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Abstract Stachyurus macrocarpus is a narrowly

endemic endangered shrub of which only one popu-

lation remains on Chichi-jima Island (Ogasawara).

We surveyed its population dynamics and reproduc-

tive states for 4 years and analyzed the population

viability. In a survey of its entire distribution range,

a total of 87 S. macrocarpus individuals have been

found and 68 individuals have been confirmed in

2007. Thus, the actual population size is estimated to

be less than 100 individuals. Environmental condi-

tions and the results of a hand-pollination experiment

suggest that low fruit setting in both sexes (female:

4.9–11.2%; hermaphrodite: 0.0%) may be caused by

resource limitation. In addition, fruit predation by

alien Rattus rattus was observed despite the rare

fruit setting. The small effective population size

(23.1–24.6 individuals) and hermaphrodite-biased

sex ratio (46 hermaphrodites:12 females) would

increase the risk of extinction. The habitat of

S. macrocarpus was limited to dense scrubland and

forest understory, and seedling regeneration was very

scarce. During the survey period, 19 individuals

(21.8%) were found dead, there were only two

seedling recruitments, and the annual population

growth rate was 0.979. The lack of occurrence on

the south and west slopes and the shortness of shrubs

in open spaces suggests that S. macrocarpus suffers

stress from both dryness and frequent typhoons.

However, S. macrocarpus also exhibited high mor-

tality of shoot in forest understories. These findings

suggest that the suitable habitat of S. macrocarpus is

likely to be narrow in Ogasawara. While the recent

increase of goat grazing has not affected individual

mortality, 58.6% of shoots that had been grazed by

goats were dead within 2 years. As elasticity analysis

had shown that larger individuals make a greater

contribution to the population growth rate, repeated

goat grazing would impact the S. macrocarpus pop-

ulation in the near future by decreasing the vitality of

larger individuals. Emergency measures for protect-

ing the shrub from goat grazing and reinforcing the

population through nursery cultivation were proposed.
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Introduction

Small populations such as narrowly endemic endan-

gered species have a high extinction risk by various
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threats (Lande 1993; Oostermeijer 2003). For exam-

ple, more than 8,000 angiosperm species are

endangered in the world, specially, in oceanic islands

(Baillie et al. 2004). Biota of oceanic islands usually

consists of many narrowly endemic species. To

maintain global biodiversity, such biodiversity

hotspots have high priority for conservation. It is

essential for the evaluation of the extinction risk of

narrowly endemic or endangered species to study

ecological aspects such as population dynamics and

biological threats as well as genetic aspects such as

decreasing genetic diversity and inbreeding depres-

sion (Schemske et al. 1994; Frankham et al. 2002).

Population viability analysis using a matrix popula-

tion model is useful for formulating strategies for

conserving such endangered species (Brook et al.

2000; Menges 2000; Coulson et al. 2001).

In addition to small population size, alien species

pose serious threats for endangered endemic species

in oceanic islands (Loope et al. 1988; Loope and

Mueller-Dombois 1989; Simberloff 1995; Lonsdale

1999; O’Dowd et al. 2003). The decline of pollina-

tion efficiency and the loss of genetic variation are

also serious problems for endangered species (Oo-

stermeijer 2003). To evaluate genetic degradation, it

is necessary to understand the effective population

size of small population species (Lande and

Barrowclough 1987; Nunney and Campbell 1993).

Thus, it is important to understand the impact of alien

species, the state of reproduction, and the effective

population size in order to evaluate the population

viability of insular endangered species.

The endemic rate of vascular plants (44.6%) in the

Ogasawara (Bonin) Islands is as high as that of the

Galapagos Islands (Abe 2006). Many of these species

on the islands have been highly threatened by

development and biological invasions (Shimizu

2003a). One reason for this crisis situation is the

small area of the Ogasawara Islands; the largest

island (Chichi-jima), for example, occupies only

24 km2, which is less than 1/13 the area of Hawaii

Island and 1/14 that of Isabela Island in the Galapá-

gos. In such small areas, native flora account for

37.4% of endangered species that are designated by

the Japanese Red Data Book (Environmental Agency

of Japan 2000; Abe 2006). Several of these species

have extremely small populations. For example,

Cirsium toyoshimae has not been found since

1936, there is only one remaining individual of

Rhododendron boninense, and only six surviving

individuals of Pittosporum parvifolium including

two females are known (Wada, unpublished data).

Despite such critical situations, the population and

reproductive traits of the species have not been

studied yet in the Ogasawaras.

Unlike the widespread pioneer shrub, Stachyurus

praecox (Li 1943; Ohi and Murata 1999; Ohi et al.

2003), Stachyurus macrocarpus is a narrowly ende-

mic shrub, and the approximately 4 km2 Higashidaira

dry forest is its only habitat on Chichi-jima Island

(Ohi et al. 1998; Ohi and Murata 1999; Toyoda 2003)

(Fig. 1). One population of S. macrocarpus had been

found on Ani-jima (Kasaki 1991; Shimizu 1991),

but after these reports, the lack of information on the

species existence despite the efforts of many

researchers on Ani-jima to find it suggest that the

Ani-jima population is either critically endangered or

already extinct. Thus, S. macrocarpus is thought to

be declining and has been classified as ‘‘critical’’ in

the Japanese Red Data Book (Environmental Agency

of Japan 2000). However, further ecological infor-

mation is needed to evaluate the risk of extinction

(Schemske et al. 1994; Sutherland et al. 2004).

The aim of this study is to develop means to

conserve S. macrocarpus and address the following

questions: (1) How many individuals are remaining?

(2) Is the population declining? (3) How many fruits

are produced and is fruit production affected by

pollen limitations? (4) How do alien species affect

the population viability? There is also a discussion of

approaches to the conservation of S. macrocarpus.

Materials and methods

The species

Stachyurus macrocarpus is a gynodioecious shrub

usually less than 4 m in height. It is closely related to

S. praecox, especially to the populations on Kyushu

Island (Ohi et al. 2003). The flowering season is from

January to early February. Fruits usually contain

about 40 seeds and mature in late autumn. Individuals

maintain themselves with coppice shoots, which

replace the primary shoots within several years.

Coppice shoots occasionally grow along the ground,

but vegetative propagation by layered shoots is

very rare. Thus, it is easy to identify individuals.
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S. macrocarpus typically inhabits shrub land that has

a relatively sunny understory. In contrast, S. praecox

is a pioneer shrub inhabiting forest edges and gaps.

Thus, S. macrocarpus may have characteristics of

sun shrubs, but there is still very little that is known

about its regeneration sites in the Ogasawara Islands.

Study site

The Ogasawara Islands are volcanic islands that were

formed millions of years ago (Kaizuka 1977).

Located about 1,000 km south of the Japanese

mainland (Fig. 1), the islands are in the subtropical

climate zone and are hit by typhoons frequently. The

mean annual precipitation (1,292 mm) is somewhat

lower than that of the Okinawa Islands (2,037 mm)

which are at approximately the same latitude (Toyoda

2003), and has gradually been decreasing (Oka et al.

2000; Yoshida et al. 2006). Thus, with the exception

of some high elevation areas, dry forests and

scrublands dominate in the Ogasawaras.

Major human settlement started in the 1880s, and

industrial development including forestry and agri-

culture had progressed until World War II. As a

result, most primary forests were disturbed intensely

and various alien species were introduced (Shimizu

2003a; Toyoda 2003).

Population survey

We looked for S. macrocarpus in the Higashidaira

area (alt. 200–300 m) during 2004–2007 (Fig. 1c).

When S. macrocarpus was found, its survival at

shoot level, stem diameter at 15-cm-height, H

(height), crown condition, and reproductive state

(sex, number of inflorescences, and fruit set) were

recorded. The survival, size, number of inflorescenc-

es, and fruit set of all individuals were reassessed in

the following 2 years. Individuals that had identifi-

able reproductive organs during the 4-year-survey

were classified as adults, while those without iden-

tifiable reproductive organs were classified as

juveniles. Individuals of less than 25 cm in height

without sprouts were classified as seedlings.

Population dynamics were analyzed using a tran-

sition matrix. Stages of the transition matrix were

classified by stem diameter rather than by shrub

height. This was because shrub height is strongly

affected by the frequent occurrence of typhoons and

other disturbances, while stem diameter growth is

less influenced by them. The analysis of the matrix

model was performed using R (for the calculation of

eigenvectors). Although several unknown individuals

were found in each year’s survey, they were omitted

to evaluate the transition probability in each year.

The transition probabilities in the matrix of the entire
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survey period were calculated by averaging proba-

bilities in three annual matrices (2004–2005, 2005–

2006, and 2006–2007). Regarding the seed stage, it

appears that S. macrocarpus would not form a viable

seed bank in the subtropical Ogasawaras because

S. praecox seeds perfectly germinate when the

temperature becomes consistently warm (Abe and

Matsunaga 2007). Thus, we assumed there is almost

zero probability that S. macrocarpus seeds would not

germinate within 1 year. Although some parameters

of establishment stage such as germination rate and

mortality of current seedlings could not be obtained,

the transition probability from fruiting size class to

minimum size class was calculated by the proportion

of the number of new seedlings to the number of

seeds (a fruit was assumed to contain 40 seeds)

produced in each year. To identify the important life

stages for population growth, elasticity analysis was

conducted (Caswell 2001). Because hermaphrodite

plants produce almost no fruits even if they are hand-

pollinated (see Results), the approximate functional

gender of the hermaphrodite can be assumed to be

male. Thus, effective population size was calculated

by Ne = 4NhNf/(Nh + Nf), where Nh is the number of

hermaphrodite plants and Nf is the number of female

plants (Falconer 1989). The effective population

size of the entire survey period (Ne-total) was the

harmonic average of all annual Ne (Ne-total = 4/

[(1/Ne-2004) + (1/Ne-2005) + (1/Ne-2006) + (1/Ne-2007)])

(Frankham et al. 2002).

Damage by goat grazing was recorded for all

shoots in every yearly population census. Grazing

marks by goats could be distinguished by shoot ends

crushed by chewing in contrast to the grazing marks

of ship rats (Rattus rattus, another potential feeder in

the Ogasawaras), which are either clean-cut or show

teeth marks on cross sections. If individuals or shoot

died within 2 years after goat grazing, the cause of

death was determined to be goat grazing. Although

other factors such as poor light conditions and

typhoons could also lead to death, we concluded that

goat grazing had the greatest impact on survival

because of the relatively short duration between

grazing and death. A ‘‘young shoot’’ was defined as a

shoot of less than 2 years old. Current shoots can be

identified easily by their fresh green stems and small

sizes. Shoots that were 2 years old were also

identified by the greenish color of their subdued

stems, while shoots that were more than 3 years old

gradually turned brown. In addition, 2-year-old

shoots could be easily distinguished after the 2004

season because they were recorded as current shoots

in previous year survey. Although it was difficult to

identify the 2-year-old shoots in the first survey in

2003, it did not become a problem later because there

was no grazing damage on any shoots in 2003. The

effect of goat grazing on individual mortality was

analyzed by G-test (Sokal and Rohlf 1995) using

2 9 2 contingency tables (dead vs. alive 9 grazed

vs. not grazed). The effect of goat grazing on shoot

mortality was tested using the Wilcoxon rank-sum

test. These analyses were performed using JMP

software (Sall et al. 2004).

Reproductive success

The sex and number of inflorescences per shoot were

surveyed during the flowering season of all years.

The number of flowers per inflorescence was

recorded for all inflorescences when the number of

inflorescences per shoot was less than 20. For the

shoots that produced 20 or more inflorescences, the

number of flowers was recorded for 20 randomly

selected inflorescences, and then the number of

inflorescences per individual was counted. Flower

visitors were observed for 13 h 20 min (14 days) in

the daytime and 4 h (3 days) at night. At the

initiation stage of fruit development after flowering,

fruits were covered with wire netting to prevent rat

predation and fruit set was surveyed in April.

Sexual differences in stem diameter, H, the

number of shoots, and the degree of crown suppres-

sion were compared at the individual level. Stem

diameter and H were tested using ANOVA, the

number of shoots was tested using the Wilcoxon

rank-sum test, and the degree of crown suppression

was analyzed by G-test using a 2 9 3 contingency

table (hermaphrodite vs. female 9 shaded vs. open

vs. intermediate). The growth rates of stem diameter

and H were averaged annual growth of all years and

were compared using ANOVA at the shoot level.

To test the effect of pollen limitation for fruit set,

we selected one female and three hermaphrodites in

2003, five females and three hermaphrodites in 2004,

five females and four hermaphrodites in 2005, three

females in 2006, and three females in 2007 for hand-

pollination. Pollen donors for the hand-pollination
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were selected from two or three nearby hermaphro-

dite plants. As the controls of hand-pollination,

natural fruit sets were measured within the same

individual. Because of the limited number of females

and flowers, we tested only large females having

more than 30 inflorescences. Since the amount of data

was insufficient, all data from the 5 years were

pooled for the significance test. The effect of hand-

pollination on fruit set was analyzed by G-test using a

2 9 2 contingency table (fruited vs. not fruited 9

hand-pollination vs. natural).

Habitat characteristics

To describe the habitat of each S. macrocarpus

individual, vegetation was surveyed using the

phytosociological method. A 15 9 15 m quadrate

‘‘habitat’’ was set up with a focus on S. macrocarpus

individuals, and the species composition of each

forest layer, coverage of each species, community

height, and slope (direction and degree) of the habitat

were recorded. The height of each layer was defined

by the maximum height of aggregated individual

crowns belonging to each layer and was estimated by

eye to the nearest 1 m. Coverage of each species was

evaluated for six classes, as follows: 5, 75–100%; 4,

50–75%; 3, 25–50%; 2, 10–25%; 1, 1–10%; +,\1%.

Definitions of both endemic and alien species

followed Toyoda (2003). Categories of endangered

species were according to the Environmental Agency

of Japan (2000), which uses the same category

divisions as the 1994 IUCN Red Data Book (IUCN

1994), except that the former does not have ‘‘Con-

servation Dependant’’, ‘‘Least Concern’’ in ‘‘Lower

Risk’’, and ‘‘Not Evaluated’’.

To estimate the light environment, hemispheric

photographs were taken using a fisheye lens (Nikon,

FC-E9) at 1 m above ground level at five points

(center and 5 m distant looking toward N, S, W, E)

for each S. macrocarpus individual. Then, crown

openness was measured using the CanopOn 2 free

software (http://www.takenaka-akio.cool.ne.jp/etc/

canopon2/). Mean openness used for analysis was

the average of these five measurements.

The degree of crown suppression was judged by

eye according to the following classifications:

‘‘shaded’’ (individual crown of S. macrocarpus is

completely covered by other tall trees), ‘‘open’’

(individual crown of S. macrocarpus reaches the

community crown level and can receive full sun-

light), and ‘‘intermediate’’ (individual crown is partly

shaded by other shrubs or trees).

The effect of crown suppression on individual

mortality was analyzed by G-test using a 2 9 3

contingency tables (dead vs. alive 9 shaded vs. open

vs. intermediate), and its effects on the log-trans-

formed mortality rate of shoots within an individual

was analyzed by ANOVA. The relationship between

the openness and relative growth rate of shrub height

was analyzed by linear regression. The relative

growth rate of shrub height was the ratio of the

height before the growth to the amount of growth that

occurred during the observation period. These anal-

yses were performed using JMP software (Sall et al.

2004).

Results

Status of population

A total of 87 individuals of S. macrocarpus were

found in Chichi-jima Island during the 4 years of the

survey of which 19 individuals (21.8%) died. Mor-

tality rates per year were 4.5% in 2004, 3.2% in 2005,

10.5% in 2006, and 15.5% in 2007. At the same time,

only two seedlings were found to have germinated

from seeds during the survey period.

The size of adult S. macrocarpus ranged from 23

to 330 cm in height and from 9.1 to 41.3 mm in stem

diameter (Fig. 2), and 44.4% of adults (24 individ-

uals) flowered in the forest understory. There were

few individuals of the smallest size class (Fig. 2a and

Table 1). The mean number of shoots per individual

was 4.4 ± 0.6 (SE, n = 22) in 2003, 3.3 ± 0.3

(n = 62) in 2004, 3.0 ± 0.2 (n = 76) in 2005,

2.8 ± 0.3 (n = 71) in 2006, and 3.1 ± 0.3

(n = 68) in 2007.

The total number of shoots observed during the

4 years was positively correlated with the stem

diameter of the largest shoot of an individual

(F1,65 = 9.9, P = 0.003). The annual transition prob-

ability for the 4 years was low for the smallest size

class (Table 2a) and the population growth rate was

0.979. Elasticity analysis showed that survival of the

largest individuals was the most important factor in

the population growth rate (Table 2b). The effective
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population size (Ne) of the survey years varied from

23.1 to 24.6 individuals and the ratio of effective

population size (Ne/N) ranged from 0.31 to 0.38

(Table 3).

Although S. macrocarpus persisted by basal

rooting of coppice shoots, grazing by wild goats

(Fig. 4a) was gradually increasing and its impact was

more intense in young shoots (Fig. 3 and Table 4).

Goat grazing caused the death of up to 45 shoots

during the survey period, accounting for up to 25.3%

of the 178 dead shoots and 54.9% of the 82 grazed

shoots. The occurrence of goat grazing was not

related with individual mortality (G = 2.0, P =

0.153) but it was significantly related with shoot

mortality (Z = 3.3, P = 0.001).

Reproductive success

In total, 58 of 87 individuals (66.7%) flowered at some

time during the 4 years. Among these 58 adults, there

were only 12 females (20.7%) and the others were

hermaphrodites. Changes in sex expression either

from hermaphrodite to female or female to hermaph-

rodite were not observed during the survey. Sexual

differences were not observed in stem diameter (F1,

54 = 0.6, P = 0.449), H (F1, 54 = 0.0, P = 0.972),

number of shoots (Z = 0.7, P = 0.467), and crown

condition (G = 4.4, P = 0.136). However, the

growth rate of females was significantly higher in

H (female = 32.5 ± 4.5 cm/year, hermaphrodite =

14.7 ± 2.4; F1, 180 = 12.4, P \ 0.001) and margin-

ally significantly higher in stem diameter (female =

0.59 ± 0.09 mm/year, hermaphrodite = 0.41 ± 0.05;

F1, 168 = 3.2, P = 0.077) in the shoot level analysis.

On average, 2.8 individuals produced fruits naturally

each year (Table 5). The amount of flowering and

fruiting exhibited annual fluctuations (Tables 3

and 5).

Flower visitors in daytime were very rare. Only

two crane flies (Limonia sp.: Tipulidae) were

observed while introduced honeybees, which are the

dominant pollinators on the island (Abe 2006) did not

visit. Four nocturnal moths (Noctuidae) and one

crane fly were observed to have visited at night.
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Fig. 2 Size distribution of individuals by sex and life stage in

2007. (a) stem diameter class, and (b) height class

Table 1 Stage characteristics of S. macrocarpus in 2007

Individual

stage

N Average ± SE

Height (cm) Stem diameter

(mm)

Number of

shoots

Seedling 1 15.0 – 1.0

Juvenile 13 114.3 ± 15.6 14.0 ± 1.0 2.2 ± 0.7

Adult 54 186.5 ± 8.3 21.8 ± 1.0 3.3 ± 0.3

Total live 68 156.1 ± 7.9 19.9 ± 0.8 3.0 ± 0.2

Dead 19 66.3 ± 10.0 11.5 ± 1.4 0.0 ± 0.0

Table 2 Population dynamics of S. macrocarpus during

2004–2007. (a) Annual transition matrix, (b) Elasticity table

Stem diameter 0-10 10–20 20–30 30–40

(a) 0–10 0.457 0.034 0.000 0

10–20 0.081 0.815 0.104 0

20–30 0 0.068 0.845 0.048

30–40 0 0 0.051 0.952

(b) 0–10 0.000 0.000 0.000 0

10–20 0.000 0.051 0.010 0

20–30 0 0.010 0.188 0.020

30–40 0 0 0.020 0.700
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Fruit set during the 4 years was 0.0% in hermaph-

rodites and 7.4% in females. However, hermaphrodite

flowers were not completely sterile because they

produced a few fruits (Table 3). Outcrossing

treatment by hand-pollination did not significantly increase the fruit set in either hermaphrodites (from

0.0 to 0.0%) or females (from 5.8 to 7.5%) (G = 0.0,

P = 0.981).

Habitat characteristics

The vegetation of S. macrocarpus habitat consists of

dry forest trees of 4–8 m in height and dry scrub of

1–3 m in height. The dominant species in the

community are endemic trees such as Schima mer-

tensiana, Distylium leidotum, and Boninia glabra

(Table 6). This community is categorized as primary

Distylium-Schima dry forest and secondary Pinus-

Schima mesic forest (Shimizu and Tabata 1991)

where the natural vegetation has not been affected by

human disturbance (Shimizu 1992). Species richness

within the 15 m square S. macrocarpus habitat was

Table 3 Reproductive status of S. macrocarpus

Year No. known

individuals

(N)

Hermaphrodite Female Ne** Ne/N

Individuals

(Nh)

Total flowers

(Mean per

plant, SE)

Fruit

set*

(%)

Individuals

(Nf)

Total flowers

(Mean per

plant, SE)

Fruit set

(%)

2004 62 36 32,006 (889, 209) 0.0 7 781 (112, 73) 5.6 23.4 0.38

2005 76 34 18,913 (556, 100) 0.0 7 268 (38, 21) 4.9 23.2 0.31

2006 71 33 22,531 (683, 138) 0.0 7 891 (131, 70) 5.8 23.1 0.33

2007 68 27 12,526 (464, 100) 0.0 8 294 (37, 15) 11.2 24.6 0.36

Total 87 46 84,888 0.0 12 2,232 7.4 23.6 0.27

*The total number of fruits produced by hermaphrodite flowers was 1 in 2004, 0 in 2005, 2 in 2006, and 0 in 2007

**Total value is the harmonic average of 4 years (2004–2007)
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Fig. 3 Proportion of goat grazing in all shoots and young

shoots (less than 2-year-old)

Table 4 Summary of the impact by goat grazing

2003 2004 2005 2006 2007

Number of known

individuals

22 62 76 71 68

Number of dead

individuals

- 1 2 8 11

Number of shoots 100 207 235 213 210

Percentage of grazed

shoots

0.0 3.9 6.8 16.4 14.3

Percentage of goat grazing

in the dead individuals

- 16.7 20.0 23.7 32.3

Number of young (current

and biennial) shoots

13 19 28 41 48

Percentage of grazed

young shoots

0 15.8 25.0 41.5 41.7

Table 5 List of individuals that produced at least one fruit

during survey period, sex, and the number of fruits

ID Sex 2004 2005 2006 2007

YE293 F 36 (14) 1 (3) 0 (0) 0

YE417 F 0 (1) 0 (0) 0 0

YE99 H 1 0 0 0

GD248 F 7 (1) 0 (0) 0 30

YE173 F 0 12 (6) 25 (1) 3 (0)

YE651 F 0 0 (1) 0 0

GD243 H 0 0 1 0

GD825 F - – 25 (0) 0

GD629 H – – 1 0

Numbers in parentheses denote fruits produced by hand-

pollination
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30.0 ± 4.3 species in which 70.9 ± 6.2% of species

were endemic (58 species in total), 3.0 ± 1.5% were

alien (four species), 26.1 ± 6.1% were widespread

(23 species), and 37.1 ± 5.9% were endangered

species listed in the Red Data Book (38 species)

(Table 6).

Table 6 Dominant (more than 30 in frequency) and endan-

gered species in the S. macrocarpus habitats. Total 87

quadrates were surveyed. Frequency is the number of quadrates

in which the species appeared. Coverage is represented by

minimum and maximum of the coverage class. RDB = Red

Data Book of Japan (Environmental Agency of Japan 2000),

CR = Critically endangered, EN = Endangered, VU = Vul-

nerable, NT = Near threatened. S. macrocarpus was removed

from this table

Species Origin RDB

category

Tree Shrub Herb

Frequency Coverage Frequency Coverage Frequency Coverage

Schima mertensiana Endemic 68 + - 4 68 + - 4 73 + - 2

Pinus lutchuensis Alien 66 + - 2 12 + - 1

Pandanus boninensis Endemic NT 64 + - 3 69 + - 2 67 + - 1

Planchonella obovata Widespread 55 + - 3 46 + - 2 77 + - 1

Distylium leidotum Endemic 45 + - 3 81 + - 4 77 + - 2

Syzygium cleyeraefolium Endemic VU 45 + - 3 62 + - 3 46 + - 1

Ilex matanoana Endemic VU 41 + - 2 56 + - 3 3 +

Elaeocarpus photiniaefolius Endemic 39 + - 3 57 + - 3 49 + - 1

Hibiscus glaber Endemic 36 + - 2 60 + - 3 53 + - 1

Geniostoma glabrum Endemic VU 34 + - 2 31 + - 2 20 +

Psychotria homalosperma Endemic VU 30 + - 2 32 + - 2 8 +

Boninia glabra Endemic 1 + 80 + - 4 65 + - 2

Rhaphiolepis umbellate Widespread 29 + - 2 64 + - 2 78 + - 2

Vaccinium boninense Endemic VU 1 2 51 + - 3 17 +

Wikstroemia pseudoretusa Endemic VU 4 + - 1 49 + - 1 75 + - 1

Ligustrum micranthum Endemic 8 + - 1 48 + - 3 48 + - 1

Machilus boninensis Endemic 4 + - 2 45 + - 2 46 + - 1

Morinda umbellata ssp.

boninensis
Endemic 18 + 40 + - 1 23 +

Boninia crassifolia Endemic EN 2 1 32 + - 3 7 +

Carex hattoriana Endemic 86 + - 3

Machaerina glomerata Widespread 81 + - 3

Schizaea digitata Widespread 69 + - 1

Gahnia aspera Widespread 59 + - 2

Psychotria boninensis Endemic 3 + 5 + 57 + - 2

Smilax china var. yanagitai Widespread 6 + 14 + 45 +

Scutellaria longituba Endemic NT 41 + - 2

Carex oahuensis var. robusta Widespread 35 + - 1

Neolitsea boninensis Endemic 27 + - 1 32 + - 1

Other endangered species, RDB category and frequencies in the tree-shrub-herb layer: Bulbophyllum boninensis, EN, 0-1-0; Calanthe
hattorii, CR, 0-0-19; Callicarpa glabra, CR, 1-5-6; Drypetes integerrima, VU, 0-0-3; Euodia nishimurae, CR, 27-13-0; Gardenia
boninensis, VU, 2-8-2; Hedyotis grayi, NT, 0-1-2; Ilex mertensii, VU, 2-11-5; Juniperus taxifolia, VU, 10-8-1; Lepisorus boninensis,

NT, 2-5-19; Lindsaea repanda, NT, 0-0-4; Livistona boninensis, NT, 6-16-10; Loxogramme boninensis, VU, 0-0-1; Luisia
boninensis, EN, 1-1-0; Malaxis boninensis, CR, 0-0-2; Melastoma tetramerum, CR, 0-0-1; Metrosideros boninensis, EN, 1-0-0;

Myrsine maximowiczii, VU, 9-25-14; Osteomeles boninensis, VU, 0-13-5; Photinia wrightiana, VU, 2-11-27, 0-0-2; Pittosporum
chichijimense, CR, 0-11-4; Planchonella boninensis, CR, 2-0-1; Platanthera boninensis, VU, 0-0-1; Psilotum nudum, VU, 0-3-9;

Satakentia liukiuensis, VU, 3-3-6; Sciaphila okabeana, VU, 0-0-4; Symplocos pergracilis, CR, 0-20-7; Viburnum boninsimense, VU,

2-6-0
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The ‘‘shaded’’ habitat (Fig. 4b) was characterized

by 5 to 7-m-high crown trees such as Schima

mertensiana and by a few emergent (8–20 m high)

Pinus lutchuensis. The ‘‘open’’ habitat was typically

formed by tree fall or die-back of large P. lutchuen-

sis. The ‘‘intermediate’’ habitat was mainly located

on the sloping crests where community height growth

was restricted by intense winds or dry soil conditions.

Regarding the crown condition, ‘‘shaded’’ individ-

uals accounted for 42.5% while ‘‘intermediate’’ and

‘‘open’’ accounted for 21.8% and 35.6%, respec-

tively. ‘‘Shaded’’ individuals had a significantly

Fig. 4 (a) Young shoot

damaged by goat grazing.

The brown thick stems in

the foreground are primary

shoots and the shoot on the

far right was damaged by

goat trampling. (b) Typical

habitat of S. macrocarpus
(c) Hermaphrodite

inflorescences in forest

understory. (d) Leaves

sunburned in open space.

(e) Fruits predated by

R. rattus. (f) Protective net

against goat grazing. (g)

Fruits covered by a

protection wire bag. (h)

Nursery plants to reduce the

extinction risk of

S. macrocarpus (Chichi-

jima)
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higher shoot mortality per individual (ANOVA,

F2, 86 = 7.1, P = 0.001), while their individual

mortality (29.7%) was not significantly higher than

‘‘intermediate’’ (26.3%) and ‘‘open’’ (9.7%) (G =

4.7, P = 0.096).

Mean openness was 10.3 ± 2.1% (5.1–19.5%) and

openness was mostly within the range of 8–14%

(Fig. 5a). Distribution of slope direction of habitat

aggregated toward the northern and eastern slopes

(Fig. 5c). The relationship between openness and

individual height was negatively correlated (height

(cm) = 219.5 – 6.7 9 openness (%), ANOVA, F1,

86 = 4.4, P = 0.039, Fig. 6). Openness seems to

have had a negative relationship with reproductive

activity, except for the number of fruits in 2004, but

this was significant only with the number of female

inflorescences in 2007 (Table 7).

Discussion

Population and reproductive status of

S. macrocarpus

In January 2007, the population of S. macrocarpus on

Chichi-jima Island consisted of 68 individuals. Since

the distribution is limited to the Higashidaira region,

there might be less than 100 extant individuals.

A previous study had noted that the population of

S. macrocarpus was decreasing (Ohi et al. 1998), and

our analysis of population growth rate provided

quantitative evidence to support this. The high
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Table 7 Slope of linear regression and its significant proba-

bility for the relationship between mean openness and

individual reproductive activity

Female Hermaphrodite

Slope P Slope P

Number of inflorescences

2004 -2.54 0.300 -4.64 0.342

2005 -0.28 0.685 -3.72 0.229

2006 -3.47 0.141 -4.52 0.211

2007 -2.58 0.042 -2.27 0.256

Number of fruits

2004 5.10 0.170

2005 -0.43 0.789

2006 -0.47 0.875

2007 -3.67 0.084
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elasticity in the adult size class of S. macrocarpus is a

common character of long-lived woody species (Kwit

et al. 2004) and implies that an increase in mortality

in reproductive adults would result in a rapid

decrease of the population. In addition, the popula-

tion of S. macrocarpus consisted of an extremely low

number of females. Such a biased sex ratio would

decrease the ratio of effective population size to

actual population size (Ne/N) (Franham 1995). More-

over, the small Ne/N ratio of S. macrocarpus is even

smaller than that of other endangered species

(0.40–0.44 in Smith and McDougal (1991) and

0.44–1.41 in Nunney and Elam (1994)). These

evidences collected during the 4 years of the survey

implies that S. macrocarpus has a significantly

increased chance of extinction in the near future.

Two extinction threats for S. macrocarpus are very

low seed production (fruit set in only 7.4% of female)

and the low annual recruitment rate of seedlings

(2.4%) versus the 13.6% annual mortality. Since

hermaphrodites produce almost no fruit, the hermaph-

rodite-biased sex ratio results in an average of only 2.8

individuals in the population naturally producing fruit

per year. In addition, individual female performance

of fruit set (approximately 7.4%) is at a much lower

level compared with the closely related S. praecox

(approximately 35% fruit set) (Abe 2007a). One cause

of the low fruit set may be resource limitation in

the stressful environment as mentioned below, and

another may be inbreeding within the small popula-

tion (Ellstrand and Elam 1993; Frankham 1996).

In general, female plants have high mortality and

low reproductive frequency because of higher repro-

ductive cost (Delph 1999). The hermaphrodite-biased

sex ratio and annually fluctuating fruit set of females

suggest a higher reproductive cost for females of

S. macrocarpus. However, females tended to grow

faster, perhaps because of their low fruit production

(Gross and Soule 1981; Sakai and Burris 1985).

Another possible reason may be that the trade-off

between the number of flowers and the sink-regulated

photosynthesis can lead to a higher growth rate in

females (Delph and Meagher 1995). However, these

potential factors could not be tested rigorously in this

study. Unlike the pioneer shrub S. praecox, the main

habitat of S. macrocarpus is forest understory. The

result of hand-pollination slightly enhanced the fruit

set but not significantly. The findings of the present

study suggest that the main factor restricting fruit set

may be poor resources rather than lack of pollen. The

low fruit production and the hermaphrodite-biased

sex ratio may be caused by shading in the habitat

because females tend to be more affected for

reproduction and have higher mortality than males

in stressful environments (Delph 1999).

In addition, the pollination system has been

disturbed in Chichi-jima Island (Abe 2006). The

bell-shaped flowers of S. macrocarpus would be

suitable for small bees or long-proboscid pollinators.

Indeed, the closely related S. praecox typically

inhabits sunny forest edges in temperate areas on

the Japanese mainland and diverse flower visitors

such as hover flies and flower bees help it to produce

rich fruit sets (Abe 2007a). However, there are very

few flower visitors of S. macrocarpus. The dominant

pollinators on the island, introduced honeybees, do

not visit shaded individuals in the forest understory

(Fig. 4c). The primary pollinators of S. macrocarpus

are probably nocturnal moths.

Habitat characteristics

Typical habitats of S. macrocarpus are in dry forest

communities of 4–8 m in height, which is in stark

contrast with the forest edge habitat of S. praecox

(Abe 2007a). The Distylium dry forest in Higashida-

ira has the highest angiosperm species diversity in

the Ogasawaras (Shimizu 1992) and includes

many endangered species. These facts suggest that

S. macrocarpus can survive in places that have not

been influenced by human disturbances. Communities

are characterized by a high occurrence of Pinus

lutchuensis of more than 10 m in tree height but low

coverage, and a forest crown that mostly consists of

species of less than 10 m tree height such as Schima

mertensiana, Planchonella obovata, and Distylium

leidotum. Stachyurus macrocarpus individuals in

open habitat or sunny crown conditions have no

advantage in growth or the number of shoots. As the

genus Stachyurus originally occurred in temperate

East Asia (Li 1943; Iwatsuki et al. 1999), it is

possible that the species is stressed by the intense

sunlight and dry conditions of the subtropical Oga-

sawaras. The scarce distribution on southern and

western slopes also supports this explanation. Indeed,

leaf sunburn disease was observed in S. macrocarpus

located in open spaces (Fig. 4d).
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The population decline of endangered species,

including S. macrocarpus, observed in Higashidaira

can be explained by long-term aridification (Shimizu

1999). Annual precipitation in the Ogasawaras has

been decreasing during the last few decades (Oka

et al. 2000; Yoshida et al. 2006). Aridification would

increase stress for plants because originally the

Ogasawaras had a subtropical climate with a little

annual precipitation. In addition to aridification,

frequent typhoons bringing salt breezes (Shimizu

2003b) can damage S. macrocarpus in open habitat.

The withering of current shoots of S. macrocarpus

emerging from crowns has often been observed after

a typhoon. Indeed, the height growth and reproduc-

tive activity tend to decrease as openness increases.

These environmental restrictions allow S. macrocar-

pus to survive only in dense scrubland and forest

understory.

At the same time, the suppressive environment

increased the mortality of S. macrocarpus. Approx-

imately 10% of openness is unlikely to provide

a sufficient light environment for seedlings of

this pioneer shrub. In addition, Shimizu (2005)

showed that the community height of dry forests

gradually increases in Higashidaira. If so, further

S. macrocarpus would become affected by vegetative

suppression.

These findings suggest that the suitable habitat of

S. macrocarpus is narrow in the subtropical environ-

ment of the Ogasawaras. Narrowly endemic species

usually adapt to a particular stressful habitat and are

unable to compete in low-stress habitats (Lavergne

et al. 2004). If this is the case with S. macrocarpus, it

would be difficult to maintain or restore the popula-

tion of the species in an artificial new habitat. The

Ogasawara Islands have been settled since the 1880s

and natural forests have decreased since then (Shi-

mizu 2003a; Toyoda 2003). The most favorable

habitats of S. macrocarpus were probably destroyed

in this era.

Effects of alien species

Introduced goats have destroyed natural vegetation in

islands around the world (Schofield 1989; Stone et al.

1992; Courchamp et al. 2003). Although control

activity of goat population had been conducted

in Chichi-jima, recent population increase has

exceeded the degree of control activity. This would

account for the recent increase in grazing damage of

S. macrocarpus. Goat grazing of sprouts was not

associated with the mortality of S. macrocarpus

individuals probably because sprouts tend to occur

in larger individuals. However, the mortality of

grazed shoots was high.

Replacing the constituent stems of a shrub is more

beneficial to its fitness (e.g., carbon gain and sexual

reproduction) than growing or maintaining a single-

stem in a high-stress environment such as forest

understory (Midgley 1996; Kruger et al. 1997). Since

S. macrocarpus maintains itself by sprouting under a

suppressed environment, frequent grazing of young

shoots would become lethal for individuals. It is

possible that repeated grazing of sprouts damages the

S. macrocarpus population because elasticity analy-

sis showed that large individuals play a particularly

significant role in the population growth rate. In

addition, rarely produced fruits suffer predation

threats from introduced black rats, Rattus rattus

(Fig. 4e), which are intensive seed predators in the

Ogasawaras (Yamashita et al. 2003; Abe 2007b) as

well as in other invaded habitats (Courchamp et al.

2003; Shaw et al. 2005).

Implications for conservation management

The effective population size calculated from the

number of effective hermaphrodites and females was

much smaller than the 500 individuals required for

the minimum effective population size for the long-

term (Franklin 1980; Soulé 1980). Further study of

population genetics is required to evaluate various

genetic risks (Frankham et al. 2002).

There are two conservation measures that should be

taken immediately. The first is to eliminate the threats

posed by introduced herbivore mammals. Because of

the difficulty to create new populations, the mainte-

nance of natural habitat should be prioritized for the

conservation of endangered species (Drayton and

Primack 2000). Total eradication of goats from Chi-

chi-jima Island will take a long time hence the

protection of S. macrocarpus individuals from grazing

would be an effective emergency interim measure. For

example, we are using nets to protect against goat

grazing (Fig. 4f) and covering fruits with wire net bags

to prevent rat predation (Fig. 4g).
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Second, the population should be reinforced by

growing S. macrocarpus in nurseries. There is only

one reliable population of S. macrocarpus and it is

very small in size. Once the population becomes too

small, it is difficult to restore it naturally because of

its narrow niche, the allee effect, and bottleneck

effects such as a decrease in genetic diversity and

inbreeding depression (Schemske et al. 1994; Frank-

ham et al. 2002). The seedling recruitment of

S. macrocarpus is very low probably because of

low seed production and goat grazing of seedlings. It

would be better to produce stock in a nursery on

Chichi-jima Island because it could avoid the risk of

accidental introduction of alien species in the soil.

Nurseries actually did produce some stock from

seeds in Chichi-jima Island in 2005 (Fig. 4h). If

nursery-cultivation techniques can be established for

S. macrocarpus, they may also be applied for the

conservation of the endemic S. macrocarpus var.

prunifolius, of which only one hermaphrodite indi-

vidual remains in Haha-jima Island, today.

In summary, it became clear by our analyses that

S. macrocarpus is in danger of extinction. The

remaining population is estimated to be less than

100 individuals and declined 21.8% during the

4 years of the study. The high mortality in shaded

habitats and low growth rate in open habitats suggest

that there is little suitable habitat in the Ogasawaras.

Moreover, fruit set was not restricted by pollen

limitation but it was still very low. These results also

suggest that the environmental conditions of the

subtropical Ogasawaras are not so suitable for

S. macrocarpus. In addition, grazing impact by goats

has seriously increased the extinction risk. Since goat

grazing may threaten other species besides S. mac-

rocarpus, scientific research on population states and

anti-goat measures are immediately needed for other

endangered plants of the Ogasawaras.
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