costa DP, Gadenne H, Kato A, Ropert-Coudert Y, Sato K,

Aurioles D (2009) Species- and sex-specific differences in foraging behavior and foraging zones in
blue-footed and brown boobies in the Gulf of California. Mar Ecol Prog Ser 391:267–278

Yamamoto H, Ichikawa S, Katoh S, Akimoto H, Yasui T, Wakabayashi M (2003) The flora of Mukojima
Island and Nakodojima Island just after the eradication of feral goats. Ogasawara Res 28:29–48 (in
Japanese)

Zuberogoitia I, Azkona A, Castillo I, Zabala J, Martı́nez JA, Etxezarreta J (2007) Population size estimation
and metapopulation relationships of storm petrels Hydrobates pelagicus in the Gulf of Biscay. Ring
Migration 23:252–254

Biodivers Conserv (2012) 21:2787–2801 2801

123


	Seabirds as adhesive seed dispersers of alien and native plants in the oceanic Ogasawara Islands, Japan
	Abstract
	Introduction
	Methods
	Species composition of seeds attached to seabirds and frequency of attachment
	Salinity tolerance of possibly dispersed seeds
	Relationships between plant and seabird distributions

	Results
	Species composition of seeds attached to seabirds and frequency of attachment
	Salinity tolerance of possibly dispersed seeds
	Relationships between plant and seabird distributions

	Discussion
	Possible dispersed plant species
	Effects of seabirds on plant distributions

	Conclusions and implications
	Acknowledgments
	References


