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local altitude and responses to global warming, based on a
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Introduction

Modern plant taxa have survived long periods of climate

variation associated with glacial–interglacial cycles. Plant

species have been exposed to wide fluctuations in temper-

ature during these cycles, and the fossil pollen record sug-

gests that most of them have at one time or another

migrated in response to climate change events (Davis and

Shaw 2001). It has been suggested that both forest herbs

and woody plants have undergone or are undergoing sim-

ilar range shifts in response to the current global warming

(Lenoir et al. 2008, 2009). However, the current warming

is occurring so rapidly that many plant species will be

unable to respond with sufficient speed through geo-

graphic range shifts alone (Davis and Shaw 2001; Jump

and Penuelas 2005). In particular, woody plants with long

life cycles need to respond to such rapid warming by

either short-term phenotypic plasticity or long-term

microevolutionary processes (Jump and Penuelas 2005;

Aitken et al. 2008; Kuparinen et al. 2010; Hoffmann and

Sgro 2011). Tree species that have already undergone

local adaptation, that is, that have become genetically

adapted to the currently prevailing climatic conditions of

their habitats (Kawecki and Ebert 2004), may not be able

to respond adequately to rapid warming because of their

relatively low plasticity. As such, it is important to study

the extent of plants’ local adaptation and to be able to

predict their responses to global warming in the near

future, especially for woody plants (Aitken et al. 2008;

Hoffmann and Sgro 2011).

Reciprocal transplant experiments are powerful tools

for detecting local adaptation, because they compare the

fitness of different populations within specific habitats

using a ‘local deme vs foreign demes’ criterion (Kawecki
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Abstract

Intraspecific adaptation in Abies sachalinensis was examined using models based

on long-term monitoring data gathered during a reciprocal transplant experi-

ment with eight seed source populations and six transplantation sites along an

altitudinal gradient. The consequence of local adaptation was evaluated by

testing the home-site advantage for upslope and downslope transplants at five

ages. The populations’ fitness-linked trait was set as their productivity (tree

height · survival rate) at each age. The effects of global warming were evalu-

ated on the basis of the 36-year performance of downslope transplants.

Evidence was found for adaptive genetic variation affecting both height and

survival from an early age. Increasing the distance between seed source and

planting site significantly reduced productivity for both upslope and downslope

transplantation, demonstrating the existence of a significant home-site advan-

tage. The decrease in productivity was most distinct for upslope transplanta-

tions, indicating strong local adaptation to high altitudes. Global warming is

predicted to increase the productivity of high-altitude populations. However,

owing to their existing local adaptation, all tested populations exhibited lower

productivity under warming than demes that were optimal for the new climate.

These negative predictions should be considered when planning the manage-

ment of locally adapted plant species such as A. sachalinensis.
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and Ebert 2004). If the local deme of a particular site

exhibits greater fitness within that site than demes from

other habitats, it is considered to have undergone local

adaptation (Kawecki and Ebert 2004). The ‘home-site

advantage’ concept can be used to quantify the extent of

local adaptation (Galloway and Fenster 2000; Montalvo

and Ellstrand 2000); it is important because it assesses the

superiority of fitness of the local deme (i.e. home-site

plants) compared to that of foreign demes in a fashion

that accounts for the physical distance between the plant-

ing site and the stand from which the seeds of the foreign

deme were collected (Montalvo and Ellstrand 2000). The

observation of a home-site advantage for every deme

tested provides robust evidence for local adaptation (Gal-

loway and Fenster 2000). Conversely, the detection of

home-site advantages for some but not all of the recipro-

cal transplants (e.g. if local adaptation was detected for

transplants from a lowland to a mountain site, but not

for transplants from a montane stand to the lowland site)

suggests the occurrence of ‘asymmetrical local adaptation’

(Mercer et al. 2008). Because of the long life cycles for

woody plant species, it is necessary to conduct long-term

studies to identify their (asymmetrical) local adaptation

using reciprocal transplant experiments. Thus, previous

studies in which intraspecific adaptation has been demon-

strated in woody plants were conducted over periods of

12–20 years (Eriksson et al. 1980; Rehfeldt et al. 1999; Wu

and Ying 2004; Savolainen et al. 2007). These studies

examined the genetic traits of populations over wide geo-

graphic scales. Adaptive divergence would perhaps be

expected at the extremes of wide geographic ranges

because it will be accelerated or maintained by strong

selective forces and restrictions on gene flow to other

populations owing to distance and differences in the tim-

ing of flowering (Howe et al. 2003; Premoli 2003; Savolai-

nen et al. 2007; Chuine 2010). Conversely, within smaller

and more confined regions, intraspecific adaptation might

be expected to be comparatively rare in woody species

because these promoting factors would be absent. How-

ever, previous studies have reported evidence of intraspe-

cific adaptation across an altitudinal gradient within a

small area in woody conifers (Conkle 1973; Rehfeldt 1983;

Kitzmiller 2005) and also in herb/grass species (Byars

et al. 2007; Mercer et al. 2008). These intraspecific adapta-

tions are presumably due to the substantial environmental

changes experienced when moving up the altitudinal gra-

dient, even in such small areas (Körner 2007); in contrast,

there is little environmental variation on moving latitudi-

nally over the same geographic scale. However, because of

the lack of long-term data on woody plant species, it is

still unclear whether and/or to what extent the effects of

intraspecific adaptation are visible at different stages of

such plants’ lives (but see Conkle 1973).

Long-term reciprocal transplant experiments are also

useful for estimating populations’ responses to environ-

mental change because they make it possible to compare

fitness in different environments using a ‘home vs away’

criterion (Kawecki and Ebert 2004). A deme’s perfor-

mance across a range of climatic conditions can be evalu-

ated using this approach; therefore, previous studies

involving long-term reciprocal transplant experiments

with woody plants have successfully predicted the perfor-

mance of the population they examined in the face of cli-

mate change (Rehfeldt et al. 2001, 2002). These studies

indicate that future performance is influenced by both the

extent of a population’s genetic adaptation to its current

climate and its plasticity. For a population that has

already undergone intraspecific adaptation to the current

climate of its habitat, climate change (and especially glo-

bal warming) would be expected to have a significant and

negative impact because of strong genetic constraints that

would restrict its ability to respond to the changing con-

ditions (Rehfeldt et al. 1999; Savolainen et al. 2004;

Aitken et al. 2008). In such cases, it is best to evaluate the

future response of each stand by focusing on two differ-

ent approaches: the extent of the change in the perfor-

mance of the current population in response to the

predicted climatic change (Rehfeldt et al. 2002), and the

difference between the performance of the current popu-

lation and that of an ‘optimal’ population under global

warming. The former can be examined using a ‘home vs

away’ approach, while the latter can be estimated using a

‘local vs foreign’ approach. In the ‘local vs foreign’

approach, a population that is not native to the site but

native to the warmer climatic condition is considered to

display an optimal response and is regarded as the ‘local’

population after global warming: the population that is

currently native to the transplantation site is regarded as

the ‘foreign’ population. As such, the experiment effec-

tively compares the performance of a ‘local’ population

that is optimally adapted to the warmer conditions to

that of the current population after a global warming

event. As the experimental sites differ primarily in terms

of air temperature alone (Körner 2007), reciprocal trans-

plant experiments across an altitudinal gradient are ideally

suited for evaluating the impact of global warming. How-

ever, reciprocal transplant experiments of this kind have

not previously been performed with woody species owing

to the long timescales required.

In the study reported herein, we performed a reciprocal

transplant experiment using Sakhalin fir (Abies sachalin-

ensis) populations from various positions across a steep

altitudinal gradient (230–1200 m a.s.l.) on a regional

scale. This experiment has been conducted under the aus-

pices of the University of Tokyo Hokkaido Forest

(UTHF) since the 1970s (Kurahashi and Hamaya 1981);
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long-term time-series data going back between 10 and

36 years from 2009 have been collected. Abies sachalinen-

sis is a sub-boreal conifer that plays an important role in

timber production in northern Japan; the experiment was

originally undertaken to provide information for the for-

estry industry. Genetic variation along the altitudinal gra-

dient was detected for growth and phenological traits in

the early stages of the experiment (Kurahashi and

Hamaya 1981), but the long-term data have not previ-

ously been examined with the intent of studying local

adaptation.

The study reported herein initially examined the extent

of altitude-dependent adaptation in populations of this

species in a small region using time-series data spanning

periods of 10–36 years. On the basis of these initial

results, changes in the productivity of the populations in

response to global warming were predicted. In light of

these predictions, some consideration was devoted to the

types of forest management strategies that will be

required to maintain productivity in the face of global

warming in a fashion that accounts for evolutionary

adaptation (Hoffmann and Sgro 2011). Ultimately, our

aim was to answer the following three questions:

1 How do genetic and environmental factors affect

growth and survival at different altitudes?

2 What is the magnitude of the home-site advantage

across the altitudinal range and what trends are

apparent in the time-series?

3 How is A. sachalinensis expected to respond to the

predicted global warming?

Materials and methods

The studied species

Sakhalin fir (A. sachalinensis) is a coniferous wind-polli-

nated and wind-dispersed climax species with a geo-

graphic range that extends from eastern Siberia to

Hokkaido, the northernmost island of the Japanese archi-

pelago. It is one of the dominant species in natural sub-

boreal forests of the Far East and is an important compo-

nent of forest ecosystems (Kato 1952). Its current altitudi-

nal distribution ranges from 200 to 1600 m a.s.l., with the

center of the population growing on mountainous land at

400–600 m a.s.l. Its demographic history suggests that it

had become a dominant species by the time of the last

glacial period 20 000 years ago (Igarashi 1996), that it

survived in a glacial refugium in the eastern part of

Hokkaido, and that it has not had any recent contact

with congeners (Tsumura and Suyama 1998). Genetic

variation in several traits has previously been observed in

populations across its altitudinal range (Kurahashi and

Hamaya 1981; Eiga and Sakai 1984; Saho et al. 1994;

Goto et al. 2011).

Study site

Our study was conducted on a regional scale, in a site

covering an area of 150 km2 with a linear range of

<25 km in any given direction. The site is on the south-

western slope of Mt. Dairoku (1459 m a.s.l.) in the

UTHF, which covers the region from 43�10¢35¢¢N,

142�22¢48¢¢E to 43�20¢59¢¢N, 142�40¢51¢¢E in central

Hokkaido. A reciprocal transplant experiment across the

site’s altitudinal gradient was conducted using eight natu-

ral stands as seed sources; the altitudes of the collection

stands were 230, 340, 420, 530, 730, 930, 1100, and

1200 m. Five of these altitudes (i.e. all of them but those

at 340, 420 and 1200 m) were also used as transplantation

test sites, with the transplants being cultivated next to the

seed source populations. In addition, a sixth transplanta-

tion site at 420 m was used, located approximately 10 km

away from the seed source at this altitude. Six altitudes

were thus examined in the reciprocal transplant experi-

ment; the corresponding sites are henceforth referred to

as site-230, site-420, site-530, site-730, site-930, and site-

1100. It has been reported that both the soil and the for-

est vegetation types within the UTHF at altitudes of

<700–800 m differ substantially from those in higher alti-

tudinal zones (Kato 1952; Nakata et al. 1994). Thus,

below 700–800 m, the soil is of the brown forest type;

above 700–800 m, it gradually transitions to the black

mountain type (Nakata et al. 1994). At around the same

point, the bamboo species that is dominant at lower alti-

tudes (Sasa senanensis) is replaced by Sasa kurilensis (Kato

1952). Climate data for 2009 and 2010 for all of the mon-

itored sites were collected using digital loggers (HOBO

Pro RH/Temp; Onset Computer Corporation); informa-

tion on the snow depth at the sites in 1974–1975 was

obtained from the records of the UTHF (Table 1).

The reciprocal transplant experiment

In 1973, open-pollinated seeds were collected from five

mother trees in each of the eight populations (i.e. 40

mother trees in total). In early May 1974, all seeds

derived from each mother tree were sown at a density of

60 g/m2 in a nursery seed bed (230 m a.s.l.). Two grow-

ing seasons after their germination, the offspring were

randomly selected and transferred to Jiffy� pots. At the

end of a third growing season, in September 1976, they

were planted at the six sites of the reciprocal transplant

experiment. Prior to their planting, all vegetation (includ-

ing dwarf bamboo) was removed from the planting sites

and the soil was scarified to create a uniform soil surface.

Five offspring plants from each mother tree were planted

at each site, which was duplicated in every sites. The

seedlings were transplanted in grids, with one family per
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row at a spacing of 1.2 m, and a separate column for the

descendents of each mother tree (giving a total of 40 col-

umns). In total, 2400 trees (five transplants · five half-sib

families · eight seed sources · six planting sites · two

replicates) were transplanted. The planting rule, that is,

the order in which the families were planted, was the

same in all six sites. After 20 years, two of the five trees

in each family were evenly thinned to thin the lines in

the lower three sites (i.e. site-230, -420, and -530). The

identities and heights of the surviving trees were recorded

at seven points in time, when the trees were 5, 6, 10, 13,

18, 31, and 36 years old. Transplants were identified on

the basis of their location within the plot; data were col-

lected for both living transplants and those that died

without missing, because the woody parts of the dead

transplants persisted for several years.

Statistical analysis

Height and survival

It was assumed that the phenotype of the transplants was

a consequence of their genotype, their living environment,

and the interaction between these two factors (geno-

type · environment). The two measured traits, tree height

and survival, were examined using analysis of variance

(anova) to determine the significance and contribution

of genetic and environmental effects at each age; these

analyses were conducted using the SAS 9.2 software pack-

age (SAS Institute Inc., Cary, NC, USA). For each trait at

each age, the SAS program PROC GLM was used with

fixed effects for the eight seed source populations, the six

planting sites, and the interactions between them (popu-

lation · planting site), and random effects associated with

the family variables for each population and replicate at

each planting site. Survival data for the transplants aged 5

and 6 years were excluded from the analyses because

mortality so soon after transplantation was extremely

rare. The survival data were analyzed by calculating the

survival rate for plants from a particular treatment. The

variance components for tree height and survival were

then analyzed using the SAS program PROC Varcomp.

All subsequent statistical analyses were performed using

R 2.10.1 (R Development Core Team 2009). We quanti-

fied the effects of genotype and environment on both

height and survival traits at five ages (10, 13, 18, 31, and

36 years). The fixed effects were estimated using general-

ized linear mixed models (GLMMs) of the form (Rehfeldt

1983):

Hijklm ¼ lþ pi þ sj þ dij þ e f ikð Þ þ e rjl

� �
þ eijklm;

Surijklm

¼ 1

1þ exp �1� lþ piþ sjþ dijþ e f ikð Þþ e rjl

� �
þ eijklm

� �� � ; ð1Þ

where i is an index running over the different seed source

populations (i = 1–8), j is an index running over the dif-

ferent planting sites (j = 1–6), k is the family within the

ith seed source population (k = 1–5), l is the number of

the replicate at the jth planting site (l = I/II), and m is

the individual within a particular treatment (m = 1–5).

Hijklm and Surijklm are the height and chance of survival,

respectively, for the mth plant from the kth family of the

ith population within the lth replicate of the jth site. l is

an intercept, pi is the contribution of the ith population,

sj is the contribution of the jth planting site, dij is the

effect of the interaction between the ith population and

the jth site, e(fik) is the effect of the kth family in the ith

population, e(rjl) is the effect of the lth replicate at the jth

Table 1. Study sites and their meteorological conditions in 2009 and 2010.

Location* Altitude (m)

Average temperature (�C)

Maximum (�C) Minimum (�C) First frost date

Snow

depth� (cm)Annual Summer Winter

Mt. top 1459 )0.05 10.80 )9.65 26.88 )21.49 6 October –

Population 1200 1.75 9.88 )6.43 24.82 )20.21 8 October –

Population and site 1100 1.99 10.40 )6.46 27.06 )21.72 9 October 280

Population and site 930 2.57 11.01 )5.92 26.16 )20.64 9 October 248

Population and site 730 3.81 12.11 )4.53 26.99 )20.17 10 October 123

Population and site 530 4.80 12.98 )3.41 28.10 )19.33 16 October 112

Population and site 420 5.55 13.72 )2.66 28.57 )18.52 31 October –

Population and site 230 6.53 14.79 )1.78 32.25 )20.26 10 November 42

Winter and summer average temperatures were calculated from continuous data collected from October 2009 to March 2010 and from April to

September 2010, respectively. The first frost date indicates the first date with a temperature <0�C in autumn 2009.

*Population, site, and Mt. top refer to the seed source population, the reciprocal transplantation site at a given altitude, and the crest of Mt.

Dairoku, respectively.

�Data refers to the maximum snow depth derived from the monitoring during 1974–1975 by the University of Tokyo Hokkaido Forest (UTHF).
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site, and eijklm is the error. The first model, in which the

response variable is Hijklm, is the ‘height model’; it has a

normally distributed error structure and an identity link

function. The model with the response variable Surijklm is

the ‘survival model’; it has a binomial error structure and

a logit-link function, and its outputs are binary (alive/

dead). In both models, pi, sj, and dij, are fixed effects that

are treated as categorical variables, while e(fik) and e(rjl)

are random effects with which we were not concerned

but did not ignore. The fitting of all models was checked

using likelihood-ratio tests, comparing the new models’

predictions to those of a null model. The behavior of the

coefficients pi and sj for both models at different altitudes

was evaluated by plotting them against the seed source

and planting site altitudes. We used the height and sur-

vival models for the 36-year-old plants to assess the nat-

ure of the genetic cline (if any) within the tested area and

the impact of the environmental gradient across which

the transplantation sites were distributed.

Testing the home-site advantage

The productivity of each population under the various

conditions examined was assessed using a parameter cal-

culated by multiplying the average height of the relevant

transplants by their survival rate at the age of evaluation;

this provides a measure of the population’s overall fitness

(Savolainen et al. 2007). The outputs of the height and

survival models were used to calculate the productivity

with controlling errors related to family-related factors

and site replication. The productivity of the ith popula-

tion at the jth planting site (Pij) was calculated by multi-

plying the estimated Hij and Surij values: Hij · Surij = Pij.

The significance and magnitude of the home-site advan-

tage were tested by comparing the Pij values for local (i.e.

indigenous, from the same altitude as the planting site,

i = j) and foreign (i.e. non-indigenous, from different

altitudes to the planting site, i „ j) demes in a way that

accounted for the environmental distance between the

planting site and the ‘native’ site of the foreign deme

(Montalvo and Ellstrand 2000). The relationship between

the relative productivity (relative-Pij) and the altitudinal

distance (DISTij) was examined for every tree age consid-

ered (10, 13, 18, 31, and 36 years). In the following dis-

cussion, relative-Pij refers to the performance of

transplants at the jth planting site relative to the local

plants, and DISTij refers to the vertical distance between

the ‘native’ site of the foreign deme and the planting site

(i.e. the difference between the altitude at which the

mother tree was growing and that of the planting site).

At each site, the relative-P value and DIST of local plants

were defined as being 1 and 0, respectively. Transplants

from a higher to a lower altitude were assigned positive

DISTij values, while transplants to a higher altitude

resulted in negative values. The relationship between the

change in relative performance following transplantation

and DISTij was examined using the following GLM:

yij ¼ exp aþ bz � DISTij

� �
; ð2Þ

where yij is the response variable, that is, the relative-Pij

of the ith population at the jth site, and a and b are the

parameters estimated by the GLM; note that z indicates

the transplanting direction (z = upslope/downslope).

Although b has two independent parameters associated

with the direction, we estimated both from a single equa-

tion in order to obtain a common intercept (the value

when DIST = 0). The model was defined assuming a nor-

mally distributed error structure and a log link function

in order to avoid negative yij values. A home-site advan-

tage was considered to have been identified if there was a

significant decrease in relative-P as DIST increased; it was

necessary to assess the significance of b. Differences in the

magnitudes of the home-site advantage between upslope/

downslope transplantations and the associated changes

over time were examined by examining the trends in the

populations’ b values as they aged.

Predicted performance in the event of global warming

To estimate the long-term change in population produc-

tivities caused by rapid global warming, estimated Pij val-

ues for 36-year-old transplants in the downslope

direction were considered, because downslope movements

simulate the effects of warming. Pij indicates the nature

of the population’s response (in terms of productivity) to

the warmer conditions experienced following transplanta-

tion from the ‘native’ ith stand to the jth site. The

impact of warming was assessed using two different

approaches. First, the overall-Pij of the transplanted pop-

ulation was compared to that of the same population in

its ‘native’ site (i.e. the ith site; Pii). Because this

approach provides a ‘before and after’ type comparison

of the change in the population’s behavior in response to

warming, it can be used to predict differences between

the population’s future performance and that achieved

under current conditions in its native stand. This is called

a ‘home vs away’ test in the terminology used to describe

reciprocal transplant experiments (Kawecki and Ebert

2004); such tests have been used to describe species’

niches and the way they are affected by global warming

(Rehfeldt et al. 2002). However, this approach only

examines one aspect of the impact on performance

because it does not provide information on how the

change in each population’s productivity tracks the

change in the environment. To test this, we need to

determine how close the productivity of a certain popula-

tion will be to the maximum level that could potentially

Ishizuka and Goto Altitude-dependent adaptation of Sakhalin fir
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be achieved under the new climatic conditions created by

global warming. It is reasonable to assume that the cur-

rent populations are (at least) well adapted to their native

site and that their performance within that site is essen-

tial as good as can possibly be achieved under the cur-

rently prevailing climatic conditions. We therefore

compared the productivity of the ith deme after being

transplanted downwards to site j (Pij) to that of the deme

native to site j (Pjj). This is the ‘local vs foreign’

approach as described by Kawecki and Ebert (2004) for

evaluating home-site advantages in terms of the perfor-

mance of a transplanted population relative to that of the

local population, using the model presented in eqn (2).

By identifying home-site advantages, the likely negative

effects of global warming can be estimated because the

transplanted deme will be maladapted (in genetic terms)

to the climate at the transplantation site and its perfor-

mance will decline in proportion to the magnitude of the

difference between its native environment and that of the

transplantation site.

For the first approach, we constructed a ‘home-away

model’ based on the niche breadth model (Rehfeldt et al.

2002). A GLM based on the following equation was

used:

yij ¼ yhome � exp a0 þ b0DISTij þ cAltj þ -Alt2
j

� �
; ð3Þ

where yij is the response variable, that is, the overall-Pij of

the ith population at the jth site; yhome is the home pro-

ductivity of the ith population (Pii); a’, b’, c, and x are

estimated parameters; and Altj is the altitude of the jth

site. In the GLM, yhome is set as an offset and is not asso-

ciated with any parameter; the log link function is used

with a normally distributed error structure. Equation (3)

estimates two effects: (1) the effect of warming, using the

DIST variable, and (2) the negative impact on perfor-

mance at the edge of the tree’s niche (Rehfeldt et al.

2002), using the quadratic term that reflects the site con-

dition (Altj). The model’s goodness of fit was checked

using likelihood-ratio tests to compare its deviances to

those of a null model. From the output of the home-away

model, the change in overall-P of the ith population was

projected along the DIST. The DIST values were then

converted to temperature increases (DTemp) using mete-

orological data collected at all of the sites during 2009

and 2010 (Table 1), and the model’s output was analyzed

as a function of DTemp. For the second approach, we

reused the model described by eqn (2) but considered

only the 36-year downslope transplants. As before, the

DIST values were converted to DTemp to facilitate analy-

sis of the changes in relative performance.

The degree of warming was analyzed as discussed in

previous publications. A high-resolution projection using

the most extreme model of the Meteorological Research

Institute [Coupled General Circulation Model version 2

(MRI-CGCM2); Yukimoto et al. 2001] forecasts a tem-

perature increase of 4�C or more within the next 80 years

in the area examined in this work (Kurihara et al. 2005).

Four potential warming scenarios were considered,

including the most extreme scenario discussed above;

thus, DTemp values of +0.5, 1.0, 2.0 and 4.0�C relative to

current levels were considered. The impact of the differ-

ent warming scenarios on A. sachalinensis was considered

in the context of local adaptation.

Results

Variation in measured traits

The average heights and survival rates of the various 36-

year-old transplants were measured and multiplied to cal-

culate their productivity (Fig. 1). Overall, the trees at the

lower three sites, especially at site-420 and site-530,

seemed to exhibit good growth and to retain high surviv-

ability. In contrast, at site-1100, most plants were

<300 cm tall even after 36 years, and the survival rates

for all transplants were below 40%. It was noteworthy

that the populations from higher altitudes tended to be

stunted at the lowest sites (site-230 and site-420), while

the populations from lower altitudes exhibited particu-

larly low survival rates at the highest sites (site-1100 and

site-930; Fig. 1).

Various patterns were apparent in the 36-year produc-

tivities for the different seed source populations and

planting sites (Fig. 1). When examining the effects of the

seed source altitude, a single peak was identified for the

three highest sites, with the highest productivities being

observed for local plants (i.e. the home-site populations)

or neighbor populations (Fig. 1). For the lower three

sites, transplants whose site of origin was a long way from

the planting site tended to exhibit low productivities:

transplants originated from 1100 and 1200 m a.s.l. per-

formed poorly in all three sites, and those from 230 m

a.s.l. performed poorly at site-530 (Fig. 1).

The anovas for tree height and survival at 36 years

indicated the existence of highly significant differences in

seed source populations, planting sites, and their interac-

tions (Table 2). That is to say both of these traits were

affected by the identity of the seed source population and

the planting site. For tree height, significant results were

observed in all seven age classes examined, from 5 to

36 years (Table 2). However, the relative influence of the

seed source population and planting site differed accord-

ing to tree age: for young trees, the seed source popula-

tion had a greater effect on height than did the planting

site, but the opposite pattern was seen as the trees grew

older. The effect of the seed source population on survival
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Table 2. Results of analyses of variance of the height and survival of Abies sachalinensis in reciprocal transplants at several ages from 5 to

36 years.

Age Effect

Height Survival

df F-value P-value Variance df F-value P-value Variance

5 Population 7 110.9 <0.001 30.1

Planting site 5 37.9 <0.001 6.7

Population · site 35 2.8 <0.001 2.3

6 Population 7 105.6 <0.001 29.2

Planting site 5 34.6 <0.001 7.2

Population · site 35 3.1 <0.001 2.8

10 Population 7 118.0 <0.001 20.7 7 1.8 0.088 2.9

Planting site 5 228.4 <0.001 31.1 5 27.4 <0.001 22.5

Population · site 35 7.6 <0.001 7.2 35 2.2 <0.001 7.1

13 Population 7 83.8 <0.001 9.3 7 3.7 <0.001 1.9

Planting site 5 476.7 <0.001 49.7 5 42.9 <0.001 29.4

Population · site 35 12.8 <0.001 10.0 35 3.1 <0.001 12.0

18 Population 7 88.9 <0.001 6.7 7 7.7 <0.001 2.5

Planting site 5 809.4 <0.001 64.3 5 116.8 <0.001 50.6

Population · site 35 12.7 <0.001 7.8 35 4.2 <0.001 11.3

31 Population 7 23.2 <0.001 4.8 7 7.3 <0.001 5.0

Planting site 5 401.8 <0.001 68.0 5 113.2 <0.001 49.9

Population · site 35 3.5 <0.001 3.5 35 3.5 <0.001 9.1

36 Population 7 20.8 <0.001 7.1 7 4.7 <0.001 3.0

Planting site 5 168.0 <0.001 56.1 5 120.0 <0.001 52.6

Population · site 34 2.1 <0.001 2.2 35 3.4 <0.001 8.6

The fixed effects in all models were the seed source population, planting site, and their interaction. For each of the tests, variance components of

the fixed and random effects are represented as well as F values and statistical probabilities (those of the random effects are not shown). Entries

in bold type indicate significant effects.
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Figure 1 Average tree height data, showing the SD (upper), survival rate (middle), and productivity (average height · survival rate) (lower) of 36-
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was only marginally significant (P = 0.088) at 10 years of

age; subsequently, from the age of 13 onwards, both the

population and the site consistently exhibited significant

effects (Table 2). The seed source population had a

greater relative impact on tree height than it did on the

trees’ survival rates.

Parameter estimation

The GLMMs for height and survival were found to be

adequately well fit at all five ages considered, as judged by

likelihood-ratio tests (P < 0.001 for all 10 models). To

examine the patterns associated with changes along the

altitudinal gradient, we focused on the two models for

the traits of plants at 36 years of age (Fig. 2). This was

carried out because in both the height and the survival

models, the estimated values for the coefficients associated

with the fixed effects increased with age (data not shown).

The heights and survival rates for the seed source popula-

tion and planting site at the lowest altitude (230 m) were

used as reference values when examining altitude-related

genetic and environmental effects (Fig. 2). For the 36-year

height model (Fig. 2A), the environmental gradient was

analyzed in terms of the trend in the coefficients of the

planting site (sj) with increasing altitude; the negative

effects on tree height became increasingly severe as site

altitude increased. A particularly large decline was

observed when the site altitude exceeded 730 m a.s.l. The

genetic cline was analyzed by examining the decrease in

the source population coefficients (pj) in response to

changes in altitude; these were especially pronounced if

populations from intermediate altitudes, particularly that

from 930 m a.s.l., were not considered (Fig. 2A). The

environmental gradient observed for the 36-year survival

model (Fig. 2B) was similar to that for the tree height; in

both cases, a substantial decrease was observed at around

730 m a.s.l. The genetic cline was distinct in that there

was an inverse relationship between the altitude of the

seed source population and the survival trait, with only

the 930 m stand defying this trend (Fig. 2B).

Home-site advantage

In general, the productivity of the foreign plants did not

exceed that of the local plants, that is, the relative-Pij val-

ues for foreign plants were typically <1.0. Specifically, 33

foreign population samples out of 42 exhibited a relative

36-year productivity of <1.0 (Fig. 3E). By plotting the rel-

ative-Pij against the upslope/downslope DISTij at 10, 13,

18, 31, and 36 years, it was possible to observe the effects

of altitudinal distance that were apparent throughout ages

considered (Fig. 3A–E). The GLM regressions in all ages

yielded significant results for both upslope and downslope

transplantations. The results consistently indicated that

the relative-Pij of foreign plants decreased as the altitudi-

nal distance between their site of origin and the site of

planting increased, irrespective of the direction, indicating

the existence of a significant home-site advantage. How-

ever, the behavior of these effects as the trees aged dif-

fered depending on the direction of transplantation

(Fig. 3F). For trees transplanted downwards, there was

little age-related variation in the coefficients of DISTij. In

contrast, the coefficients of DISTij for upwardly trans-

planted trees increased gradually with age (Fig. 3F). Thus,

at 10 years of age, trees transplanted 500 m upwards out-

performed those transplanted 500 m downwards, with

relative productivity values of 0.93 and 0.67, respectively.

By 36 years of age, the corresponding relative productivity
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values for trees transplanted up- and downslope were

0.31 and 0.70, respectively.

Predicted effects of global warming

Predictions using the home-away model

The home-away model constructed using the data for

overall-Pij in 36-year-old trees planted downward exhib-

ited a good statistical fit (likelihood-ratio test, P < 0.001;

Fig. 4). Of the parameters in this model (eqn 3), DISTij

and Altj had significantly positive values: 3.29 · 10)3,

P < 0.001; 9.39 · 10)3, P = 0.001, respectively. The value

of Alt2
j was significantly negative: )7.40 · 10)6, P = 0.021.

The DISTij effect suggests that productivity could be

increased by further downslope transplantation. However,

this effect is counterbalanced by the quadratic term of

Altj; as a result, the altitude that yielded the optimal over-

all-Pij was 412 m. That is to say, the home-away model

suggests that productivity decreases when trees are trans-

planted downslope to positions below this altitude

(Fig. 4). Different seed source populations exhibited dif-

ferent trends in overall-Pij as a function of the downslope

DIST, depending on the seed source altitude. For popula-

tions sourced from lower altitudes, the productivity val-

ues (overall-Pij) increased for small values of DISTij but

then decreased for larger values. Conversely, the produc-

tivities of populations sourced from higher altitudes con-

tinued to increase even for transplantations of several

hundred meters (in the case of the highest, 1200 m a.s.l.

population, the overall-P only began to decrease when the

distance of downslope transitions excessed 788 m, Fig. 4).

Notably, the difference in the magnitude of the

populations’ overall-Pij values was dependent on the dif-

ference in their offset values.
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By transforming the DIST scale to DTemp, the outputs

of the home-away model, including the current and max-

imum productivities, were used to identify relationships

between temperature and productivity, and to assess the

impact of warming on the productivity of different popu-

lations (Table 3). According to our meteorological data, a

downslope shift of 100 m was associated with a tempera-

ture increase of 0.509�C (R2 = 0.991, Table 1); the tem-

perature thus increased by 1.0�C for every 196 m move

downslope. This linear relationship was used to convert

DIST values to DTemp. The productivity data for popula-

tions subjected to downslope shifts indicate that in the

event of warming, populations that currently live at

higher altitudes will experience an increase in overall-P

under all scenarios investigated (Table 3). For the most

extreme scenario (DTemp of +4.0�C), the 1200 m a.s.l.

population is predicted to offer the highest productivity

of all the tested populations; its productivity would be

expected to increase by 100 times relative to the current

value. In contrast, the overall-P for the 420 m a.s.l. popu-

lation is predicted to decrease in all scenarios; in the most

extreme scenario, it declines to 1% of its current value

(Table 3). The impact of global warming is thus depen-

dent on the population’s altitude of origin: populations

from lower altitudes may be impacted more severely than

those from higher places.

Deviation from optimal productivity

As the 36-year productivity data indicated the existence

of significant home-site advantages (Fig. 3E), comparisons

of the performance of local plants and foreign plants

transferred downslope could be used to predict the gap

between the optimum and predicted performance under

new climatic conditions. After revising the DIST in

Fig. 3E (but only for downslope) to DTemp, the future

decline of the predicted productivity relative to the opti-

mum productivity was demonstrated along the warming

scenario (Fig. 5). The optimum value was not realized in

any warming scenario. In fact, the difference between the

optimal and predicted productivities was found to

increase in tandem with the temperature increase (Fig. 5).

Thus, for temperature increases of +0.5, 1.0, 2.0, and

4.0�C, respectively, the predicted productivities would be

less than the optimal values by 8.3, 15.9, 29.3, and 50.1%

on average, respectively.

Discussion

Altitudinal gradient pattern

The 36-year reciprocal transplant experiment demonstrated

that both tree height and survival were significantly affected

by the altitude of the seed source population, the altitude

of origin of the planting site, and the interaction between
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in the legend). The six lines represent the regression lines according to
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(eqn 3 in Materials and methods).

Table 3. The outputs of the home-away model and the predicted overall productivities as a result of temperature increases.

Altitude of seed

source population

(m)

(i) Current

condition

(ii) Best condition (iii) Temperature warming scenario

Productivity

DAltitude

(m)

DTemperature

(�C) D+0.5�C D+1.0�C D+2.0�C D+4.0�C

420 1049.4 (100) 1049.9 (100) )8 +0.04 988.0 (94) 806.5 (77) 350.1 (33) 11.9 (1)

530 1308.6 (100) 1449.7 (111) )118 +0.06 1445.6 (110) 1384.6 (106) 827.7 (63) 53.3 (4)

730 362.3 (100) 764.3 (211) )318 +1.62 535.2 (148) 685.6 (189) 733.0 (202) 151.1 (42)

930 99.7 (100) 723.9 (726) )518 +2.64 196.9 (198) 337.3 (338) 645.1 (647) 425.4 (472)

1100 17.3 (100) 572.3 (3309) )688 +3.50 43.8 (253) 96.0 (555) 300.8 (1739) 533.1 (3082)

1200 7.5 (100) 736.1 (9859) )788 +4.01 21.8 (293) 55.4 (742) 232.2 (3111) 736.1 (9859)

The productivities of each contemporary population, (i) in the contemporary climate (altitudinal distance = 0 in Fig. 4), (ii) under conditions where

the maximum value would be realized, and (iii) under the global warming scenarios, were projected from the home-away model illustrated in

Fig. 4. Values in parentheses beside the productivities indicate the predicted activity as a percentage of that achieved under current climatic condi-

tions.
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these variables (Table 2). It is assumed that the influence

of the altitude of origin is because of genetic factors,

while that of the site altitude is because of environmental

factors. Our results thus demonstrate that the two traits

studied were both subject to genetic control and also sen-

sitive to the living environment. Although both genetic

and environmental effects were significant during the test-

ing period, the two traits differed in terms of their behav-

ior over time. The height of young trees was primarily

sensitive to genetic factors, with environmental effects

becoming more significant as the trees aged; similar find-

ings have previously been reported (Franklin 1979). It is

possible that the decrease in the relative importance of

genetic factors compared to the environment associated

with the onset of the growth stage may be due to abiotic

factors such as site quality or to competition within the

stand (Franklin 1979). This behavior has also been

explained as a consequence of increased interaction

between genetic and environmental effects (Ying et al.

1989). However, the environmental influence on height

observed in this work was greater than that reported in

previous studies (Franklin 1979; Ying et al. 1989); it is

possible that this is simply due to the wider range of cli-

matic conditions examined across the six planting sites in

this work (Table 1). The used planting sites spanned most

of the natural altitudinal range of the studied species,

A. sachalinensis. It is therefore reasonable to assume that

all of the environmental factors that are active in natural

stands would have been operative during the experiments.

In contrast, most common-garden trials are conducted

under relatively mild climatic conditions compared to

those encountered in the target species’ natural habitats

(c.f. Franklin 1979). While the trend in the relative influ-

ence of genetic and environmental factors on survival

over time was less unambiguous than that for height, it

was nevertheless apparent that the importance of environ-

mental factors increased with age in this case as well

(Table 2). As tree death would be caused by cumulative

sum of various environmental effects, it is perhaps to be

expected that genetic factors would play a lesser role than

the environment.

The effects of the genotype · environment interaction

on both height and survival were found to be most signif-

icant at the sapling stage, accounting for 10.0% of the

variation in tree height and 12.0% of that in survival at

13 years. Conceptually, interaction effects are indicated

when certain environmental effects are observed only

when paired with specific genotypes (Ying et al. 1989;

Howe et al. 2003). In this work, interactions were found

to have relatively light impact on either of the studied

traits (Table 2). This could be a consequence of examin-

ing a series of connected sites whose environments transi-

tioned smoothly from one to another along a gradient

rather than a discrete set of sites with substantially differ-

ent environments. The absence of strikingly different site

conditions could thus account for the modest impact of

genotype–environment interactions in the model

(Table 2).

Analysis of the coefficients for the seed source popula-

tions and planting sites estimated using eqn (1) suggests

that the genetic influence on both tree height and survival

exhibited clinal patterns along the altitudinal gradient,

although that for survival was more distinct than that for

height (Fig. 2). These clinal patterns basically paralleled

the estimated environmental gradient: for both factors,

increasing the altitude caused a decrease in both height

and survival (Fig. 2). This kind of parallelism in the

effects of genetic and environmental factors is referred to

as a ‘co-gradient’ pattern and is suggestive of the action

of selective forces that drive the adaptive response of

plants to their native climate (Byars et al. 2007). The

observed intraspecific variation of A. sachalinensis across

local altitudes might thus reflect adaptive responses that

evolved by locally driven selection (Byars et al. 2007;

Savolainen et al. 2007).

The intraspecific variation in tree height with planting

site altitude was very similar to that observed in a previ-

ous study using data from the same reciprocal transplant

experiment (Kurahashi and Hamaya 1981). In both our

study and its predecessor, populations with lower alti-

tudes of origin exhibited a higher genetic property for

rapid growth. Similar trends in intraspecific behavior have

been noted in several studies on different conifer species

(Hermann and Lavender 1968; Rehfeldt 1983, 1989; Olek-

syn et al. 1998; Green 2005). In contrast, the intraspecific
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variation in survival as a function of local altitude has

rarely been discussed owing to a lack of empirical data.

Vitasse et al. (2009) observed that populations of Abies

alba growing at lower altitudes exhibited increased sur-

vival. In wide-range provenance trials, Savolainen et al.

(2007) detected a negative relationship between latitude

and survival rate in Pinus sylvestris, while Chang-Geng

(1989) demonstrated a positive relationship between local

latitude and survival in Pinus armandii. As these findings

indicate, it can be difficult to draw general conclusions

from observed trends in survival; this is probable due to

the heterogeneity of the tested environments, limitations

in the ability to control environmental variables, and/or

species-specific response to given environment. As such,

more data will be required for a rigorous discussion of

factors affecting survival.

In addition to the genetic cline related to height and

survival, it is worth noting the presence of flexion points

for environmental effects at around 700 m a.s.l. in the

outputs of the height and survival models (Fig. 2). At

around this altitude on this mountain, dramatic changes

are observed in the forest vegetation, soil type, and snow

depth; above 700 m, soil nutrients become less abundant,

the depth of snowfalls becomes greater, and S. kurilensis

becomes more abundant than S. senanensis (Kato 1952;

Nakata et al. 1994; and Table 1). A similar flexion point

was indicated in the timing of first frosts based on the

meteorological data for 2009–2010; the autumn frost

occurred almost simultaneously at sites above 730 m a.s.l.

but was delayed in an altitude-dependent fashion at sites

below 530 m a.s.l. (Table 1). These abiotic flexion points

were probably due to geographic factors. GIS projections

(created using Arc GIS 9.3; ESRI, Inc., Redlands, CA,

USA data not shown) for the studied region indicate that

the eastern, southern, and western faces of the mountain

are exposed, that is, not shielded from the wind by other

mountain ridges. It is thus likely that geographic factors

indirectly affected the living conditions for plants at the

high-altitude sites, that is, their responses were subject to

abiotic modification. The relative abundance of the two

Sasa species is known to be dependent on the soil type

(Nakata et al. 1994) and snow depth (Toyooka et al.

1983). The observed flexion points for A. sachalinensis are

presumably due to abiotic factors, the seasonality and

severity of which are determined by geographic features.

Detection of local adaptation on the basis of observed

home-site advantages

Throughout the testing periods, significant negative rela-

tionships between upslope and/or downslope DIST and

the relative productivity (relative-P) were detected

(Fig. 3). This supports the home-site advantage hypothe-

sis that the fitness-linked traits for the foreign population

declined relative to the local population as the environ-

mental distance between the site of origin and that of

transplanted increases (Galloway and Fenster 2000; Mont-

alvo and Ellstrand 2000). At each site, the best perfor-

mance was achieved by the local, indigenous population.

This result provides direct evidence for local adaptation

(Kawecki and Ebert 2004). The evidence for local

adaptation in A. sachalinensis is robust because it became

apparent at an early age and remained so for more than

25 years, for both the upslope and downslope directions.

To our knowledge, this is the first demonstration of

consistent local adaptation in conifers from youth to

maturity across an entire region.

The disadvantage of upslope transplants relative to

local plants increased with age, indicating that the nega-

tive effects on productivity gradually increased as trees

grew older (Fig. 3F). Conversely, the productivity of the

downslope transplants decreased constantly in line with

the altitudinal distance between the local site and the

transplant’s site of origin, independently of the trees’ ages.

The observation of increasing negative effects with age is

consistent with the report of Montalvo and Ellstrand

(2000). We observed that in the long term, upslope trans-

plantation had a more severe negative impact on survival

and productivity than downslope transplantation. Situa-

tions in which local adaptation is only observed to have

significant consequences in a certain range of altitudes are

discussed in terms of ‘asymmetrical local adaptation’,

which has been observed in crop species (Mercer et al.

2008). In the strict sense, our observations are not consis-

tent with the definition of asymmetrical local adaptation

because local adaptation was observed for all altitudes

examined in this work. However, in a broader sense, the

concept seems relevant to our findings because asymme-

try was observed in either the magnitude of adaptation or

the nature of the adaptation itself. Similar asymmetries in

which the effects of local adaptation are more pro-

nounced at higher altitudes have previously been reported

for other conifers (Conkle 1973; Rehfeldt 1983). The

observed asymmetry could potentially be attributed to

two different factors. First, selective pressures act cumula-

tively, as explained by Montalvo and Ellstrand (2000).

Consequently, for plants brought from a lower altitude to

a higher one, maladaptation might become gradually

apparent with age (Rehfeldt et al. 1999; Wu and Ying

2004). Second, the home-site advantage might be masked

by genetically fixed tendencies for more rapid growth

with lower mortality in younger stages (shown in Fig. 2).

As a result, the maladaptation of low-altitude populations

to high-altitude sites might be underestimated for

younger trees. The results of this long-term study thus

provide evidence for a different type of asymmetric local
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adaptation to that reported by Mercer et al. (2008), as

indicated by the strong impact of the maladaptation of

foreign transplants into high-altitude environments.

Asymmetric local adaptation of this kind would be con-

sistent with classical findings from studies on wide-range

(e.g. latitudinally wide distributed) conifers (Eriksson

et al. 1980; Savolainen et al. 2007).

Our finding that A. sachalinensis has undergone genetic

adaptation to the conditions encountered at a specific

altitude within a narrow area (<25 km range horizontally)

is also notable because of the geographic scale over which

it was observed. Selective forces and evolutionary poten-

tial have previously been suggested to drive intraspecific

adaptation on similarly fine scales: in the herbaceous

alpine plants, Poa hiemata, the observation that local

adaptation had significant effects even within a very small

altitudinal range (<150 m) was taken to be indicative of

very high evolutionary potential (Byars et al. 2007). The

long life cycles and substantial gene flow of woody plants

tend to restrict such genetic divergence. However, intra-

specific adaptation (especially to high altitudes) has been

observed in several species in situations involving steep

environmental gradients in restricted mountain areas

(Conkle 1973; Rehfeldt 1983; Kitzmiller 2005; Savolainen

et al. 2007). These genetic divergences have been attrib-

uted to strong selective forces or barriers to gene flow

imposed by phenological discordance (Howe et al. 2003;

Premoli 2003; Savolainen et al. 2007; Chuine 2010). Our

results regarding local adaptation on a single mountain-

ous slope seem to indicate that the evolutionary potential

of the studied species was relatively high and that the spe-

cies has been subjected to strong selective forces. How-

ever, the observed strong local adaptation within a

restricted area also suggests that rapid changes in environ-

mental conditions could potentially have significant dele-

terious effects, as discussed in the following section

(shown in Figs 3 and 5).

In previous publications describing common-garden

studies on A. sachalinensis, potential selective forces

affecting growth and phenological or ecophysiological

traits have been suggested (Kurahashi and Hamaya 1981;

Eiga and Sakai 1984; Kurahashi et al. 1993; Saho et al.

1994; Goto et al. 2011). Thus, high-altitude populations

have been found to undergo growth cessation and subse-

quent cold acclimation at an earlier timing in autumn

than those from lower altitudes (Kurahashi and Hamaya

1981; W. Ishizuka and S. Goto unpublished data) and

exhibited greater cold-hardiness in winter (Eiga and Sakai

1984). Moreover, high-altitude populations had an earlier

reproductive onset and physiological traits that confer

stress tolerance, that is, low susceptibility to disease and

thick defensive leaf (Kurahashi et al. 1993; Saho et al.

1994; Goto et al. 2011). These genetic traits would favor

their survival under the harsh conditions encountered at

high altitudes, in which trees are exposed to long winters,

deep snows, and high risks of fungal infection (Eiga and

Sakai 1984). On the other hand, these traits also have

negative effects on the trees’ growth potential (and thus

on their growth rate compared to low-altitude popula-

tions) (Rehfeldt 1983; Sakai et al. 2003; Green 2005).

Such traits would be less advantageous than those that

favor strong growth in the milder climates encountered at

lower altitudes. The trade-off between growth and hardi-

ness is thus expected to have a significant impact on local

adaptation, as demonstrated in this study.

Evaluation of warming effects

Previous studies on climate change in Japan (MRI-

CGCM2; Yukimoto et al. 2001) have suggested that the air

temperature in our study area will increase by 4�C during

the current century (Kurihara et al. 2005). As long-lived

tree species are unlikely to track such a rapid change by

means of range shifts (Davis and Shaw 2001), climate

change will give rise to pronounced discrepancies between

the optimal climate for populations that have undergone

extensive local adaptation and the climate they actually

experience (Rehfeldt et al. 2002; Savolainen et al. 2004).

Although resident plants will respond to new climatic con-

ditions through phenotypic plasticity, our 36 years of

long-term monitoring data suggest that this will not be

sufficient to enable them to achieve optimal performance

(Table 3, Fig. 5). On the basis of the first approach, in

which the performance of a single deme was compared in

different sites (using the home-away model described by

eqn 3), temperature increases were predicted to initially

increase the population’s overall productivity but to cause

a decline if they increased beyond those encountered in

the species’ distribution zone (Table 3). This result can be

attributed to the species having a niche limitation at low

altitudes (200 m a.s.l.) and requiring a moderate climate

for optimum productivity, such as that found at 400–

600 m a.s.l. (which is the its current dominant zone).

Under the most extreme warming scenario considered, our

model predicts that the overall productivity will increase at

least 30 times for populations at altitudes above 1100 m

a.s.l. In contrast, overall the productivity of populations

inhabiting lower altitudes (<530 m a.s.l.) will decrease to

<5% of the current productivity (Table 3). We conclude

that most of the population (except that inhabiting sites

below 230 m a.s.l.) will exhibit an increase in overall pro-

ductivity, but the extent of the increase will depend on the

level of global warming. This finding is similar to that pre-

sented in a longitudinal analysis of P. sylvestris, which

showed that climate change would increase the fitness of

several populations (Rehfeldt et al. 2002).
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The second approach, in which the response of the

transplanted population was compared to that of the local

deme, generated more pessimistic predictions (Fig. 5). A

home-site advantage was observed under all conditions

examined, indicating that the local demes consistently

exhibited superior performance to the transplants. Conse-

quently, we were able to use this approach to quantify

the differences between the performance of current popu-

lation in a changed climate and that of a population that

has adapted optimally to the new climate. For the warm-

est scenario (+4�C), the model predicted that the relative

performance of the current generation of this species

would be up to 50% below the optimum level (Fig. 5),

because there would be a significant lag between onset of

climate change and the genetic adaptation of the local

population to the new climatic conditions (Savolainen

et al. 2004; Aitken et al. 2008). Thus, current populations

will not adapt to the changes induced by global warming

over the short timescales, and there will be a substantial

delay in the onset of adaptation to yield optimal perfor-

mance under the new climates, even though some of the

existing populations (notably those living at high alti-

tudes) will exhibit better productivity than they do at

present. It should be noted that this discussion of the

potential adverse effects of global warming on the current

and future performance of A. sachalinensis takes no

account of other warming-influenced factors, such as

changes in the amount of precipitation or the biotic rela-

tionships within the stand that might affect populations’

productivity.

From a practical standpoint, our results are alarming

because they suggest that populations that have under-

gone local adaptation to their current circumstances will

exhibit reduced ecological resilience as warming proceeds

because of the genetic constraint on their adaptation

potential (Savolainen et al. 2004; Aitken et al. 2008). This

could be especially problematic for local communities

that feature other woody species. In natural stands where

A. sachalinensis coexists with other species, such as most

of those found on the studied mountain slope (Kato

1952), A. sachalinensis inevitably competes with those

other species. If those coexisting trees exhibited greater

phenotypic plasticity, as demonstrated by Cordell et al.

(1998), the performance of A. sachalinensis after global

warming could end up being inferior to that of its com-

petitor, which might adapt to the new conditions more

effectively. Such changes in the balance of interspecific

competition could alter the stand’s species composition

or even the whole forest ecosystem (Reyer et al. 2010). It

has been suggested that it may be possible to counteract

such effects and maintain or improve the performance of

specific target species by redistributing genes that confer

optimal performance (Rehfeldt et al. 2002; Aitken et al.

2008).

In terms of redistributing optimal genes, we recom-

mend a priori upslope transplantation for mitigating the

impact of global warming. This approach is likely to be

effective in maintaining the productivity of A. sachalinen-

sis for two reasons. First, because considerable time is

required for woody transplants to grow, it would be nec-

essary to establish plantations in milder climatic condi-

tions than in conditions that reflect the current climate.

Second, the negative effects of a priori upslope transplan-

tation may be relatively small for young trees (Fig. 3F).

Because of the poor predicted performance of the mid-

dle–lower montane populations under global warming

(Table 3), the value of upslope transplantation would be

particularly high on the middle–lower slopes of the

mountain. A priori transplantation would result in the

effective redistribution of genotypes within this altitude.

Consequently, in the case of species that have already

undergone local adaptation, it will be essential to strike a

balance between minimizing the adverse effects of upslope

transplantation and reducing productivity losses by mal-

adaptation to future warming.

Conclusions

The study reported herein was conducted to address the

lack of long-term monitoring data with which to evaluate

the magnitude of local, altitude-dependent intraspecific

adaptations that affect the growth and survival of woody

plant species. In this paper, we report a long-term reci-

procal transplant experiment in which the height and sur-

vival of A. sachalinensis trees were monitored over

periods of 5–36 years. Robust evidence that A. sachalinen-

sis demes have undergone significant intraspecific adapta-

tion to their local altitude (and thus to the local climate)

on a regional scale was obtained, because a home-site

advantage was consistently detected both for upslope and

downslope transplanting regimes. This strong adaptation

may restrict the ability of the current population to

respond effectively to rapid climatic change, and A. sacha-

linensis may suffer from competition with other tree spe-

cies that have greater phenotypic plasticity. Consequently,

we recommend the redistribution of optimal genotypes to

mitigate the negative impact of global warming. In order

to mitigate the impact of ongoing climate change, it will

be important to quantify the extent of intraspecific adap-

tation in dominant woody species and devise optimized

reforestation strategies that take this information into

account.

Data deposited in the Dryad repository: doi:10.5061/

dryad.hh2g4s48.
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