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Abstract

« Introduction Information on spatial variability in tree
radial growth is essential for improving predictions of forest
ecosystem responses to climate change. To date, researchers
have designed models to simulate the potential distribution
area of major forest types under different climate change
scenarios in Northeast China, but little is known about the
spatial variability of tree growth in response to climate.

« Materials and methods We used a dendroecological
technique to examine the climate—growth relationship of
six dominant tree species on seven sites varying in altitude
on Changbai Mountain in Northeast China, to explore
whether the spatial variability of tree growth is an indicator
of regional climatic forces, and whether simulation results
generated by models can accurately reflect this in tree radial
growth.

+ Results Fifteen site-specific species can be distinguished
species at or near their upper limit distribution from those at
the lower distributions. Species differences were more
important than altitude differences in influencing species’
site-specific radial growth. Precipitation, temperature, and
soil moisture together constitute the major factors limiting
tree radial growth.

+ Conclusion We found the distribution area of dominant
tree species on Changbai Mountain will shift upward;
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growth of Korean pine will not decline at its lower limit of
distribution and will not eventually even disappear from
forest communities in those areas.

Keywords Climate response - Tree ring -
Dendrochronology- Changbai Mountain - Northeast China

1 Introduction

Climate change and its effects on forest ecosystems have
generated wide public concern. Better predictions of how
forest ecosystems will respond to climate change require a
precise understanding of species- and site-specific
responses to climate (Cook et al. 2001). In hilly and
mountainous areas, for example, elevational differences
exert a strong influence on microclimate—especially air
temperature, humidity, and soil moisture—and as a conse-
quence on climate—tree growth relationships (Liang et al.
2006, 2010). On the other hand, Graumlich (1993) reported
that species differences were more important than site
differences in the forests of Wisconsin and upper Michigan,
where elevational differences are not as distinct. These
results illustrate the complexity of species- and site-
dependent growth response to climate, and the results also
suggest that predicting the impacts of global change on
mountainous forests requires a more complete accounting
of tree growth—climate—site interactions. (Andreassen et al.
2006; Liang et al. 2010).

To date, researchers in Northeast China have designed
models to simulate the dynamics of forest composition and
structure, and the potential distribution area of major forest
types under different climate change scenarios (e.g., Zhao et
al. 1998; Xu and Yan 2001; Shao et al. 2003; He et al.
2005). These studies have suggested that distributions of
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the dominant conifer tree species in the region under
climate warming will be manifest via northward geographic
and upward altitudinal shifts. Most of the simulation results
in the region have yielded consistent results. If these results
are realistic, the shifts should be reflected in variation in
tree composition and forest structure, which would first be
reflected in tree radial growth. Distribution of a given tree
species should be extended geographically at its upper limit
and recede from its lower limit. Forest composition and
structure will change, as dominance of tree species in a given
forest type will be magnified or reduced depending on their
response to climate change. Such responses have contributed
to the basic assumptions and preconditions of most models
(Yan et al. 2000; Hao et al. 2001; He et al. 2005).

Dendrochronological studies at broad spatial and tem-
poral scales could provide useful information on the
spatiotemporal variation of tree growth (Tardif et al.
2003). These studies are also essential to validate climate
model simulations in climate-sensitive regions such as the
high-latitude Northeast China. Presently, most of the tree-
ring research in China centers on the reconstruction of past
climatic series (e.g., Zhu et al. 2009; Liu et al. 2009),
which requires relatively older trees and those more
sensitive to climatic variations. Compared to forests in
West China, trees in Northeast China have a younger age
and lower sensitivity to climatic factors, which has
resulted in the relative lack of dendrochronological studies
in the region.

Changbai Mountain, the core area of this vegetation zone,
is covered with a large area of undisturbed temperate old-
growth forest (Shao and Zhao 1998). It is characterized by a
vertical zonation of three forest ecosystems along the
altitudinal gradient. They also represent the major forest types
in Northeast China along the latitudinal gradient. This makes
Changbai Mountain an ideal setting to examine growth—
climate interactions. Previous tree-ring studies on Changbai
Mountain have focused primarily on single forest sites (Shao
and Wu 1997; Yu et al. 2007) and single tree species (Yu et al.
2005, 2006; Zhang et al. 2007; Zhu et al. 2009).

Changbai Mountain is characterized by abundant pre-
cipitation and low temperature, as well as an incremental
increase in precipitation and decrease in temperature along
the elevational gradient. Dendrochronological studies have
suggested that precipitation is a critical factor limiting radial
growth on Changbai Mountain and that trees growing at the
upper limit of their distribution range are more affected by
precipitation than by temperature (Yu et al. 2007). This runs
counter to the traditional view that temperature, particularly
in the in growing season, is the factor limiting radial growth
of trees in cool regions (e.g., Splechtna et al. 2000; Frank
and Esper 2005). Due to different data processing methods,
results of some studies could not be adequately compared.
At present, little is known about the spatial variability of
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tree growth over the entire altitudinal gradient in response
to climate on Changbai Mountain. It is still an open
question as to whether the spatial variability of tree growth
is an indicator of regional climatic forces, and whether
simulation results generated by models can accurately
reflect this in tree radial growth.

This study analyzed a tree-ring network based on data
for six dominant tree species at seven elevations along an
altitudinal gradient on Changbai Mountain. The objectives
were to: (1) explore the spatial patterns of tree growth along
an altitudinal gradient, (2) examine site-specific variation in
tree species growth and its response to climate, and (3)
detect and verify dominant tree species distribution trends
under future climate scenarios.

2 Materials and methods
2.1 Study area

The study area is located on the northern slope of the
Changbai Mountain Natural Reserve in Northeast China
(41°31'-42°28'N, 127°9'-128°55'E) (Fig. 1). The climate
of the study area is characterized by cold, windy winters
and wet summers. Average annual precipitation increases
with elevation, from approximately 680 mm at 740 masl to
1,020 mm at 2,000 masl. About 80% of the total annual
precipitation occurs between June and September (Fig. 2).
The average annual temperature decreases with elevation
from about 2.8°C at 700 masl to —3.8°C at 2,000 masl.

The altitudinal vegetation zonation within the study area
has been well documented (e.g., Wang et al. 1980). Four
altitudinal vegetation zones have been recognized, includ-
ing broad-leaved and Korean pine mixed forest (BP)
extending from approximately 740 m to 1,100 masl;
spruce-fir forest (SF)—also known as dark coniferous
forest—from 1,100 to 1,800 masl; Ermans birch forest
(EB), which forms the upper limit of forest distribution,
from 1,800 to 2,000 masl; and alpine tundra above
2,000 masl. The vegetation found between 1,050 and
1,250 m is an ecotone (BS) encompassing the transition
from BP to SE and that between 1,760 and 1,810 m is an
ecotone (SE) from SF to EB (Yu et al. 2004).

2.2 Tree species and sampling sites

Along the altitudinal gradient of the Changbai Mountain
Natural Reserve, the lowest vegetation zone (BP) is
dominated by Korean pine (Pinus koraiensis Sieb. et
Zucc.—the only conifer tree species in this zone—and
Manchurian Ash (Fraxinus mandshurica Rupr). Korean
pine is actually distributed from 740 to 1,450 m; this
includes two forest types (BP and SF) and one ecotone
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(BS). Manchurian Ash is found mainly in BP from 740 to
1,050 m. In SE the dominant tree species are spruce (Picea
Jjezoensis Cart. var: komarovii (V.Vassil.) Cheng and Fu) and
fir (Abies nephrolepis (Trautv.) Maxim). Spruce and fir are
distributed from 900 to 1,800 m, with the latter more
prevalent at lower elevations of SF (1,250-1,470 m), and
spruce exceeding fir at higher elevations of SF (1,480—
1,750 m). The vast majority of trees in EB are Erman’s
birch (Betula ermanii Cham.) along with few larches (Larix
olgensis A. Henry). While larch is not the dominant tree
species in any of the three forest types, it is widely
distributed on the Mountain, in some places forming a
single community in which it dominates. Given their
overall importance across the altitudinal gradient of forested
zones on Changbai Mountain, these six tree species were
selected for sampling in this study.

Taking into account tree species and their distribution on
Changbai Mountain, seven samples sites, extending to
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Fig. 2 Monthly total precipitation and mean maximum temperature,
mean temperature, and mean minimum temperature at Changbai
Mountain. Climate data from 1900 to 2000 are derived from grid data
(127-129°N, 41-43°E)
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approximately 1,300 m in elevation, were selected for this
study. For each site, three 2090 m plots were established
and approximately 20 relatively large canopy trees were
sampled per site. If the number of stems available for
dendrochronology analysis was less than 20, then trees on
the edge of the plots were sampled.

2.3 Chronology development

A total of 15 site-specific species on Changbai Mountain
between 750 and 2,000 m were sampled (Table 2). “Site-
specific” refers to the fact that the same species may
exhibit different growth characteristics depending on the
site on which it is found. Thus the radial growth of a given
species will in part be a function of the specific site
(altitude and other factors) at/on which it is situated. For
each site, at least 20 dominant trees were selected, and two
cores were taken per tree at breast height (approximately
1.3 m). Except for Manchurian Ash (sampled by Zhang et
al. (2007)), trees on 14 of thel$ sites were sampled by us
in 2003 and 2007, and results for ecight sites were
subsequently published (Yu et al. 2005, 2006, 2007).
Additionally, in order to increase the amount and length of
Korean pine, fir, and larch cores, 46 stems were resampled
for this study in 2009.

In order to unify the data processing techniques, ring
width series were redeveloped using standard dendrochro-
nological techniques (Fritts 1976). Age- and size-related
variation in tree-ring widths was removed by fitting a
negative exponential curve or a straight line with negative
slope (Cook 1985). In few cases when anomalous growth
trends occurred, a cubic spine with a 50% frequency
response cutoff equal to 67% of the series length was
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utilized. The ring width of each core was divided by the
fitted line value to produce a standardized tree-ring series.
These individual dimensionless index series were then
averaged using a bi-weight robust mean to develop mean
standardized (STD) chronologies (Fritts 1976). Thus, a total
of 15 standard ring width chronologies were developed
(Fig. 1, Table 1).

2.4 Multivariate analysis

All chronologies had an expressed population signal
(EPS)>0.85 for the period 19002000 (Table 1), which was
therefore selected for the multivariate analysis. Principal
component (PC) analysis, based on a correlation matrix of
the 15 STD chronologies over a common period of 1902—
2000, was used to identify dominant spatial patterns in annual
radial growth and reveal the climatic signals driving these
patterns. Only those components that explained at least 5% of
the variance in the original variables was retained, a criterion
used in similar dendrochronological studies (Peterson and
Peterson 2001).

2.5 Climate—growth relationships

Climatic variables utilized in this study included mini-
mum, mean, and maximum monthly temperature; total
monthly precipitation; and the Palmer Drought Severity
Index (PDSI), which can be used to determine the
beginning, end, and severity of a drought period. The

PSDI extends over a 14-month window from September
—the end of the previous year’s growing season at the
tree line (2,000 masl)—through October—the end of the
current year growing season near the lower boundary of
Changbai Mountain vegetation zones at 750 masl.
Climate data were obtained from the high-resolution
gridded climate dataset CRUTS2.1 (Mitchell and Jones
2005). Gridpoints between 127-129°N, 41-43°E were used
contributing climate data (temperature and precipitation)
from 1900 to 2000. For this study, PDSI data (Dai et al.
2004) for 1910-2000 were obtained from the gridpoint
between127 and 130°N, 40-42.5°E.

Correlations between tree ring chronologies, principal
component scores, and climatic variables were examined via
Pearson correlation (Briffa and Jones 1990). These analyses
were performed with the program PRECON [version 5.17B].
Given that the climatic variables may have cumulative or long-
term effects, the relationship between annual periods of the
climate data (October in previous year to September in current
year) and radial growth were also examined using Pearson
correlation analysis.

3 Results
3.1 Chronology characteristics

Fifteen STD were developed with lengths ranging from 142
to 287 years and a mean age (at coring height) of from 78 to

Table 1 Sites,-species and descriptive statistics for the 15 standard tree-ring chronologies along an altitudinal gradient on Changbai Mountain

Site  Tree Site—species  Elev. Core/stem  Mean  Mean width ~ MS SD rbar EPS>0.85 PClI EPS
no. species (m asl) age (mm) (SD) since

1 PNK PNK1 750 47/30 133 1.98 (0.67) 0.165 0.179 0476 1802 47.13 093
1 FM FM1 750 40/20 - 0.93 (0.37) 0.105 0202 0.582 1763 38.03  0.92
2 AN AN2 900 42/28 96.1 1.79 (0.58) 0.13 0.174  0.423 1901 3046 094
2 PCK PCK2 900 32/18 144 1.62 (0.66) 0.133  0.178 0.577 1867 3832 0.89
3 PNK PNK3 1,200 37/19 159 1.57 (0.38) 0.141  0.186 0.553 1787 3547 094
3 PCK PCK3 1,200 42/23 91 1.39 (0.61) 0.141  0.335  0.548 1900 4429 094
3 LO LO3 1,200 50/28 156 1.09 (0.26) 0.164  0.228  0.581 1887 40.16  0.93
4 PNK PNK4 1,400 40/21 147 1.42 (0.40) 0.119  0.166  0.607 1792 4226 091
4 AN AN4 1,400 32/19 98 1.43 (0.38) 0.136  0.131  0.49 1896 31.65 093
4 PCK PCK4 1,400 42/21 161 1.16 (0.48) 0.146  0.176  0.569 1865 46.28  0.94
5 PCK PCKS5 1,600 53/30 195 0.98 (0.40) 0.162 0.172 0.652 1823 38.82  0.97
6 AN ANS5 1,800 29/18 88 1.37 (0.51) 0.146 0228 0.613 1901 3489 093
6 PCK PCK6 1,800 35/17 156 1.07 (0.43) 0.17 0.209  0.654 1813 42.16  0.89
7 LO LO7 2,000 30/14 171 0.69 (0.25) 0232 0.282  0.491 1826 5232 0.89
7 BM BM7 2,000 58/30 167 0.51 (0.23) 0.231 0.238 0.356 1806 35.7 0.92

PNK, Pinus koraiensis; FM, Fraximus mandshurica; AN, Abies nephrolepis; PCK, Picea koraiensis; LO, Larix olgensis; BM, Betula ermanii

Elev elevation, MS mean sensitivity, SD standard deviation, rbar mean interseries correlation, eps expressed population signal, PCI first principal

component
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195 years (Table 1). The mean raw ring width ranged from
1.978 to 0.508 mm, and in general decreased significantly
with increasing altitude (p<0.0001; Fig. 3a). The highest
value appeared in Korean pine at 750 m elevation and the
smallest value was for Erman’s birch at 2,000 m. There
were no significant differences in annual ring width among
the evergreen conifer tree species—Korean pine, fir, and
spruces—at a given altitude. They were, however, clearly
larger than those of deciduous tree species, i.e., Manchurian
ash and larch, at the same altitude (Table 1).

The mean sensitivity (MS) and standard deviation
(SD), which are used to assess the statistical-dendrocli-
matological quality of tree-ring chronologies, may also
be found in Table 1. The MS and SD ranged from 0.105
to 0.232 and from 0.131 to 0.335, respectively, with the
highest values appearing for larch and Erman’s birch near
the tree line (2,000 masl) and the lowest values for
Manchurian ash at 750 masl. The MS for all chronologies
increased with increasing elevation (P<0.0001; Fig. 3b),
with the exception of the three Korean pine chronologies
which displayed a downward trend along the altitudinal
gradient (P<0.0001; Fig. 3c). The values of mean
interseries correlation (rbar) are relatively high (0.356—
0.654) suggesting that they recorded sufficient environ-
mental signals. Values for rbar also displayed an increasing
trend along the altitudinal gradient, with the exception of
larch and Erman’s birch growing at the tree line (Fig. 3d).
Common interval analysis also revealed the 15 chronolo-
gies have a high EPS (0.87-0.97) and a relatively high
variance according to loadings on the first principal
component (30.46-52.32%).

3.2 Multivariate analysis

The first six PCs of the 15 chronologies each explained
more than 5% of the variance individually (37.4%, 13.5%,
10.4%, 6.9%, 6.3%, and 5.6%) and cumulatively accounted
for 80.1% of the total variance. These six components were
then used in the following analysis to examine spatial
growth patterns and to identify their possible responses to
environmental factors.

Loadings for the first and second components (PC1 and
PC2) can be used to separate all sites into four major groups
(Fig. 4), which in turn may be further divided on the basis
of whether they are comprised of species growing at or near
their upper or lower altitudinal limits, respectively. Three of
the four groups contain species near their upper altitudinal
limit of growth. One of these is comprised of species
growing at the tree line on Changbai Mountain, including
Erman’s birch and Larch; while the other two groups are
made up of spruce and Korean pine, respectively, at their
upper altitudinal limits. The remaining nine site-specific
species at their lower altitudinal limits comprise the fourth

group.

3.3 Climate—growth relationships for individual tree-ring
chronologies

The ring width chronologies revealed complex relationships
between temperature, precipitation, and tree growth on
Changbai Mountain (Fig. 5). Precipitation during the
growing season was positively correlated with tree growth
for species measured at all sites, which may indicate that

Fig. 3 Main parameters of ring 5+ r.6
width standard chronologies (a) (b)
lotted as functions of elevation: = 4 Y=0.0758 +0.0001 X °
plored a3 o £ %7, Y=2.599-0.001 X 2
a ring width (original measure), £ ° ) R™=0.38, p<0.0001 L4
b mean sensitivity (MS)—all = 3 R"=0.50, P<0.0001
cores except Korean pine, ¢ 5 ) . g
Mean sensitivity (MS) for 3 2 A 2
Korean pine, and d Mean 2 B
interseries correlation (rbar) of r 1
all cores (generally two cores
from each tree) 0 T T T T T T T T T T T T T —-0.0
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
.61 r.8
(c) (d)
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Fig. 4 Individual tree-ring standard chronologies plotted according to
their loadings in space by principal component axes

water stress is a common phenomenon on Changbai
Mountain. Additionally, spruce at the higher elevations
(PCK4, PCKS, PCK6; Fig. 5j, k, n) and Erman’s birch at
tree line (BM7; Fig. 5n) also displayed positive correlations
with precipitation during winter.

At the same time, complex relationships were found with
respect to the effects of temperature on tree radial growth.
Korean pine growth at all three sites had a significant
positive correlation with previous September (end of
growing season) temperature, and current March and April
temperatures (late spring); while those growing at higher
altitudes and near the upper limit of growth showed
significant positive correlations with current growing
season (July and August) minimum and mean temperatures
(»<0.05; Fig. 5a—c). With respect to fir, current growing
season (August and September) mean temperatures also had
positive effects on tree radial growth at low altitude (p<
0.05; AN2) (Fig. 5d), but June and July minimum
temperature had negative effects at two high altitude sites
(»p<0.05, AN4, ANS; Fig. Se, f). Spruces at three low
altitude sites were negatively correlated with temperature
during the growing season (Fig. 5g—i), while those at the
upper limit of growth were positively correlated with
temperature (Fig. 5k).

At the tree line, larch growth displayed significant
positive correlations with May maximum temperature (p=
0.011; Fig. 5m), while Erman’s birch was significantly
positively correlated with previous October (p=0.05) and
current-year March minimum temperatures (p=0.023;
Fig. 5n). With respect to Manchurian Ash, significant
correlations were found with minimum temperature in the
previous September (p=0.009) and October (p=0.018), as
well as current-year February (p=0.048), June (p=0.011),
August (p=0.05), and September (p=0.030; Fig. 50).

Taking the combined effects of precipitation and tem-
perature into account, the relationships between each

) Springer fj f;f;é IN%

chronology and monthly mean PDSI were analyzed
(Fig. 6). Korean pine radial growth at all three sites was
significantly correlated with July PDSI (»p<0.05; Fig. 6a).
For spruce at the lowest site (PCK2) and the upper two sites
(PCKS5 and PCKG6), significant correlations were found with
PDSI at the end of the growing season in the previous year
(the former for September and October, the latter two for
September, p<0.05), while the upper two sites were also
significant correlated with the current growing season (July
and September, p<0.05; Fig. 6b). For larch at lower site,
significant correlations were found with PDSIs for the
previous September (p=0.031) and current-year March (p=
0.042) and April (p=0.039; Fig. 6d). For larch growing at
the tree line, no significant effects of PDSI on radial growth
were found; but for Erman’s birch, significant correlations
were found with PDSI for current May (p=0.05) and June
(»=0.031; Fig. 6e). No significant correlations of monthly
PDSI with Manchurian ash or fir were found on any of the
one or three sites, respectively, on which they occurred.
Thus, on an overall basis, in relating tree chronologies to
PSDI, while there were no obvious differences among sites
(altitudes), there were significant differences among tree
species.

3.4 Regional variation in radial growth patterns

All of the 15 site-specific chronologies had a positive
loading on PC1, most likely indicating that these sites were
affected in a similar way by the regional climate (Fig. 4).
For PCI1, a large loading appeared for spruce at higher
altitudes, while for PC2 it appeared for Korean pine at high
altitudes, and the only two negative loadings occurred for
the upper tree line site. For PC3 and PC4, the largest
loadings were found for fir and spruce at low altitudes,
respectively; while for PC5 and PC6, they occurred for
larch and Erman’s birch at the tree line, respectively,
suggesting that the latter respond differently to regional
climate than do other species at that altitude.

PC1 score time series exhibited contrasting responses to
monthly precipitation and temperature in winter and spring
(Fig. 7a). A significant positive correlation was found with
precipitation in the previous November (p<0.01), while a
significant negative correlation surfaced with current March
temperature (p<0.05; Fig. 7a).

PC2 displayed a different response to climate variables,
showing significant positive correlations with temperature
in late growing season (September and October) of the
previous year, previous-year March mean temperature and
mean maximum temperature (P<0.05), and current-year
August minimum temperature (p<0.05) and precipitation
(»<0.05; Fig. 7b).

PC3 displayed high negative correlations with minimum
temperature for the period from February to August of the
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Fig. 6 Correlations between each tree-ring standard chronology and
mean PDSI derived from grid data (1911-2000) from September of
previous year to October of the current year. Dashed lines indicate
significant correlations at p<0.05 and p<0.01, respectively

tions were found with minimum temperature in the
previous September (»=0.208, p<0.05) and current June
(r=0.220, p<0.05), and with precipitation in the previous
September (r=0.203, p<0.05; Fig. 7¢).

Finally, for PC6, significant correlations were displayed
with minimum temperature in the previous December (r=
0.241, p<0.05) and current July (»=0.222, p<0.05), and

with precipitation in current July (»=0.277, p<0.01; Fig. 7f).

@ Springer

As evidenced by the correlations of PCs with annual
temperature in Fig. 8b, the effects of temperature on tree
radial growth may be divided in a straightforward manner
into two basic categories: positive (including PC2, PCS5,
and PC6) and negative (PCl and PC3; Fig. 8b). With
respect to the effects of precipitation, a significant positive
correlation was found only in PC6; however, the significant
correlation of PC1 and PDSI indicated that drought was still
an important limiting factor at that site. Except for PC4
(which explained 6.9% of the total variance), the other five
PCs (explaining 73.2% of the total variance) were signif-
icantly correlated with temperature and/or precipitation.
Furthermore, with respect to the tree-ring chronology
loadings on the PCs, only fir at lower elevation sites
displayed a relatively larger value (0.933), with the other
species at various sites having values below 0.15. The basic
correlation between PCs and annual climate variations does
enhance the possibility of predicting radial growth trends of
species along an altitudinal gradient at Changbai Mountain.

Based on the linear models of PCs derived from
temperature and precipitation, and the PC loadings of each
tree species, and assuming that current trends and ranges of
annual average, mean maximum, and mean minimum
temperature will continue in the future in the context of a
warming climate, this study considered how radial growth
of tree species at sites along an altitudinal gradient on
Changbai Mountain might respond under scenarios in
which the temperature rises 2°C or 4°C, and precipitation
increases or decreases by 30% (Table 2). Results showed
that the radial growth of Korean pine on all three altitudinal
sites on which it was measured, as well as that of Manchurian
Ash on site 1, would increase; and that the amount of increase
becomes larger as elevation and/or precipitation increase. For
spruce, radial growth increases occur only at the site located at
the upper elevational limit for that species; while larch and
Erman’s birch at the tree line would display the greatest
increases in radial growth of all species.

4 Discussion

4.1 Site-specific species chronologies characteristics
in response to climate

The altitude of sites on Changbai Mountain strongly
influenced tree radial growth and the sensitivity of tree
chronologies. The average ring width of all cores involved
in this study (generally two cores were extracted from each
tree) was 1.85 mm at 750 masl, and 0.60 at 2,000 m, with a
linear decrease of 1 mm per 1,000 m of ascending elevation
(Fig. 3a). In this study, if tree growth trends were predicted
exclusively by elevation (for Changbai Mountain, a
1,000 m increase in elevation would be equated to a
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Fig. 7 Correlations of the first

six principal component score

time series (PC1-PC6) with

monthly climate variables.

Dashed lines indicate significant
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2.8°C temperature increase (Yue et al. 2005)), a tempera-
ture increase of 2°C would increase ring width by 50%.

The sensitivity of almost all trees to climate intensified
as altitude increased, and trees growing at higher altitudes
or at their upper limit of distribution were more sensitive to
climatic factors than were those at their lower limits. A
notable exception to this was Korean pine (Fig. 3, Table 1).
This may reflect the fact that density of conifer species
increases with increasing elevation, which may in turn lead
to more intense competition between Korean pine and other
trees, as well as a relatively shorter period of exposure to
open air in its life cycle. As a result, sensitivity to climatic
factors may decrease. However, the mean interseries
correlations (rabr) of all trees increased with ascending
elevation (Fig. 3), which would suggest that the climate
signal is stronger at higher altitudes.

For the entire altitudinal gradient, the greatest MS was
displayed by Erman’s birch at the tree line (2,000 masl), while
Manchurian ash near the lower boundary of Changbai
Mountain vegetation zones (750 masl) had the lowest MS.
With respect to forest types on Changbai Mountain, in the
Korean pine and broadleaved mixed forest (750-1,200 masl)
the MS of Korean pine was the highest, making it the most
suitable for dendrochronological study. In the spruce—fir forest
(1,400-1,800 masl), spruces displayed the highest MS; while
above 1,800 asl the only dominant tree species—Erman’s
birch—had the highest value for this measure.

1 Monthly sum of precipitation

4.2 General response of tree radial growth to climate

Despite abundant precipitation on Changbai Mountain, soil
moisture still exerts a strong influence on tree radial growth,
especially at the upper distribution limits of tree species. This
can be inferred from correlations of tree-ring chronologies
with PDSI (Fig. 7). Korean pine at all three sites, spruces at
the three higher elevations sites, larch at the low elevation
site, and Erman’s birch at the tree line all displayed
significant positive correlations with PDSI in the current
growing season. Furthermore, spruces at the three higher
elevations sites, larch at both lower and upper sites, and
Erman’s birch displayed positive significant correlations with
annual PDSI (Fig. 8a), which was not consistent with an
earlier report that the effects of precipitation decrease with
increasing elevation (Wang et al. 2005). This study’s finding
that almost all of the tree-ring chronologies were positively
and significantly correlated with precipitation in current-year
August provided further evidence for the important role of
soil moisture with respect to tree radial growth. The soil on
Changbai Mountain was formed after volcanic eruptions, and
its water-holding capacity is relatively low. High temperature
(especially mean maximum temperature) in the growing
season was associated with poor growth due to the depletion
of soil moisture via high evapotranspiration rates.

PC1 highlighted the dominant influence of moisture
availability on tree radial growth via its significant and
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Fig. 8 Correlations of the first six principal component score time
series (PC1-PC6) with: a monthly PDSI, and b annual average of
monthly climate variables (October of previous year to current-year
September) for the period of 1902-2000 (PDSI of 1912-2000).
Dashed lines indicate significant correlations at p<0.05 and p<0.01,
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positive correlations with PDSI in the current growing
season (p<0.05; Fig. 8a) and annual PDSI (p=0.037),
and its negative correlation with annual average maxi-

mum temperature (p=0.046; Fig. 8b). However, the
strong relationship of winter precipitation and PCl1
(Fig. 5a) may suggest that higher precipitation in
association with warmer soil temperature in winter
months is conducive to winter root survival and subse-
quently increased tree radial growth in the following year.
Similarly, both this study and previous ones on Changbai
Mountain found that winter precipitation positively
affected radial growth of spruces at their upper distribu-
tion limit as well as Erman’s birch at the tree line (Yu et
al. 2006, 2007).

The effects of temperature on radial growth clearly
differed for species at different sites along the elevational
gradient. Correlations of tree ring chronologies with
temperature were significant primarily in three time
periods: late growing season of the previous year, and
current-year spring (February—May) and growing season
(June—August; Fig. 6). It should be noted that the
temperature at the end of the growing season has a positive
effect on tree radial growth, primarily for trees at lower
elevations (below 1,400 masl), suggesting that warmer
temperatures at the end of the growing season are helpful to
accumulation of nutritious elements that subsequently
benefit tree growth in the coming year (Zhu et al. 2009).
At the same time, the effects of current spring and growing
season temperatures on tree radial growth were complex
and relative to sites and species. The results are further
supported by the correlation between PCs and monthly
climate variations (Fig. 5). These too revealed that the
temperatures which limit tree growth on Changbai Moun-
tain occur mainly in these three time periods. This is
consistent with findings of previous research in the study
area (Shao and Wu 1997; Zhang et al. 2007; Yu et al. 2000,
2007; Zhu et al. 2009).

Table 2 Tree radial growth

trends under the climate change ~ Site-species T+2,P+0.3 T+2,P+0.3 T+2 T+4 T+2,P-0.3 T+4,P-0.3
scenarios based on the linear
relationships between radial PNK1 0.21 0.29 0.15 0.23 0.08 0.16
growth, principal components PNK3 0.35 0.47 0.22 0.34 0.10 0.22
time series and climatic variables PNK4 0.32 0.44 022 0.33 0.11 022
FM1 0.12 0.17 0.09 0.14 0.06 0.10
AN2 0.29 0.43 0.27 0.41 0.24 0.38
AN4 0.06 0.08 0.03 0.05 0.00 0.02
ANS 0.08 0.09 0.03 0.05 —0.01 0.00
PCK2 0.08 0.09 0.01 0.02 —0.06 —0.05
PCK3 -0.20 -0.32 -0.24 —-0.36 —-0.27 —-0.40
PCK4 —-0.02 -0.07 —-0.09 —-0.13 —-0.15 —-0.20
PCK5 -0.10 -0.17 -0.14 -0.21 —-0.18 -0.25
PCK6 0.22 0.26 0.09 0.13 —0.04 0.00
LO3 0.05 0.06 0.01 0.02 -0.03 —-0.02
T+2/T+4, temperature increase LO7 0.54 0.72 0.35 0.53 0.16 0.34
of 2/4°C; P+/-0.3, precipitation M7 0.77 1.01 0.46 0.70 0.15 0.40

increase/decrease of 30%
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It is obvious that different tree species adapt to and
require different ranges of climatic variables for maximum
growth. At the upper altitudinal limit of species distribu-
tion, higher temperatures are beneficial to survival through
cold winters (Liang et al. 2009). They also promote
snowmelt and advanced growth prior to the growing season
(Dang et al. 2007) and stimulate increased growth rates in
the growing season (Frank and Esper 2005). At species’
lower limits of distribution, the maximum temperature in
the growing season has already approached the upper limit
species can tolerate. Thus, warmer temperatures will only
enhance stress and retard growth rates (Wang et al. 2005).
However, our limited knowledge about ideal climate ranges
for tree species and their specific site conditions increases
the uncertainty regarding effects of climate variables on tree
growth.

4.3 Site-specific species growth in response to climate

Our study suggests that the responses of tree radial growth
to climate were influenced by both species and sites. This
conclusion is supported by the results of the principal
component loadings analysis (Fig. 4). However, the four
groups into which all of the chronologies were divided
based on loadings for PC1 and PC2, combined with the
values of individual PC loadings, indicate that species
differences were more influential than those of sites. This
result mirrors that reported by Graumlich (1993), but differs
from other findings in northwest China (Splechtna et al.
2000; Liang et al. 2010). As shown in Fig. 6, the main
difference in radial growth response to climate occurred
among the tree species of Korean pine, spruces, larch and
Erman’s birch, and such differences occurred primarily at
upper and lower distribution areas of these species. It is
possibly related to these site-specific responses to climate
that the patterns of radial growth differ for the same tree
species at different sites and for different tree species at the
same site.

Previous models have found that climate warming will
push the distribution area of Korean pine toward higher
elevations, while at its lower limit of distribution growth
will decline, perhaps even causing the species to disappear
in current communities at this altitudinal level (Yan et al.
2000; Shao et al. 2003; Cheng and Yan 2008). At the same
time, growth of broad-leaved tree species is projected to
increase, causing them to occupy a greater proportion of
area in the Korean pine and BP (Shao 1996; Shao et al.
2003). This study revealed that all Korean pine radial
growth in the elevation range from 750 to 1,400 masl will
increase with climate warming. This might be because the
lower distribution limit of Korean pine is at an elevation of
500 masl, while the lowest sample site in our study is
situated near the lower boundary of Changbai Mountain

Reserve Area at 750 m. asl. However, the dominant broad-
leaved tree species in BP—Manchurian ash—displayed a
smaller increase in rate of growth than did Korean pine,
which might suggest that in BP the proportions of Korean
pine and Manchurian ash will both increase, but that in
terms of the increment, that of the former will exceed the
latter. In this case, the results of this study did not support
those reported by earlier models (Yan et al. 2000; Shao et
al. 2003).

Spruces at all four lower sites—PCK2, PCK3, PCK4,
and PCK5—displayed decreasing growth with increased
temperature regardless of any changes in precipitation
levels. The significant correlation of spruces and precipita-
tion reported by the tree-ring researchers in other areas may
indicate that spruce is water-loving tree species (e.g., Peng
et al. 2007). Results of this study suggest that while soil
moisture is indeed a critical factor with respect to spruce
radial growth, even a 30% increase in precipitation would
not be enough to offset the water loss triggered by climate
warming.

At the tree line, results from this study are similar to
those from earlier models (Hao et al. 2001). Growth rates
for larch and Erman’s birch will increase by large
percentages, and the dominance of the latter in tree line
forests will be further enhanced.

5 Conclusion

In this dendroecological analysis designed to assess tree radial
growth in response to climate on 15 sites along an altitudinal
gradient on Changbai Mountain, species differences seemed
to exert a stronger influence on growth responses than did site
location (altitude). While precipitation is abundant in the area,
it is the combined effects of precipitation, temperature, and
soil moisture that constitute limiting factors to tree radial
growth.

According to the principal components analysis and
component responses to climate variations, the 15 site-
specific species chronologies may be divided into four
groups. Species of spruce growth in the spruce-fir forest
(above 1,200 masl) are most strongly affected by soil
moisture and negatively correlated with annual maximum
temperature; while spruce at and below 1,200 masl, are
negatively correlated with annual minimum temperature.
Korean pine growing above the Korean pine and broad-
leaved mixed forest (i.e., above 1,200 masl) are most
strongly and positively influenced by annual average and
maximum temperature. Larch and Erman’s birch at the tree
line (2,000 masl) and Manchurian ash in the Korean pine
and broad-leaved mixed forest are positively affected by
annual minimum temperature and precipitation; and the
other species are mainly affected by temperature in late
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growing season of the previous year, as well as current late
spring temperature and precipitation in the current growing
season.

On an overall basis, the tree-ring network has provided
some important information about interactions between forest
growth and climate-related environmental influences and may
be useful for the objective bioclimatic classification of forest
populations. The results presented here could also be helpful
in constructing simulation models of forest ecosystem
responses to current and future climatic variability.
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