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Abstract Tree-ring width chronologies are important
records of climate change. Mounting evidence suggests
that tree-ring climate response is elevation dependent. In
this study, even-aged Qinghai spruce (Picea crassifolia
Kom.) chronologies from six sites along a consistent slope
in the Qilian Mountains region were selected to investigate
altitudinal variability of growth—climate response. Results
showed that growth—climate response of this species at
different elevations was limited by identical factors. In the
Qilian Mountains, P. crassifolia tree-ring growth was
limited primarily by drought conditions which are deter-
mined by precipitation and temperature in the Qilian
Mountains along the entire elevation gradient, exhibiting a
positive correlation with PDSI in growth season, a positive
correlation with precipitation in May and a negative cor-
relation with the maximum temperature in June. Moreover,
P. crassifolia recruitment dynamics coincided well with the
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temperature variations, suggesting that recruitment rates at
different elevations were all primarily influenced by tem-
perature. What was noteworthy was that the great decrease
in the mean sensitivity and standard deviation of
chronologies directly indicated that P. crassifolia climate—
growth response weakened at higher elevations. Further-
more, tree-ring-climate correlation coefficients, and spatial
correlation fields of tree-ring width indices to regional
climate factors also significantly decreased at higher ele-
vations, indicating that P. crassifolia climate—growth
response at higher elevations was weaker than that at lower
elevations. Additionally, response of P. crassifolia
recruitment dynamics to changes in temperature decreased
with increasing elevation, confirming results from
chronology and response analyses that showed that P.
crassifolia climate—growth response weakened at higher
elevations.

Keywords Tree-ring - Altitude - Qinghai spruce -
A consistent slope - The Qilian Mountains

Introduction

Owing to its high resolution and reliability, tree-ring width
chronologies are valuable proxy records of past climate
changes. Moreover, tree-ring reconstructions provide con-
siderable insight into mechanisms related to climate change
(Briffa and Cook 1990). The Qilian Mountains region, on
the edge of the Tibetan Plateau, represents a climate tran-
sition zone from monsoon to continental. Its distinct natural
environment and abundant forest resources make it ideal
for dendroclimatic research. A number of dendroclimatic
studies have been conducted in this area to date (Kang et al.
2003; Liu et al. 2009; Wang et al. 2001; Yang et al. 2005).
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Although various researchers have worked in the area,
however, disagreements still persist on whether Qinghai
spruce (Picea crassifolia Kom.) growth rates are limited by
precipitation or temperature in the Qilian Mountains (Gou
et al. 2005; Wang et al. 2001; Zhang and Wilmking 2010).

An increasing number of studies have indicated that
altitude is a significant factor influencing tree-ring to cli-
mate response (Mikinen et al. 2002; Wilmking and Juday
2005). For example, complex non-linear relationships
between altitude and tree-ring chronology sensitivity to
climate were observed in previous studies for different
areas (Kienast et al. 1987; Norton 1985; Peng et al. 2007,
Yang et al. 2013). At the same time, such studies reported
linear relationships between climate—growth response and
elevation (Brookhouse and Bi 2009; Gou et al. 2005; Peng
et al. 2008; Wang et al. 2005). Moreover, He et al. (2013)
concluded through correlation and response function
analyses that Juniperus tibetica elevation in the southern
Tibetan Plateau had no significant effect on tree growth—
climate relationships. Consequently, as suggested in the
above, the relationship between tree growth—climate
response and elevation remains undefined. According to
previous studies, climate—tree growth relationships are
significantly influenced by topography (Bunn et al. 2005;
Leonelli et al. 2009; Liang et al. 2010) as well as tree age
(Carrer and Urbinati 2004; Linan et al. 2012; Wu et al.
2013). However, the influence of topography and tree age
has received only limited attention in previous studies on
altitudinal variability of climate—growth relationships
(Brookhouse and Bi 2009; Gou et al. 2005; Peng et al.
2008). To avoid effects of landform and tree age variation
on results in the current study, six tree-ring width
chronologies of even-aged P. crassifolia stands growing
along a single slope were selected for investigation.

Age structure can also be used to analyze relation-
ships between climate and tree regeneration. Various
studies have been conducted on population structure,
spatial distribution patterns, and P. crassifolia regenera-
tion near the upper tree-line in this area (Li et al. 2012;
Zhang and Jiang 2006). However, only limited research
on the response of P. crassifolia density to climate
change and the altitudinal variation of this response has
been conducted. For this study, in order to investigate
the response of P. crassifolia density to climate change
and its altitudinal variation, age structure was established
to analyze density changes at different elevations (Gou
et al. 2012; Rozas 2003).

What is more, given its high sensitivity to climate
change in addition to other advantages, alpine timberlines
were always thought to be ideal to reconstruct variabilities
of climate factors. However, according to several previous
studies, trees growing at alpine timberlines of some tree
species (e.g., Sabina przewalskii, Juniperus tibetica) were
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not the most sensitive ones to climate changes (Yang et al.
2013; He et al. 2013). Current study on altitudinal vari-
ability of P. crassifolia growth—climate response from its
lower elevation gradient limits to the upper elevation gra-
dient limits may tell us whether P. crassifolia at alpine
timberlines is most sensitive to climate changes and ideal
to climate reconstruction or not, which is of fundamental
significance on dendroclimatology and may provide clues
on climate reconstruction using P. crassifolia in the mid-
Qilian Mountains region.

The objectives of this study were (1) to detect whether
P. crassifolia growth at different elevation gradients was
limited by identical climate factors; (2) to investigate
whether differences existed in P. crassifolia growth
response (including tree-ring growth and forest recruit-
ment) to identical limiting climate factors; (3) to validate
whether P. crassifolia at alpine timberlines are the ideal
ones for climate reconstruction or not.

Materials and methods
Study area and sampling strategy

This study was conducted in the Dayekou Reservoir Water
Park (Zhangye City, Gansu Province, China) located in the
mid-region of the Qilian Mountains (Fig. 1). According to
records (1951-2012) from the nearest meteorological sta-
tion (Zhangye Station, 100.37°E, 38.56°N, 1480 m
AMSL), mean yearly temperature in study area was
7.24 °C; and the mean monthly maximum temperature was
in July (Fig. 2a). Mean annual total precipitation was
1299 mm; and mean annual total vaporization was
77.8 mm. Precipitation was primarily concentrated
between May and September which can be seen as a wet
season (Fig. 2a). Then, the vaporization was greater than
precipitation in February to April, October and November
which can be seen as a relative dry season (Fig. 2a). In
summary, climate condition in study area showed as a
typical semi-arid climate type which represents a climate
transition zone from monsoon to continental (Fig. 1).
Moreover, according to observation by Jin et al. (Jin et al.
2012) in the Dayekou Reservoir Water Park, our study site,
increasing elevation leads to increases in annual total
precipitation from 2600 to 3300 m (Fig. 2b), while yearly
soil temperature decreased at a mean rate of 0.39 °C per
100 m along altitude gradient from 2700 to 3100 m
(Fig. 2¢). P. crassifolia, a dominant species in the study
area, was the species selected for investigation. This
coniferous species is tolerant to cold environments and
poor soils, allowing the species to grow along an extensive
elevation range (from 2600 to 3200 m AMSL) within the
study area (Liu 1992).
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Fig. 2 Climate graph for mean monthly air temperature and mean total monthly precipitation of Zhangye station (a); observed altitudinal
variabilities of precipitation (b) and temperature (c¢) in study area, observed altitudinal variabilities data from Jin et al. (2012)

Six closely positioned 20 m x 20 m sampling quadrats
(no greater than 1 km apart) were established at six pres-
elected elevations from 2600 to 3100 m AMSL along a
consistent north-facing slope (Fig. 1). Features of sampling
quadrats and trees were collected that include tree density,
diameter at breast height, tree height, etc. Table 1 provides
general information related to sampling sites. In total, 115
tree-ring cores (one to two cores per tree) were selected
from P. crassifolia specimens using a 5.15 mm diameter
increment borer at breast height (approximately 1.3 m
above the surface) in July and August 2012. Most core
samples had their pith intact to ensure that the actual age of
the tree was ascertained correctly.

Tree-ring chronologies development

All cores were air dried and then polished using progres-
sively finer grades of sandpaper (Fritts 2012). After cellular
structure was clearly revealed, all cores were visually
cross-dated based on inspection using a microscope,
establishing the absolute assignment of calendar year for
every growth year. All cross-dated growth rings were
measured to a precision of 0.01 mm using a sliding stage
micrometer (LINTAB 6; Rinntech, Heidelberg, Germany)
interfaced to a computer applying time series analysis and
presentation features of the dendrochronological software
TASP-Win (Rinn 2003). Cross-dating was confirmed using
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Table 1 Site information for six 20 m x 20 m sampling quadrats

Site code Elevation (m) Latitude Longitude Slope aspect Density (stems/ha) MH (m) M-dbh (cm)
Al 2663 38°33'24"N 100°1706"E Northwest 1875 6.3 104
A2 2786 38°33'09"N 100°1707"E North 2600 52 8.6
A3 2805 38°33/02"N 100°17'25"E Northeast 2550 5.7 8.2
A4 2940 38°32/36"N 100°17'58"E Northwest 2625 6.2 10.7
AS 3019 38°32/30"N 100°18'05"E North 3050 6.7 9.8
A6 3098 38°32'19"N 100°18'06"E North 1100 7.6 14.3

MH is mean tree height, M-dbh is mean diameter at breast height, and Density is the tree density whose unit is stems per hectare

COFECHA
1983).

The ring width series was standardized and auto-re-
gressively transformed applying Program ARSTAN (Cook
and Holmes 1986). Most ring width measurement series
were fit with negative exponential curves to remove growth
trends from the raw ring width series while retaining most
low-frequency variations that may potentially be climate
driven. If this curve type failed, a straight line of any slope
was applied instead (Cook and Holmes 1986; Cook and
Kairiukstis 1990). Robust autoregressive modeling was
used to remove significantly high autocorrelation within
each series (Richter et al. 1991). To reduce bias caused by
endogenous stand disturbances and to enhance the common
signal contained within the data, the biweight mean was
used to calculate mean medium frequency and high-fre-
quency chronologies for each study site (Cook and Holmes
1986). Three versions of tree-ring width chronologies
(Standard, Residual, and Arstan) incorporating unique time
series characteristics were generated by Program
ARSTAN. Thereafter, the “pre-whitened” residual
chronologies for which biologically related persistence was
removed were used for growth—climate response analysis.
Standard chronologies that retain greater low-frequency
variability were used to represent long-term tree growth
trends throughout the previous century (Cook and Holmes
1986). Furthermore, several descriptive statistics were
calculated for chronologies. Standard deviation (SD)
assessed measurement variance for the whole series; mean
sensitivity (MS) quantified interannual variation in growth
between two adjacent rings, and first-order autocorrelation
(AC1) estimated the persistence of chronologies. Common
signal strength was evaluated by the percent variance
explained by the first principal component (PC1) and by
the mean inter-series correlation (RBAR). The signal-to-
noise ratio (SNR) served as an expression of the strength of
the observed common signal between trees. The expressed
population signal (EPS) was used to determine statistically
reliable chronology time periods using a 30-year moving
window with 15-year overlaps. The approximate threshold

software (Grissino-Mayer 2001; Holmes
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for an acceptable EPS, as reported by Wigley et al. (1984),
was 0.85.

Meteorological and climatic data

Meteorological data were obtained from Zhangye Station
(100.37°E, 38.56°N, 1480 m AMSL), which was the
closest meteorological station in relation to the study site
(Fig. 1). Mean monthly temperature and total monthly
precipitation were ascertained to detect climate response of
tree-ring widths.

The Palmer Drought Severity Index (PDSI) was
employed to detect whether regional moisture conditions
influenced tree-ring growth. The monthly CRU sc-PDSI
3.21 dataset was obtained from the nearest grid points
(scalpelling 100°-100.5°E, 38.5°-39°N) (Wells et al.
2004), derived from global coverage based on a
0.5° x 0.5° gridding system. Gridded Climate Research
Unit (CRU) time series datasets produced by the Climate
Research Unit at the University of East Anglia (Mitchell
and Jones 2005) along with the gridded PDSI dataset (Dai
et al. 2004) were employed to conduct spatial correlation
analyses between tree-ring width chronologies and regional
climatic factors. Yearly mean temperatures obtained from
Zhangye Station, temperature reconstruction in the West
China (Shi et al. 2012) and North Hemisphere temperature
reconstruction (Mann et al. 2009) derived from the NOAA
National Climatic Data Center were used to detect P.
crassifolia recruitment dynamics response to temperature
change.

Dendroclimatic analysis

Each tree-ring width series was compared to meteorologi-
cal data obtained from Zhangye Station (1951-2012). To
investigate the effects of climatic factors on tree growth,
residual ring width chronologies were linked to precipita-
tion, temperature, and PDSI records using Person correla-
tion function and response function (Blasing et al. 1984).
Correlation and response function analyses between
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chronologies and climatic factors were conducted using the
SPSS program and DendroClim2002 software (Biondi and
Waikul 2004). These analyses were examined for a
sequence of 15 months beginning in August of the previous
growth year to October of the following growth year in
which the ring was formed given that climate conditions in
months that precede the growing season often have effects
on tree growth (Wu 1990). To distinguish variation in
patterns between different frequency domains, high-pass
and low-pass filtering was used on raw standard tree-ring
width chronologies over corresponding periods. Principal
component analysis (PCA) was conducted on tree-ring
width index series at six different elevations. The first
(PC1) represented the common variance pattern across all
elevations, and was an indicator of the optimum regional
tree growth signal. Several climate variables and their
correlations to PC1 were employed to allow an assessment
of the common pattern of climate influence on tree growth
within the study site. At the same time, to examine the
integrated impact of precipitation and temperature on radial
growth at these six different elevations, response surface
regression analysis was conducted using Design-Expert
(version 8.0.6, Stat-Ease. Inc., Minneapolis, MN, USA).
Additionally, to assess whether identified tree growth—cli-
mate relationships were consistent during different dec-
ades, an 11-year moving average cross-correlation analysis
was conducted between tree-ring width indices and iden-
tified influencing factors on tree growth. The coefficient of
variation of moving cross-correlation series was calculated
to evaluate variations in tree growth—climate relationships.
Furthermore, spatial correlation analyses were conducted
using the KNMI Climate Explorer (http://climexp.knmi.nl)
to detect the response of tree-ring indices to regional cli-
matic factors, such as May—June averaged CRU TS 3.10
precipitation (Mitchell and Jones 2005) and May-July
averaged PDSI (Dai et al. 2004) datasets of all grid cells
available for a user-defined region (80°E-130°E, 15°N-
55°N).

Cores with piths intact were used to determine the age of
sampled trees. Most core samples had their pith intact to
ensure that the actual age of the tree was ascertained cor-
rectly, but some cores failed to reach the pith due to
incorrect bore alignment, eccentric growth rings, or rotted
tree centers. To extrapolate actual ages for missing portions
of cores that failed to reach the trees’ pith, the Initial Radial
Growth model was adopted, which is based on the
assumption that the growth of individuals of the same
species from the same region must be similar (Rozas 2003).
A multiple linear regression function was then applied to
predict the number of rings in missing radii from the length
of missing radii and the mean growing rate of rings adja-
cent to the pith. This was used as predictors. Additionally,
Duncan (1989) geometrical model was employed to

estimate the length of the missing radii. Regression anal-
ysis of diameter at breast height (1.3 m) was then con-
ducted and tree age was determined from 115 core samples
to estimate tree age for those that were too young to be
sampled in sampling quadrats (Gou et al. 2012; Rozas
2003). The linear model was chosen as the regression
model and was given in the results. It should be mentioned
here that larger trees probably experienced faster growth
rates in the past, and only fast growing seedlings survived.
Seedling growth rates were likely to be slightly overesti-
mated, and, subsequently, ages may be slightly underesti-
mated (Landis and Peart 2005). Furthermore, in order to
explore P. crassifolia recruitment response to climate
change in different areas of the forest, the forest itself was
subdivided into three sections, including low elevations
(2600-2800 m AMSL), intermediate elevations
(2800-3000 m AMSL), and high elevations (greater than
3000 m AMSL). All trees in the sampling quadrat were
then sorted into 20-year interval age groups. Consequently,
tree number increments for different periods could be
calculated to analyze P. crassifolia recruitment response to
climate change at the lower limit (26002800 m AMSL),
intermediate elevations (2800-3000 m AMSL) and the
upper limit (greater than 3000 m AMSL) by comparing
corresponding temperatures from Zhangye Station, the
West China temperature reconstruction (Shi et al. 2012)
and North Hemisphere temperature reconstruction (Mann
et al. 2009).

Chronology variability at different elevation gradients
was compared by applying the following statistical
parameters: mean sensitivity (MS), standard deviation
(SD), signal-to-noise ratio (SNR), mean tree-ring series
inter-correlation (RBAR), and the variance of the first
principal component contained in each chronology (PC1).
Pearson correlation coefficients between the six chronolo-
gies at different elevations over corresponding periods
(1911-2012) were calculated and compared to test whether
chronologies at different elevation gradients showed con-
sistency in growth patterns. Results from spatial correlation
analysis, coefficient of variation of moving correlation
series, and surface analysis response were also compared
between different elevations.

Results
Climatic factors driving local tree growth

When comparing tree-ring width chronologies, similar
variation patterns were found in the P. crassifolia tree-ring
width index at different elevations (Fig. 3a). Correlation
analysis between chronologies also showed that correlation
between tree-ring width index at different elevations was
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Fig. 3 Tree-ring width chronologies for Qinghai spruce from six
sample sites (A/-A6) along a consistent slope (a), the blue lines
indicate the residual chronologies and the red lines indicate the 8-year
low-pass filtered standard chronologies at six elevations, the gray

significant and positive (p < 0.01; Table 2). The six RES
chronology-based PCAs for 1911-2012 demonstrated that
only the first eigenvalue was greater than 1, and RES
chronology-based PC1 accounted for 75.695 % of common
variability extracted from the six RES chronologies
(Fig. 3b). Such similar variation patterns, significant corre-
lation between chronologies, and the high first PCA eigen-
value suggested that P. crassifolia radial growth at different
elevations may be limited by the same climate factor.
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—— Low-pass index

area corresponding to the sample depth; the first principal component
from the six residual chronologies (b), the red line indicates the
8-year low-pass filtered series

Correlation analysis showed that P. crassifolia radial
growth was primarily limited by drought conditions in the
Qilian Mountains at all elevations. Direct evidence for this
was that tree-ring width indices were positively correlated
with PDSI and relative humidity during the growth season
(Fig. 4). Moreover, precipitation in May was significantly
and positively correlated with the P. crassifolia tree-ring
width index at all elevations and RES chronology-based
PC1, while high temperatures in June were significantly
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Table 2 Correlation analysis matrix for six residual chronologies for
their common period (1911-2012)

Al A2 A3 A4 A5 A6
Al 1
A2 0.784%*% 1
A3 0.819%*  0.830*%* 1
A4 0.696%*  0.792*%*  0.807** 1
A5 0.590%%  0.754%*%  0.721**  0.778** 1
A6 0446*%*  0.617%F  0.547*%  0.679%*  0.709** 1

** Correlation is significant at the 99 % level (p < 0.01)

and negatively correlated to P. crassifolia growth (Fig. 4).
It is interesting to note that significant positive correlations
were found between tree-ring chronologies and rainfall in
August and September of the preceding growth year
(Fig. 4), suggesting that precipitation had notable lag

effects on tree growth. Additionally, correlation between
low-pass filtered chronologies to climate factors and cor-
relation between high-pass filtered chronologies to climate
factors showed that high-frequency signals responded
better to precipitation than low-frequency signals, while
low-frequency signals reflected greater information with
regard to mean- and minimum temperatures than high-
frequency signals (Fig. 5a, b).

Results from surface regression analysis response, which
was conducted between the six RES chronologies and
instrumental climate data, are provided in Fig. 6. At all six
elevations, wider tree-ring widths were formed if precipita-
tion (from the preceding August to the following May) was
higher, regardless of how high or low the maximum tem-
perature was. Results also showed that associations between
tree-ring series and temperature may be stronger under
higher precipitation. Overall, surface analysis response
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<«Fig. 5 Climate response of the low-pass filtered (a) and high-passed
(b) chronologies to the monthly mean temperature (T-mean),
minimum temperature (T-min), maximum temperature (T-max),
monthly precipitation (Pre), relative humidity (RH) and PDSI; the
heavier the color, the stronger is the correlation; the red represents the
positive correlation and the blue represents the negative correlation;

the dense- and the sparse-grid shadow indicates the significance at 99
and 95 %, respectively

2

provided evidence that showed that associations between P.
crassifolia radial growth and precipitation were stronger
than temperature. Nevertheless, maximum temperature still
had an impact on tree growth. Therefore, drought conditions,
which were determined by precipitation and temperature, are

assumed to be the climate factor most responsible for the
control of local tree growth patterns.
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In the present study, P. crassifolia recruitment response
to climate change was explored for different sections of the
forest. First, it was determined that tree recruitment in
different sections exhibited identical characteristics of
variance (Fig. 7). The establishment of all three sections of
the forest began in the late nineteenth century. Between the
early to late twentieth century, P. crassifolia recruitment
acceleration increased. However, between the 1950s to the
1990s, P. crassifolia recruitment decreased to a relatively
low level. Furthermore, P. crassifolia recruitment rates for
all three sections coincided well with the temperature
changes (local observed temperature as well as recon-
structions in lager spatial scales), which may indicate that
the forest recruitment rate and tree density of the P. cras-
sifolia forest were significantly influenced by temperature
(Fig. 7). However, similar patterns were not found between
the tree recruitment rate and precipitation at all elevations.

Elevation-dependent variability of P. crassifolia
growth and the growth—climate response

First, ring width pattern similarity between chronologies
decreased with distance, showing a decreasing tendency in
correlation coefficients between chronologies with
increasing perpendicular distance (Table 2). This may
indicate that altitude was a significant factor influencing
tree growth and climate—growth response. Furthermore,

MS and SD values in chronologies decreased significantly
at higher elevations (Table 3), indicating that tree growth
response to climate may weaken at higher elevations.

At higher elevations, climate—growth correlations
decreased considerably (Fig. 4). Correlations between tree
growth and precipitation in May as well as rainfall in
August and September of the preceding growth year varied
from significantly positive to weakly positive. Furthermore,
at lower elevations (A1-A5), significant negative correla-
tions were found between tree-ring width and the maxi-
mum temperature in June. In contrast, near the upper tree-
line (A6), relationships between tree-ring width and tem-
perature were much weaker (Fig. 4). A linear decrease in
correlation coefficient values of ring widths and PDSI
between March and July was also found from the lower to
upper limit. Additionally, at lower elevations, radial growth
responded to drought conditions (PDSI) far longer than at
higher elevations (Fig. 4). Results from spatial correlation
analyses also showed that spatial correlation fields of tree-
ring width indices to regional climatic factors (May—June
precipitation and May-July PDSI) significantly decreased
at higher elevations. Especially near the upper tree-line
(A6), spatial correlation field area was too small to be
observed (Fig. 8).

Moreover, even though variance patterns in moving
correlations between P. crassifolia radial growth and
identified influencing factors were similar at all elevations,
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Fig. 7 The regression equation obtained for the diameter-age rela-
tionship of P. crassifolia, r* and p values (a); twenty-year change of
increment of the number of trees in 800 m? of P. crassifolia e at low
elevations (2600-2800 m a.s.l.), middle elevations (2800-3000 m
a.s.l.) and high elevations (higher than 3000 m a.s.l.), and their
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Table 3 Basic statistic of residual chronologies for Qinghai spruce at six elevations in the mid-Qilian Mountains

Chronology  Chronology length (years) Mean ring width Indices (mm) SD MS PC1 (%) SNR EPS RBAR acl

Al 123 0.960 0.281 0.339 71.0 44536 0978 0.690  0.402
A2 139 0.985 0.284 0.339 683 30.117  0.968  0.653 0.447
A3 104 0.979 0.293  0.359 76.9 45305 0978 0.751 0.464
A4 110 0.997 0.222  0.269 61.2 24.529 0961 0.577 0.352
A5 102 0.98 0.186 0.230 65.6 36.216 0973  0.633 0.517
A6 105 0.991 0.133  0.152 529 11.08 0917 0480  0.635

SD is chronology common interval standard deviation, MS is mean sensitivity, PC1 is the variance in the first eigenvalue contained in each
chronology, SNR is signal-to-noise ratio, EPS is the express population signal, RBAR is mean tree-ring series inter-correlation, acl is the first-

order tree-ring series auto-correlation coefficient

variation in ratio analysis showed that the coefficient of
variation (CV) of the moving correlation series was highest
near the upper tree-line, suggesting that stability was
lowest near the upper limit (Fig. 9). Additionally, surface
analysis response showed that when water was in sufficient
supply, the limitation of higher temperatures on radial
growth at the lower limit was greater than that at higher
elevations. The limitation of higher temperatures on radial
growth at A5 appeared weakest (Fig. 6).

In spite of the fact that the P. crassifolia recruitment rate
coincided well with the temperature changes for all three
sections, response sensitivity of P. crassifolia recruitment
to temperature changes at low elevations (2600-2800 m
AMSL), mid-elevations (2800-3000 m AMSL), and high
elevations (greater than 3000 m AMSL) differed from one
another. Figure 7 shows the amplitude of P. crassifolia
recruitment rate variation, which may have resulted from
lower temperature changes at high elevations compared to
mid-elevations. Moreover, amplitude at mid-elevations was
weaker than at lower elevations. This phenomenon was
particularly evident between 1930-1950, 1970-1990, and
1990-2010. The decrease in amplitude of variation of tree
number increments may indicate that the response of P.
crassifolia tree density and the forest recruitment rate to
climate change weakened at higher elevations (Fig. 7).

Discussion

Identical factors limiting P. crassifolia growth
at different elevations

Picea crassifolia growth rates at different elevations were
limited by identical factors. Tree-ring growth was primarily
limited by drought conditions, which was determined by
precipitation and temperature along the entire elevation in
the Qilian Mountains. This was in agreement with con-
clusions reported by Gou et al. (2005) that stated that

springtime precipitation was the most significant limiting
factor on P. crassifolia growth rates. Results from the
present study together with previously published results
demonstrated that, in springtime and summer, precipitation
was the primary means of water supply for P. crassifolia
growth, which makes precipitation a leading limiting factor
on P. crassifolia growth rates (Gou et al. 2005; Wang et al.
2001). This also fits with characteristics of P. crassifolia
phenology. Because the species is not particularly drought-
tolerant and favors moist conditions on shady or semi-
shady slopes, it is sensitive to soil drought (Liu 1992).
Furthermore, negative effects of high temperatures on tree
growth may result from the fact that high temperatures in
June can aggravate plant transpiration, leading plants to
close part of their stomata to reduce water loss during
transpiration. This would affect the ability of leaves to
absorb CO, for photosynthesis, and subsequently inhibit
tree growth (Cao and Song 1998; Downton et al. 1988; Wu
1990). Moreover, high temperatures had negative effects
on key enzymes related to plant photosynthesis, reducing
the overall photosynthetic rate, which would also inhibit
tree growth (Kobza and Edwards 1987; Weis 1988).
Additionally, results showed that temperature exhibited no
obvious limitations on tree growth at higher altitudes,
which differed from previous views that tree growth at high
elevations was controlled by temperature (Kienast et al.
1987; Wu 1990; Zhang and Wilmking 2010).
Furthermore, long-term studies on the relationship
between changes in tree population and climate showed
that similar variation patterns existed in tree recruitment
dynamics and temperature, indicating that P. crassifolia
forest recruitment rate was primarily influenced by tem-
perature. This result was consistent for all three sections of
the P. crassifolia forest investigated in this study. This
conclusion was also in agreement with a report by Fang
et al. (2009) which stated that the number of surviving trees
at tree-lines in the Anyemaqen Mountains in the north-
eastern Tibetan Plateau region coincided well with the
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<«Fig. 8 Spatial correlation pattern between tree-ring width indices and
May-June averaged CRU TS 3.10 precipitation dataset during
1911-2009, p < 10 %, black dots indicate the location of the study
site

accelerated global warming. This conclusion may provide
greater insight into forest dynamics in the northeastern
Tibetan Plateau region and forest management practices
under a background of global warming.

Weaker P. crassifolia climate—growth response
at higher elevations

Picea crassifolia growth response to climate decreased
with increasing altitude. This conclusion was supported by
a significant decrease in MS and SD, a decrease in climate—
growth correlation coefficients, a reduction in spatial cor-
relation fields between tree-ring width indices and regional
climatic factors, and a weakened response of P. crassifolia
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Fig. 9 Eleven-year moving average cross-correlation analysis of chronologies with identified influencing climate factors (a); and the coefficient
of variation (CV) of these moving cross-correlation series (b), the *indicates the highest values of CV
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recruitment to temperature changes at higher elevations.
This stands in agreement with earlier conclusions drawn by
previous research in the study area, although effects of
landform variance and tree-age diversity received insuffi-
cient attention in these studies (Gou et al. 2005; Peng et al.
2008). This result, however, was not in agreement with
results from Gao et al. (2013) and Yang et al. (2013) who
stated that altitude in itself is not an influencing factor on
climate—growth associations in the Qilian Mountains.
Differences between these conclusions may result from
differences in study areas and tree species investigated.
Furthermore, differences in topography (Bunn et al. 2005;
Leonelli et al. 2009; Liang et al. 2006) and tree age (Ca-
marero and Gutiérrez 2004; Linan et al. 2012; Wu et al.
2013) may have also had effects on conclusions.

Decreases in P. crassifolia sensitivity to climate were
probably due to altitudinal variations of climatic factors and
the plant species self-regulations. For one thing, by obser-
vations in previous studies, it has been well established that
increasing elevation leads to increases in precipitation and
decreases in temperature (Jin et al. 2012; Tang 1985). Suf-
ficient rainfall at high elevations may provide enough water
supply for P. crassifolia growth, which may lead the limiting
effect of precipitation become weaker than those at lower
elevations. Additionally, the lower the temperature at high
elevations is, the weaker its negative effects on tree photo-
synthesis and its aggravation of plant transpiration become.
For another, Qiang et al. (2003) measured leaf morphology
and indicated that stomata density and characteristics, needle
length and dry weight, as well as needle stable carbon isotope
composition (8'°C) decreased dramatically above 3000 m
AMSL, which indicated that the species could alter (lower)
its metabolic rate at higher altitudes. A lower metabolism
allowed the species to avoid effects of the severe environ-
mental conditions inherent to higher elevations. Moreover,
according to the study by Wu et al. (2010), the leaf lifespan of
P. crassifolia increased greatly along altitude gradient from
2700 to 3300 m, and the maximum lifespan was observed at
the upper tree-line. All these morphological and physiolog-
ical variations of P. crassifolia at higher elevations, as sug-
gested to above, can be seen as self-regulations to
environmental change, which is believed to be a plant
strategy to minimize the effects of alpine environments.
Therefore, trees growing at higher elevations showed a lower
sensitivity to climate.

Conclusions
By analyzing the tree growth—climate response of P.
crassifolia at different elevations along a consistent slope

in the Qilian Mountains, this study concluded that: (1)
Growth—climate responses of P. crassifolia at different

@ Springer

elevations were limited by identical factors. P. crassifolia
tree-ring growth was primarily limited by drought condi-
tions, which are determined by precipitation and tempera-
ture in the Qilian Mountains along the entire elevation
gradient. Moreover, P. crassifolia densities and forest
recruitment rates at different elevations were all primarily
influenced by temperature. (2) The -climate—growth
response of P. crassifolia at higher elevations was weaker
than at lower altitudes. Chronologies related to mean sen-
sitivity (MS), standard deviation (SD), and correlations
between tree-ring-climate (both the correlation between
tree-ring width indices and climate factors and spatial
correlation fields between tree-ring width indices and
regional climate factors) significantly decreased at higher
elevations, supporting this conclusion. The response of
forest recruitment to temperature changes decreased with
increasing elevation, confirming results.

The study of elevation-dependent variation is funda-
mental to tree-ring research. This study on the elevation-
dependent response of P. crassifolia to climate in the mid-
Qilian Mountains region could provide insight into forest
dynamics and offer clues for further studies on climate
change using tree-ring data in arid and semi-arid regions in
northwestern China.
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