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the first comprehensive review of the observed and projected impacts of climate change on plant and ani-
mal species in Japan, drawing extensively from both local and international publications. There were a
number of long-term data sets on phenological and distributional changes covering more than five dec-
ades. Observed phenology records showed two characteristic trends in Japan; greater shifts of plant phe-

gieg(‘j/\i,sggty nology in autumn relative to spring and delays in insect appearance dates in spring. Distribution records
Climate change of insect and marine species indicated poleward range expansions of 18-140 km per decade. Future pro-
Phenology jections on phenology suggested varied responses between species and possible disruptions in ecosystem
Species distribution functions, while those on distributions indicated potential significant range reductions and changes in
Japan species assemblages and diversity. Some of these responses are not in line with the global trends while
Review others show changes of greater magnitude than for other regions, which highlights the importance of
region-specific climate change impact assessments. The research recommends that, to improve the eval-
uation of climate change impacts in countries where the common languages are not English, search
efforts should be expanded to include locally available data and publications. This can be facilitated by

using country-specific journal databases and increasing collaboration with local researchers.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Climate change has been identified as one of the major drivers
leading to biodiversity loss (CBD, 2010). There is now ample evi-
dence of climate induced changes in phenology, species distribu-
tions, and resulting changes in biotic interactions, species
compositions, and ecosystem functioning (reviews available in:
Miller-Rushing et al., 2010; Parmesan and Yohe, 2003; Parmesan,
2006; Walther, 2010). Many ecological projections are also avail-
able, which suggest that climate change will continue to affect
many species in the future and may lead to significant disruptions
in ecosystem functions or species’ extinctions (Bellard et al., 2012;
CBD, 2010).

However, existing evidence and projections exhibit regional
concentrations. In the Fourth Assessment Report (AR4) of the Uni-
ted Nations Intergovernmental Panel on Climate Change (IPCC,
2007), 28,671 data series of significant observed changes in biolog-
ical systems were examined, of which 28,115 were in Europe and
455 were in North America, whereas only eight were in Asia. In
addition, in reviewing 866 peer-reviewed papers on biological im-
pacts of climate change, Parmesan (2006) pointed out that the larg-
est research gaps were geographic rather than taxonomic, with
most studies coming from North America, northern Europe and
Russia, and a large deficit in Asia. The regional imbalance in avail-
able research may hamper an effective resource allocation to the
regions where conservation is most needed.

Situated in the north-east of Asia, Japan is a biodiversity hot-
spot, which supports exceptionally rich biodiversity with a large
proportion of threatened species (Mittermeier et al., 2004). Japan
has over 90,000 recognised species in an area of 380,000 km?
(Ministry of the Environment, 2010). Of these, more than 30% of
amphibians, reptiles and freshwater and marine species, and more
than 20% of mammals and plants are threatened with extinction
(i.e. categorised as either “critically endangered”, “endangered”,
or “vulnerable”), according to the Japanese Red List (Ministry of
the Environment, 2011) that follows the IUCN Red List categories
(IUCN, 2001). Ecological changes are increasingly reported and cli-
mate change is recognised as a major threat to the biodiversity
(Ministry of the Environment, 2008, 2011). However, many Japa-
nese studies are not easily accessible to the international research
community as they are often written in Japanese and not included
in international journal search engines, such as ISI Web of Knowl-
edge. For example, of 3047 scientific journals published in 2008,
only 374 (14.0%) were published in English whereas the majority
(86.0%) were in Japanese (Tokizane, 2011). The large number of
publications in Japanese accounts for constant knowledge gaps be-
tween the researchers in Japan and elsewhere.

The aim of this paper is to summarise the observed and pro-
jected climate change impacts on biodiversity in Japan, by synthes-
ising recent studies published locally as well as internationally.
Firstly, we briefly summarise observed and projected climate
change as background information to the ecological changes. We
then summarise the climate impacts on species, focusing on the
changes in phenology, species distributions, and resulting ecologi-
cal changes. Finally, we identify research needs in Japan and dis-
cuss the implications for conservation research in general.

2. Methods

We searched scientific papers on observed and projected
changes of plant and animal species in response to climate change.
For articles in international journals, we first searched in ISI Web of
Knowledge using a combination of the search terms: species, bio-
diversity, ecology, ecosystem, distribution, phenology, climate
change, global warming and Japan, and then checked the reference

lists of relevant papers. Japanese publications were primarily ob-
tained by searching the Japanese academic journal database, CiNii
(http://ci.nii.ac.jp/en), using the same search terms in Japanese as
well as in English. In addition, some publications were identified
by checking the reference lists of academic papers or governmental
reports, or consulting experts through personal contacts. We lim-
ited our search to scientific papers published in peer-reviewed
journals or academic books. We focused on recent publications
not included in IPCC AR4 (IPCC, 2007) and selected papers pub-
lished since 2005 in order to try and fill the identified knowledge
gap (Parmesan, 2006), although relevant previous research (e.g. re-
cords of historical distribution limits) was also examined as
necessary.

3. Climate change in Japan
3.1. Observed climate change and the effects of urbanisation

The Japan Meteorological Agency (JMA) reported that annual
average air temperatures in Japan rose by 1.15 °C per century be-
tween 1898 and 2010 (JMA, 2011a). No statistically significant
long-term trend was observed for annual precipitation, although
the inter-annual variability has increased since the 1970s (JMA,
2011a). Greater warming in Japan compared with the global aver-
age warming of 0.74 °C £ 0.18 °C per century (1906-2005) (Tren-
berth et al., 2007), is partly due to urban heat island effects.
Although JMA excluded the weather stations in metropolitan areas
to calculate the long-term trend, the warming recorded in the se-
lected stations was still higher than that occurring in rural areas,
as the JMA stations are typically located near the city centres and
include relatively large cities (Nishimori et al., 2009). According
to an alternative nation-wide network of 546 weather stations
from 1979 to 2008, the temperatures in rural areas with popula-
tion density under 100 people/km? increased by 0.3 °C per decade,
while those in the cities with 100-300 people/km? and over
3000 people/km? showed further increases of 0.03-0.05°C and
0.12 °C per decade respectively (Fujibe, 2011). Therefore, the urban
heat island affects relatively small cities. Accordingly, observed
biological changes in urban areas, e.g. phenological changes at
the JMA stations, are caused by the combined effects of climate
change and urbanisation. On the other hand, residential and indus-
trial areas cover only 5% of the total land area in Japan whereas
wilderness areas, forests, and agricultural areas cover 80% (MLIT,
2011). Thus, urban warming has limited effects on the biological
changes occurring at the national scale, e.g. distributional shifts.

3.2. Projected climate change

Climate projections for Japan show that temperatures should
continue to rise during the 21st century, although the magnitude
of warming differs among climate models and scenarios (Meehl
etal., 2007). Most climate change impact studies in Japan are based
on climate models developed by Japanese authorities. Many fore-
casted impacts are based on the Regional Climate Model with a
resolution of 20 x 20 km (RCM20) (JMA, 2005). RCM20 follows
the SRES A2 storyline, which describes a heterogeneous world with
increasing global population, regionally oriented economic devel-
opment, and slow per capita economic growth and technological
change (Naki¢enovi¢ and Swart, 2000). RCM20 projects that the
mean annual temperature in Japan could increase by 2-3 °C by
2100 (2081-2100) relative to the baseline (1981-2000) and that
precipitation could increase in summer (June-September) and de-
creases in other seasons (JMA, 2005; Kurihara et al., 2005). Some
studies are based on the high resolution model of Model for Inter-
disciplinary Research on Climate (MIROC) 3.2 with a resolution of
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Table 1
Observed impacts of climate change on phenology.
Species Location Period Indicator Observed changes CF References
Plants and animals Countrywide 1953-2008 120 Phenological JMA (2011b)
events
Plants
Prunus mume Countrywide 1953-2005 Flowering —7 Days bet. 1961-1989 and TPP Doi (2007)
1990-2005
Prunus jamasakura Kyoto 801-2005 Full bloom —7 Days bet. 801-2005 and TPP Aono and Kazui (2008)
1971-2000

Aono and Saito (2010)
4 Plant species Countrywide 1953-2005 Leaf budburst —2.7 Days/decade TPP Doi and Katano (2008)
Morus bombycis Countrywide 1953-2005 Growing season length +3.6 Days/decade TPP Doi (2011)
12 Plant and animal Countrywide 1953-2005 Spring phenology Vary between species and TPP Primack et al. (2009b)

species locations

11 Plant species Countrywide 1953-2005 Flowering/leaf budburst Depend on genetic diversity = TPP Doi et al. (2010)
Malus pumila var. domestica Countrywide 1977-2004 Budding/flowering —2.6 Days/decade TPP Fujisawa and Kobayashi

(2010)
17 Cherry species Tokyo 1981-2005 Flowering —2.2 Days/decade TPP Miller-Rushing et al. (2007)
Birds
Cettia diphone Ryukyu islands  1953-2005  First singing +2.6 Days/decade TPP, HLD  Gordo and Doi (2012)

riukiuensis

Sturnia philippensis Niigata 1978-2005 Egg-laying —5.5 Days/decade TPP Koike et al. (2006)
Insects
Pieris rapae Countrywide 1958-2005 Butterfly appearance +0.5 to +6.0 Days/decade TPP Kamitani (2010a)
Luciola cruciata M. Countrywide 1956-2005 Firefly appearance —6.3 to +3.0 Days/decade TPP Kamitani (2010a)
Sympetrum frequens Countrywide 1956-2005 Dragonfly appearance —1.8 to +3.8 Days/decade TPP Kamitani (2010a)
Orthetrum albistylum speciosum  Countrywide 1953-2005 Dragonfly appearance +4.7 Days/decade (average) TPP Doi (2008)
Cryptotympana facialis Countrywide 1956-2005 Cicada first song +2.5 to +4.3 Days/decade TPP Kamitani (2010a)
Graptopsaltria nigrofuscata Countrywide 1956-2005 Cicada first song —3.8-0.3 Days/decade TPP Kamitani (2010a)
Platypleura kaempferi Countrywide 1956-2005 Cicada first song +0.4 to +4.8 Days/decade TPP Kamitani (2010a)
14 Insect species Countrywide 1961-2004  First appearance/song —1.43 to +4.19 Days/decade ~ TPP Ellwood et al. (2012)

TPP: temperatures of the period preceding the phenological event; HLD: habitat loss and degradation.

¢ CF: main controlling factors for the change.

110 x 110 km (K-1 Model Developers, 2004). This model follows
the SRES A1B storyline and describes a future world of rapid eco-
nomic growth, global population that peaks in mid-century and
declines thereafter, and high technological advancement based
on balanced energy sources (Nakicenovi¢ and Swart, 2000). The
models project that, by 2100, mean temperature would increase
by 4.8 °C in Japan (4.4 °C globally) and mean precipitation would
increase by 10% compared with reference levels of 1971-2000
(Kimoto et al., 2005; Project Team for Comprehensive Projection
of Climate Change Impacts, 2008). More recently, newer models
are being developed following the representative concentration
pathway (RCP) (Masui et al., 2011), although, to date, we found
no study using these climate models for impact assessment studies
in Japan.

4. Observed impacts of climate change on plants and animals
4.1. Changes in phenology

Observed impacts of climate change are summarised in Tables
1-3. The majority of phenological studies were derived from the
phenological observations of JMA (Table 1). J]MA has recorded
over 120 phenological events since 1953 at their 102 observato-
ries nation-wide, located along the latitudinal range of 24.20°N-
45.24°N and covering climatic ranges from sub-tropical to boreal
(JMA, 2011b). Timing of phenological events (e.g. flowering, leaf
budding, etc.) in Japan is strongly correlated with air tempera-
tures of the 1-2 months prior to the events and rising tempera-
tures during this period are considered as the primary cause of
observed phenological shifts (Doi and Katano, 2008; JMA, 2005).
In other regions, it has been reported that other environmental
factors, such as precipitation, CO, and nitrogen deposition, could

also affect phenology, although the effects are small relative to
the temperature effects (Badeck et al, 2004; Cleland et al,
2006; Throop and Lerdau, 2004).

According to the recent JMA data set (JMA, 2011b), the spring
flowering of Prunus mume (Japanese apricot), Prunus x yedoensis
(Yoshino cherry), Taraxacum spp. (dandelion), Wisteria floribunda
(Japanese wisteria) advanced nationally on average by 0.8, 0.7,
1.1, 0.7 days/decade respectively between 1953 and 2008
(Table S1 and Fig. S1 in Electronic Supplementary material). Au-
tumn phenological events were delayed, e.g. leaf colouring of Acer
palmatum (Japanese maple) and Ginkgo biloba (maidenhair) were
delayed by 3.3 days and 2.0 days/decade respectively. In addition,
the growing season length (GSL) of Morus bombycis (mulberry)
was extended by 3.6 days/decade, with an advance of budburst
by 1.3 days/decade and a delay of leaf fall by 2.4 days/decade over
the period 1953-2005 (Doi, 2011), indicating a similar trend to G.
biloba, the GSL of which was extended by 2.4 days/decade with the
advancement of budburst by 0.8 days and the delay of leaf fall by
1.6 days (Matsumoto et al., 2003). Thus, both the recent records
and the studies on GSL show that autumn delays were more signif-
icant than spring advancements and this trend was largely consis-
tent across different locations, although the temperature and
phenological changes varied between the observation sites (Ibanez
et al., 2010). In contrast, a European wide study showed that the
spring events became earlier by 2.5 days/decade on average and
autumn events became later by 1.3 days/decade on average be-
tween 1971 and 2000 for 542 plant and 19 animal species (Menzel
et al.,, 2006). Thus, spring advancements were more prominent
than autumn changes in Europe while the opposite trend was
found in Japan. Suggested possible reasons for this difference are
the inclusion of arid areas in European data where precipitation
strongly affects phenological timings (Ibanez et al., 2010), or spe-
cies-specific leaf responses and leaf life spans (Doi, 2011).
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Table 2
Observed impacts of climate change on species distributions.
Species Changes Year Location Distance CF? References
Insects
Papilio memnon Northeastward range expansion 1940s-2000s Honshu 130 km/decade® ™ Kitahara (2008)
Yoshio and
Ishii (2010)
Narathura bazalus Northeastward range expansion 1970s-2000s Honshu ™ Inoue (2005)
Shiota (2006)
Argyreus hyperbius Northeastward range expansion 1970s-2000s Honshu TW, pansy Shiota (2006)
transport Tsubuki (2008)
Melanitis phedima oitensis ~ Northeastward range expansion 1950s-2000s Honshu 48 km/decade” ™ Takahashi (1982)
Shiota (2006)
Junonia almanac almanac Northward range expansion 1950s-2000s Kyushu 58 km/decade” TA Kamitani (2010b)
Nezara viridula Northward range expansion 1957-2005 Kyushu West: 18 km/decade; ™ Yukawa et al. (2007)
East: 30 km/decade Kiritani (2011)
1972-2008 Shikoku and ™ Yukawa et al. (2009)
Honshu
1962-2007 Kinki 19 km/decade TW, NCD Musolin (2007)
Tougou et al. (2009)
Birds
Anser albifrons Northward shift of wintering range 1987/88-2003/04  Tohoku 180 km ™ Shimada et al.
(2005)
Mammals
Cerbus nippon centralis Northward range expansion 1978-2003 Tohoku Snow, Yamauchi et al.
grassland (2007)
area
Marine species
Reef corals (9 species) Northward range expansion 1930s-1990s Japan Sea/ 20-140 km/decade SST, warm Nojima and
1955-1995 Pacific Ocean currents Okamoto (2008)
Yamano et al. (2011)
Seriola quinqueradiata Northward extension of 1894-2008 Japan Sea SST Tian et al. (2012)

distribution and overwintering
areas

TW: winter temperature; TA: annual temperature; NCD: number of cold days (mean temperature below 5 °C); SST: sea surface temperature.

2 CF: main controlling factors for the change.

> Approximate distance estimated by the authors based on the locations provided in the reference.

Advancements of spring phenology were also evident in other
phenological records (e.g. Fujisawa and Kobayashi, 2010; Miller-
Rushing et al., 2007). The most notable is the time series records
from 801 to 2008 for Prunus jamasakura (Japanese mountain cher-
ry), retrieved from the ancient record of traditional cherry blossom
festivals and representing the longest phenological records in the
world (Aono and Kazui, 2008; Aono and Saito, 2010; Fig. S2 in Elec-
tronic Supplementary material). The records show that the full-
flowering dates of P. jamasakura became progressively earlier from
the mid 19th century, and that recently (1971-2000) the average
flowering date has advanced by 7 days relative to the average of
the whole period (Aono and Kazui, 2008). In addition, Aono and
Saito (2010) retrieved the full flowering dates of W. floribunda
and P. mume since the tenth century and Kerria japonica (Japanese
kerria) and Paeonia suffruticosa (tree peony) since the 12th century
and found that the full flowering dates of W. floribunda and P.
mume were significantly correlated with those of P. jamasakura.

In contrast to plant phenology that shows a general advancing
trend in spring, changes in animal phenology are variable between
species and locations (Kamitani, 2010a; Primack et al., 2009a).
However, by examining six plant and six animal species over the
period 1953-2005 at up to 160 observation sites across Japan
and Korea, Primack et al. (2009a) showed spring phenology of all
plants advanced while that of all animals was delayed at over half
the sites. Moreover, the first singing date of Cettia diphone riukiuen-
sis (Ryukyu bush warbler) was delayed by 2.6 days/decade be-
tween 1953 and 2005, which was caused by male population
declines due to human population increases (Gordo and Doi,
2012). Similarly in South Korea, monitoring of Hirundo rustica
(barn swallows) between 1971 and 2008 showed that they are

arriving on average 10 days later, with population declines also
suggested as a possible reason (Lee et al., 2011). On the other hand,
delays in the first appearance of Orthetrum albistylum speciosum
(common skimmer) (4.8 days/decade) was not influenced by hu-
man population density, but by shifts in dragonfly life cycles
(Doi, 2008). Further, delays in the first appearances of Pieris rapae
(small white) were caused by winter warming that delayed timing
to meet the chilling requirements for breaking dormancy
(Kamitani, 2010a). Thus, although the causes of phenology delays
vary among species, these studies clearly indicate that delayed
spring events are widespread in Japan for birds and insects, which
are contrary to the trends observed elsewhere (e.g. Bertin, 2008;
Parmesan, 2007).

4.2. Changes in species distributions

Observation records spanning over six decades are available for
Papilio memnon (great mormon), a butterfly species ranging from
the Asian tropics to the warm-temperate zone in Japan (Table 2).
Records from repeated field surveys indicated progressive geo-
graphical shifts of the northern range limit, from Yamaguchi in
the 1940s to Osaka in the 1980s, and then to Tokyo in the 2000s,
approximately 760 km over 60 years, or 130 km/decade (Kitahara,
2008; Yoshio and Ishii, 2004, 2010) (Fig. 1). Statistical analyses
showed that the distribution of P. memnon was closely related to
the minimum temperature of the coldest month, which determines
the winter survival of pupae (Kitahara et al., 2001). On the other
hand, the populations in different regions including the southern
and northern range limits exhibited no difference in the photope-
riodic response, diapause intensity or cold tolerance, indicating



Y. Ogawa-Onishi, P.M. Berry /Biological Conservation 157 (2013) 361-371 365

Table 3
Observed impacts of climate change on species abundance, assemblages, interactions, and ecosystems.
Species/ecosystems Location Period Observed changes CF? References
Abundance change
Pinus parviflora, P. pumila Hokkaido 1900-2000 Rapid population increase since TW, fog Masuzawa et al. (2005)
1970
Cygnus columbianus Japan 1975-2008 Increases in abundance of Snow, TMR, TBF Higuchi et al. (2009)
overwintering birds
Ecosystem change
Moorland Gunma, Niigata 1971-2004 Area reduction by 10% TW, snow Yasuda et al. (2007)
Species assemblage/
composition
83 Fish species Japan Sea 1970-2006 Changes in assemblages (increase of SST Masuda (2008)
southern species)
Oncorhynchus keta Hokkaido, 1943-2005 Changes in age compositions SST Seo et al. (2011)
Okhotsuk Sea (increases of juvenile salmon and
decreases of mature salmon)
Phenological mismatch
4 Prunus species and Nagano 1953-2002 Earlier flowering and later butterfly TPP Doi et al. (2008)
P. rapae appearance
P. x yedoensis, S. philippensis Niigata 1978-2005 Greater advancement of flowering TPP Koike et al. (2006)
and P. rapae compared with butterfly appearance
Indirect impacts
Ultrabasicosaxicolous flora Hokkaido 1954-2003 Decrease of alpine grasslands by Upward shifts of Masuzawa et al. (2005)
(alpine grasslands) 50-60% due to increased P. parviflora and Watanabe (2005)
competition with conifers P. pumila
Nezara antennata Kyushu, Shikoku, 1957-2008 Retreat from the southern range Northward range Yukawa et al. (2007)

W. Honshu, Kinki

limit, population reduction due to
increased competition and
interspecific mating with N. viridula

expansion of
N. viridula

Tougou et al. (2009)
Yukawa et al. (2009)
Kiritani (2011)

TW: winter temperatures; SST: sea surface temperatures; TPP: temperatures of the period preceding the phenological event.

TMR: temperatures in migration routes; TBF: temperatures in breeding fields.
¢ CF: main controlling factors for the change.

that evolutional changes have not occurred (Yoshio and Ishii,
2004). Consequently, recent winter warming is considered as the
primary cause of the northward range expansion of P. memnon
(Yoshio and Ishii, 2010).

Range expansions also have been found for other butterfly spe-
cies. For example, the range limit of Junonia almanac almanac (pea-
cock pansy, butterfly) shifted progressively northward from
Tanegashima (30.44°N, 130.00°E) in the 1950s, Miyazaki in the
1970s, Oita in the 1980s, to Fukuoka (33.19°N, 130.31°E) in the
2000s (Kamitani, 2010b), i.e. 290 km over 50 years. The distribu-
tion of J. almanac almanac is closely related to annual temperatures
and thus its northward shifts are considered as the result of cli-
mate change (Kamitani, 2010a).

Apart from butterflies, detailed distribution data have been re-
corded for a major rice pest, Nezara viridula (southern green stink
bug). Distribution records since 1957 show northward range
expansion at the rate of 18 km and 30 km/decade in West and East
Kyushu respectively (Kiritani, 2011; Yukawa et al., 2007, 2009) and
19 km/decade in Kinki (Tougou et al., 2009). As N. viridula feeds on
more than 145 plant species, food and habitat availability are not
the major limiting factors for its distributions (Musolin and
Numata, 2003). On the other hand, winter survival of N. viridula
is closely associated with January mean temperature (Yukawa
and Kiritani, 2010). In addition, current and past distributions of
N. viridula correspond well with the +5°C January isotherm
(Tougou et al., 2009; Yukawa et al., 2007). Thus, winter tempera-
ture is the principal factor determining the distributions of
N. viridula and climate change is considered as the primary reason
for its northward range expansions (Musolin, 2007; Tougou et al.,
2009; Yukawa and Kiritani, 2010).

The range expansion rates of Japanese insects reviewed here
were faster than those of the global average for terrestrial species
(6.1 km/decade; Parmesan and Yohe, 2003). However, the

expansion rate of N. viridula is comparable with other Heteroptera
species in Britain that shifted northward by 32-42 km/decade
between 1970/1980 and 1990/2000 (Hickling et al., 2006). In
addition, P. memnon’s rapid expansion of its range margin and
large increase of its range size is comparable to the butterfly
Sympetrum striolatum (common darter) in Britain, which expanded
its range margin by 138 km/decade between 1960/1970 and 1985/
1995 (Hickling et al., 2005). However, a caution is required when
comparing with the shifts occurring in other regions, as the latitu-
dinal width of Honshu island is limited in western Japan and the
species shift mainly eastward rather than northward. For example,
the latitudinal distance between Yamaguchi and Tokyo where
P. memnon shifted is only about 1.5°.

For marine species, distribution data have been recorded over
eight decades. Yamano et al. (2011) collected literature and speci-
mens of nine species of corals at their northern range limits in the
Sea of Japan and Pacific Ocean from the 1930s to 1990s, where the
sea surface temperature (SST) in winter rose by 1.1-1.6 °C. Out of
nine species examined, the range margins of four expanded north-
ward at the maximum rate of 140 km/decade, whereas those of the
other five remained stable. Along with the corals, range expansions
were also observed for fish species, toxic microalgae, and Acanthas-
ter planci (crown-of-thorns starfish) that feed on corals (Nojima
and Okamoto, 2008; Yamano et al., 2011).

4.3. Ecological consequences of phenological and distributional
changes

Changes in phenology and species distributions may have con-
sequences at the ecosystem level. For example, Koike et al. (2006)
found that between 1978 and 2005 egg laying dates of Sturnus
philippensis (red-cheeked starling) advanced by 15.3 days, while
the flowering of cherry advanced by 8.5 days, shortening the gap
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Fig. 1. Map of Japan with the names of locations referred to in the text and tables. Japan consists of four major islands (Hokkaido, Honshu, Shikoku, Kyushu) and eight regions

(Hokkaido, Tohoku, Kanto, Chubu, Kinki, Chugoku, Shikoku, Kyushu).

between the dates of flowering and breeding by 6.8 days. As a con-
sequence, the cherries, which were the main food source of the
chicks in the 1970s, were not sufficiently in fruit for the chicks
by the 2000s. As insufficient food supply may lead to failure in
breeding success, widening phenological mismatches have conse-
quences for bird populations through the effects on food webs.

Phenological mismatches also affect mutualistic webs, such as
plant pollinator interactions. For example, the flowering of Prunus
trees became earlier between 1970 and 2002, whereas the appear-
ance of their potential pollinator, P. rapae, was delayed (Doi et al.,
2008). The flowering of Prunus trees and the appearance of this
butterfly species were affected by temperatures during different
times of the year which increased at different magnitudes. This re-
sulted in a mismatched responsiveness to climate change between
plant-insect trophic levels. Disordered phenological timings may
lead to the disruption of key plant-animal interactions, such as
pollination, herbivory and animal-habitat interactions (Ibanez
et al., 2010).

On the other hand, changes in species distributions may affect
species assemblages and community composition. In Hokkaido,
Pinus pumila (Japanese stone pine) and Pinus parviflora var. penta-
phylla (Japanese white pine) on Mt. Apoi have been shifting to
higher elevations, which have led reductions of alpine grasslands
by 50-60% between 1954 and 2003 (Masuzawa et al., 2005;
Watanabe, 2005). Moreover, Nezara antennata Scott (oriental green
stink bug) was replaced by N. viridula in its southern range limits in
Kyushu and central Japan (Tougou et al., 2009; Yukawa et al.,
2007). For marine species, changes in species assemblages have
been found in the Sea of Japan since 1970 due to range expansions

of southern fish species (Masuda, 2008). Also, changes in the age
composition of Oncorhynchus keta (chum salmon) has occurred
since the 1940s, due to the SST increase in the northern seas of
Japan (Seo et al., 2011). Further changes in species assemblage
and community composition may disrupt ecosystem functions
and services. Thus, it is important that these changes are closely
monitored and included in the impact assessment.

5. Projected impacts of climate change on phenology and
species distributions

Primack et al. (2009a) and Ibanez et al. (2010) forecasted phe-
nological changes in Japan and South Korea by constructing a hier-
archical model based on a Bayesian approach, in which different
curves were fitted at each site and then the data from all the sites
were combined to estimate the species’ overall response to tem-
perature (Table 4). For example, under a 3 °C increase in tempera-
ture, advancement of flowering of K. japonica varied from 6 to
21 days and the arrival of Rana nigromaculata (black-spotted pond
frogs) ranged from an advancement of 12 to a delay of 5 days,
depending on the geographical region (Primack et al., 2009a). On
the other hand, Maruoka and Itoh (2009) constructed a model for
flowering of P. x yedoensis, based on the DTS (the number of days
transformed to standard temperature) method, which is an accu-
mulation model using an exponential function of daily mean tem-
perature (Aono and Moriya, 2003). The flowering dates were
projected to become earlier in Tohoku, the Sea of Japan side of
the Japanese archipelago, and high altitude areas, but later in
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Table 4
Projected impacts of climate change.

Species Location Timeframe Scenario Indicator? Methods® Potential impacts References

Plants

13 Plant species Japan Unspecified Temperature Phenology Hierarchical ~ Spring: —7.7 - 0.35 days/°C Ibanez et al.
range Baysian autumn: 3.56-5.36 days/°C (2010)

12 Plant and animal  Countrywide Unspecified Temperature Phenology Hierarchical  Spring: —8.36 - 0.43 days/°C Primack et al.

species range Baysian (2009a)

Prunus yedoensis Japan 2032-2050; SRES A2 Phenology DTS Delay in Kyushu and Pacific ocean side; Maruoka and

2082-2100 advance in Tohoku and Japan sea side Itoh (2009)

29 Broadleaf Shizuoka Unspecified +1 to +4 °C Phenology Cumulative Spring: —3.4 days/°C; Fujimoto

species temperature  autumn: 6.2 days/°C (2008)

F. crenata Japan 2001-2090 110 CSA SDM (CTA) Precip. decline and temp. increase; Matsui et al.
Hypothetical negative precip. increase and (2009b)
scenarios temp. > +2 °C; negative precip. increase
bet.SRES A2 and temp. < +2 °C: positive
and B1

F. crenata Japan 2031-2050; SRES A2 and CSA SDM (CTA) 2031-2050: —53% (A2) and —68% (A1B); Matsui et al.

2081-2100 A1B 2081-2100: —79% (A2) and —96% (A1B)  (2009a)

Pinus pumila Japan 2081-2100 SRES A2 and CSA SDM (CTA) —75% (A2) and —85.3% (A1B) Horikawa
A1B et al. (2009)

2 Dwarf bamboo Honshu 2081-2100 SRES A2 CSA SDM (CTA) —11.7% and —53.7% Tsuyama

species et al. (2008a)
Tsuyama
et al. (2008b)
25 Conifer species  Japan 2081-2100 SRES A2 CSA SDM Altitudinal shifts by 293 m; CSA loss up ~ Ogawa-
(Ensemble to 85%; refugia in central Japan Onishi et al.
of 4 models) (2010)
Insects
N. viridula Kinki Unspecified +2.5°C Phenology; Incubator Increased winter and spring survival; Musolin et al.
life history experiment  advanced post-diapause reproduction; (2010)
changes in life span of females Takeda et al.
(2010)
N. viridula Kyushu 2100 +1.4 to +5.8°C  Thermal range Isotherm Range expansion Yukawa et al.
shift (2007)
Tibicen japonicus Kinki Unspecified +2°C Thermal range Isotherm Local extinctions at mountaintops Shiyake
shift (2008a)
Birds
Lagopus mutus Japan Unspecified +1 to +3 °C Abundance Treeline 1°C :-10%, 2 °C:—48.8%, 3 °C:—79.6% Nakamura
shift (2007)
Marine species
Coral reefs Japan 2000-2099 SRES A1B Reef Isotherm Northward shift; increases in frequency  Yara et al.
development;  shift; DHM (once/year in 2100) (2009)
bleaching

34 species (a); 171  Japan 2030; 2050; +1.0 °C; Thermal range Isotherm Northward shifts (a); northward Kuwahara

sub-tropical 2100 +1.5°C; shift expansions (88 species) (b) et al. (2006)
species (b) +2.9°C

Seriola Japan Sea 2025;2050;2100 SRES A1B Thermal range Isotherm Northward shift of winter range (3° by Tian et al.

quinqueradiata shift 2050) (2012)

@ CSA: climatically suitable areas.

> DTS: the number of days transformed to standard temperature; SDM: species distribution models (climate envelope models); CTA: classification tree analysis;

DHM: degree heating month.

Kyushu and the coastal areas on the Pacific Ocean side by 2032-
2050 under the SRES A2 scenario (Maruoka and Itoh, 2009). In
addition, the study found that the species may not flower in south-
ern Kyushu by 2082-2100. The projected delays and non-flowering
resulted from insufficient chilling accumulation to complete
dormancy.

Projections based on species distribution models (Elith and
Leathwick, 2009), or bioclimatic envelope models (Heikkinen
et al.,, 2006) are available for several tree species. These models
use correlations between climatic parameters (temperature and
precipitation) and species distributions and project the climatically
suitable areas under the future climate. Matsui et al. (2009b) pro-
jected that the climatically suitable area for F. crenata forests
would decrease by 63% under the SRES A2 scenario and by 79% un-
der the A1B scenario in 2081-2100. In addition, Ogawa-Onishi
et al. (2010) projected changes in climatically suitable areas for
25 conifer species from warm-temperate to alpine climate zones.

Their results indicated that endemic sub-alpine species were the
most vulnerable group to climate change, and were projected to
lose 70-85% of their climatically suitable areas by 2100 under
the SRES A2 scenario. Moreover, species’ climatically suitable alti-
tudinal range was projected to shift to higher elevations at 24 m
per decade on average, which could greatly alter species richness
patterns on mountains. Although we did not find any observational
evidence of altitudinal shifts in Japan, a recent study in European
mountains showed that plants have shifted upslope by 2.7 m on
average between 2001 and 2008 (Pauli et al., 2012). Thus, species
range is likely to shift toward higher altitude in response to climate
change, although the actual distributional shifts may lag behind
the changes in climatically suitable areas.

Apart from the modelling, the potential range shifts of insects,
birds and marine species were indicated by isotherm shifts in ther-
mal ranges determined from literature or correlation with current
distributions. For example, the thermal range of N. viridula was
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projected to expand to higher elevations in Kyushu, such that all of
Kyushu could become suitable if the temperature increased by
5.8°C (Yukawa et al, 2007). Another insect species, Tibicen
Jjaponicas (tibicen cicada) was also estimated to shift upward, with
consequent local extinctions from many mountains in the Kinki
district under a 2 °C increase (Shiyake, 2008a). The abundance of
a bird species, Lagopus mutus (rock ptarmigan), was estimated to
decline by 79.6% assuming an increase of 3 °C and the consequent
shifts of treelines (Nakamura, 2007).

Range expansions of marine species were also estimated based
on the projected changes in the SST isotherm shifts. Kuwahara
et al. (2006) studied the changes in the thermal range of 34 fish,
shellfish, and algae species in the seas around Japan. They first con-
structed a life history database that includes information such as
thermal resistance at different life stages based on existing exper-
iments and field surveys, and then identified the maximum and
minimum thermal requirements for each species. The study re-
vealed that the thermal ranges of temperate and sub-tropical mar-
ine organisms were divided at the 29 °C isothermal line of the
maximum annual SST. This line was estimated to shift northward,
from southern Kyushu to the Kanto districts in 100 years, assuming
a 2.9 °Cincrease of SST. This northward shift would significantly af-
fect coastal species such as bastard halibut, red sea bream, abalone
and sea urchin and the cultivation of Japanese amberjack, puffer,
and seaweeds. In addition, based on experimental results, which
showed the suitable water temperature for Seriola quinqueradiata
(Japanese yellow tail) was over 10 °C, Tian et al. (2012) projected
a 3° northward shift of the 10 °C SST isothermal line by 2050 under
the SRES A1B scenario. Further, the coral reef development limits,
which were correlated with 18 °C isotherm of the SST of the coldest
month, were projected to shift from the coasts of southern Kyushu
in 2000-2009 to the coasts of northern Kyushu by 2090-2099 un-
der the SRES A1B scenario (Yara et al., 2009). Thus, the projections
based on the SST isothermal shifts suggest that SST rises would af-
fect many marine organisms around Japan.

6. Research needs

The JMA data are available for over 120 phenological events
although less than 30 of them have so far been analysed. Thus,
the first research need is to utilise this extensive data set. At the
same time, it is important that the scientific community supports
JMA in continuing the observations, as monitoring of nearly 50
species has been discontinued since 2003. Distributional records
are also underutilised and studies investigating the relationship
with climate change are available only for a limited number of spe-
cies. In particular, many insects, such as beetles (Shiyake, 2008b),
dragonflies (Matsuzawa, 2008), and butterflies (Kiritani, 2006),
have been observed beyond their native ranges that are considered
to be the effects of climate change. On the other hand, an experi-
mental study revealed that tolerance to winter temperature was
not a limiting factor for the northern range expansion of Crypto-
tympana facialis (bear cicada) (Moriyama and Numata, 2009). Thus,
research is needed on the cause of distributional shifts for other
species.

In addition, there is a general lack of rigorous modelling studies
of the future impacts. Many studies on species distribution changes
are based simply on isothermal shifts and the small numbers of
available modelling studies include only a selected number of
plant species. Moreover, the Japanese studies are also limited by
the range of underlining climate scenarios. SRES A1B and A2 are
the only scenarios considered and they are based on different cli-
mate models, i.e. MIROC 3.2 and RCM20 respectively. Conse-
quently, the existing research fails to address uncertainty of
climate models and scenarios (Aragjo and New, 2007). The

Japanese researchers rely heavily on these two models because
they have higher resolutions than other GCMs and can better
incorporate the regional climatic regime and topographic effects
that strongly affect the climate of Japan (Sasaki et al., 2005). Devel-
opment of high resolution climate models including a range of sce-
narios is necessary to reduce, estimate, or manage uncertainty for
adaptation to climate change (Littell et al., 2011). Further, incorpo-
ration of dynamic ecological changes, such as acclimation, inter-
specific interactions, dispersal limitation and evolutionary
adaptation, is necessary for more realistic representation of spe-
cies’ future distributions (Corlett, 2011a).

7. Implications for conservation research

Apart from identifying the research needs, this review has
important implications for conservation research on the ecological
impacts of climate change. Here, we identified over 50 scientific
studies, a third of which were obtained from Japanese publications.
Interestingly, most phenological studies were published in interna-
tional journals, whereas many distributional studies, both ob-
served and projected impacts, were published in Japanese
sources. Most phenological studies were based on the same data
source, i.e. the J]MA observations, which are collected nation-wide
in a systematic manner over five decades. Such extensive data
are globally scarce and enable phenological investigations of inter-
national importance (Primack et al., 2009b). Moreover, the data set
is distributed at a low cost by JMA. Thus, it has been used widely by
both foreign and Japanese researchers. On the other hand, the dis-
tribution data are generally collected by a group of researchers and
not publicly available. They may not necessarily publish in interna-
tional journals because Japanese journals have lower rejection
rates and a faster turn-around time. In addition, the studies on ob-
served distributions are often descriptive and focused on one or a
few species, which may not be of interest for international journals
(Sodhi and Liow, 2000). Therefore, local journals include important
research in understanding overall ecological changes due to cli-
mate change.

The Japanese papers are rarely cited in international reviews
nor included in international journal databases. For example,
among the Japanese papers we reviewed, only two were included
in ISI Web of Knowledge. All the other papers were, however,
catalogued in CiNii or J-STAGE (https://www.jstage.jst.go.jp/), the
database of Japanese academic publications. Similar databases
are available for other countries where much work is published
in their native languages; e.g. CNKI (http://eng.cnki.net/) for China
and DBpia (http://www.dbpia.co.kr/) and KISS (http://kiss.kstudy.
com/) for South Korea. Researchers working on non-English
speaking countries should be encouraged to make use of these
country-specific journal databases to investigate local publications.

Grey literature is another overlooked source of research,
although we did not include it in this review. Japan publishes more
scientific publications in the form of grey literature (bulletins of
university and research centres and medical institutions, confer-
ence proceedings, and government reports and white papers) than
peer-reviewed journals in a year (Tokizane, 2008, 2011). In addi-
tion, much data and research may also be available as unpublished
reports and theses (e.g. Onishi, 2010). It has been suggested that
for ecology and conservation in the Tropics, valuable information
is hidden in grey literature, the volume of which greatly exceeds
that of the peer-reviewed scientific literature (Corlett, 2011b). It
could take a considerable time and effort to review grey literature
sources as they are often not available electronically and their
quality varies greatly. However, grey literature souces can provide
valuable information on the ecological impacts of climate change
in regions where international publications are scarce.
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Finally, despite improved accessibility through the internet,
knowledge of local ecology and national research context remains
critical to fully understanding the content of local publications.
Therefore, in order to improve our knowledge of ecological impacts
of climate change in non-English speaking countries, it is impor-
tant to strengthen collaboration with local researchers.

8. Conclusions

A number of long-term phenological and distributional records
clearly indicate that ecological changes are occurring in response
to climate change in Japan. Phenology of many animal species
has delayed on average, which is contradictory to observed
changes in other regions of the world. As a consequence, the phe-
nology of interacting plants and animals is shifting in opposite
directions and the species interactions are changing. Models sug-
gest widening phenological mismatches between plants and ani-
mals under a warmer climate, although advancement of spring
flowering may turn to delay when warming significantly delays
the dormancy break. In addition, rapid expansions of range mar-
gins by more than 100 km/decade have been observed for insects
and corals. Future projections indicate rapid shifts of plants to-
wards higher elevations and significant losses of climatically suit-
able areas for high altitude species. Mountainous regions
elsewhere would experience similar effects, although the impacts
in Japan could be more significant, as the Japanese mountains are
very precipitous and greater range losses occur with the same
magnitude of altitudinal shifts. Hence, the impacts of climate
change on Japanese species are not always consistent with the
observations and projections previously reported in other regions.
Further investigations in other less known regions are important
for improving our understanding of the regional impacts of climate
change. This can be facilitated by utilising locally available data
and publications, especially in non-English speaking countries.
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