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a  b  s  t  r  a  c  t

For  both  its  climatic  and  ecological  importance,  Schrenk  spruce  (Picea  schrenkiana)  is  a  crucial  tree  species
living at  mid-altitude  on  the  western  area  of  the  Tianshan  Mountains.  It plays  a  key  role  on  understand-
ing  climatic  change  in  the Tianshan  Mountains  in the  past  500  years.  However,  whether  the  relationship
between  tree  growth  and  limiting  climate  factors  is  stable  over  time  is  still not  well-known.  In  this
study,  standard  and  residual  chronologies  of four  100-year  age  classes  (AC1  <  110a,  110a  <  AC2  <  210a,
210a  <  AC3  <  310a  and  AC4  >  310a)  were  established  for detecting  divergence  in  climate–growth  relation-
ships  as  well  as  comparing  low-frequency  and  high-frequency  variations.  The  results  show  that  climate
can account  for  a high  amount  of  variance  in tree-ring  width  and  higher  climate  sensitivity  was  detected
in  younger  trees.  Younger  trees  (<210a)  exhibit  significantly  negative  growth  responses  to  mean  monthly
air  temperature  of  previous  June  and  positive  relationship  with  total  monthly  precipitation  of  current

April  and  May,  while  mean  monthly  air  temperature  of  current  March  may  inhibit  growth  of  older  trees
(>210a).  Tree-ring  chronology  statistics  and  response  function  reveal  that  the  age-growth  patterns  are
non-monotonic.  Our  results  together  with  previous  studies  demonstrate  that  the  age  effects  on  tree-ring
growth–climate  response  is  attributed  to  a combination  of  genetic  characteristics  and  site  microclimate,
which  suggests  that it is  necessary  to  consider  both  age-dependent  and  species-specific  climate  responses
when  using  tree-ring  measurements  as  a proxy  for  valid  climate  reconstructions.
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As natural archives, tree rings are a valuable source to detect
istorical climate changes and provide accurate proxy data for
aleo-environmental studies from local to hemispheric scales
Briffa and Cook, 1990; Schweingruber, 1996; Bradley, 1999;
arrer, 2011). Dendrochronological techniques are also commonly
sed to evaluate current climate–growth relationships of trees
nd provide vital baseline information in climate change studies

Beniston, 2002). In dendroclimatological studies, it is generally
ssumed that the approximate relationship between tree growth
nd limiting climate factors is stable over time (Fritts, 1976).
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owever, many recent studies have reported different results chal-
enging this assumption. Some species, such as Bristlecone pines
Pinus aristata Engelm.) (Fritts, 1976) and Alpine larch (Larixlyal-
ii Pari.) (Colenutt and Luckman, 1995), exhibit little age effect on
limate–growth relationships. Other studies suggest that there are
ignificant difference in climate–growth relationships between old
rees and young trees in certain species, such as White spruce
Picea glauca Moench) (Szeicz and MacDonald, 1994) and Sub-
lpine fir (Abies lasiocarpa)  (Ettl and Peterson, 1995). This has
een explained as a decrease in the efficiency of water transport
aused by increased hydraulic resistance in old trees (Ryan and
oder, 1997; Carrer and Urbinati, 2004; Yu et al., 2008). Other
tudies demonstrate that in certain cases where young trees are
ore sensitive to climate than old trees, this is because the less
ell-established root systems of young trees make them more
ensitive to drought (Rozas et al., 2009). Vieira et al. (2009) demon-
trated that earlywood-width of young Pinus pinaster trees is more
ensitive to the climate of the earlier growing season. Wilmking
nd Myers-Smith (2008) have shown that climate–growth

dx.doi.org/10.1016/j.dendro.2013.01.001
http://www.sciencedirect.com/science/journal/11257865
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orrelations in a peatland-forest landscape are strongly dependent
n micro-topography and vary substantially over time. There-
ore, age-dependent relationships might be an essential part of
endroclimatic analysis in different regional contexts. To obtain
alid historic climate records with a minimum bias caused by age
ffects, it was recommended to incorporate trees of all ages into
he chronology (Szeicz and MacDonald, 1994; Wang et al., 2009),
nd to analyze in a large sample size (Esper et al., 2008).

The Tianshan Mountains is considered to be a sensitive indicator
f the potential impacts of global climate change due to their com-
lex topography and unique natural conditions (Sang et al., 2007).
here are a number of dendrochronology and dendroclimatology
tudies concentrated on the Tianshan Mountains with an increasing
vailability of extensive networks of tree-ring chronologies (Yuan
nd Li, 1995, 1999; Yuan et al., 2001a, 2001b, 2003; Zhu et al.,
004; Wang et al., 2005; Zhang et al., 2008, 2009). Several stud-

es indicate that Schrenk spruce (Picea schrenkiana) is sensitive to
limate factors and consequently is an ideal species for dendrocli-
atic research in the Tianshan Mountains (Yuan and Li, 1995; Zhu

t al., 2004; Wang et al., 2005; Zhang et al., 2008, 2009; Chen et al.,
009). Recent studies demonstrated that tree-ring growth–climate
elationships vary with age in Qilian juniper (Sabina przewalskii
om.) and Dahurian larch (Larix gmelinii) (Yu et al., 2008; Wang
t al., 2009). However, tree-ring age effects for Schrenk spruce in
he Tianshan Mountains have not yet been investigated. Investi-
ation of age-dependent climate response could be an essential
art to predicting climate change accurately and to understand-

ng the ecological characteristics of tree-ring growth in this region.
he present study was conducted to investigate age differences
f climate–growth responses in Schrenk spruce from the northern
lopes of the Wusun Mountains in the Yili valley. The main objec-
ives are (1) to test the consistency of climate–growth relationships
ver time, and (2) to detect whether age effects on climate response
xist in Schrenk spruce in the Tianshan Mountains.

aterials and methods

tudy area and sample sites

The Yili valley (42◦14′–44◦50′, 80◦09′–84◦56′), located in the
estern Tianshan Mountains in China, is an intramontane basin
ith the opening toward the west and surrounded by mountains

n all other sides. In terms of this special topography, the westerly
irflow enters directly into the valley to bring precipitation along
he mountain slope, while dry and warm air flows from the Tarim
asin and Junggar Basin, whereas cold air flows from Siberia are
locked. Compared to the arid eastern Tianshan Mountain, the Yili
alley is dominated with a temperate semiarid continental climate.
he annual average accumulated temperature when temperature
tays above 10 ◦C is around 3000 ◦C, while there are 163–211 frost-
ree days. The annual precipitation is 284–468 mm,  with 76–82%
oncentrated in the spring and summer (Zhu, 1985; Zhu et al.,
004; Chen et al., 2009). In this study, we collected samples from
wuliyaqiaoke (AWL) in northern slope of the Wusun Mountains in

he Yili valley (Fig. 1). The selected tree species is Schrenk spruce (P.
chrenkiana), which is the dominant species in the Tianshan Moun-
ains. It is an evergreen and relatively shade-tolerant tree species,
hich plays a role in preventing soil erosion and soil water loss, as
ell as in retaining ecological stability in an inland river drainage

rea. The samples were taken from eight sites along a consistent

orthwest-facing slope with a gradient of 30◦ and the elevations
anged from 1834 to 2750 m above sea level. A large altitude range
uarantees inclusion of cores with different ages. The canopy cov-
rage is about 30–50%. All of the trees were growing in relatively
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parse or isolated conditions with minimum disturbance history at
he sample sites. In total, 147 cores were extracted from 121 trees
rom the sample site in October 2010.

ree-ring chronology development

All cores were mounted and polished with progressively finer
andpaper until the cellular structure could be easily distinguished
Stokes and Smiley, 1968). Tree-ring width was measured with
intab 6.0 (Germany) with a precision of 0.01 mm.  Ring-width
eries were cross-dated using the software COFECHA (Holmes,
983). Nine series were excluded as the markedly deviation from
he master chronology.

Cores that had pith were used to determine the trees’ actual
ges. For cores that were close to the pith, the respective trees’ ages
ere estimated by adding 2–7 rings after comparison of their ring
atterns with the cores that had pith (Clark and Hallgren, 2004).
ix cores for which the specific age could not be estimated were
xcluded for chronology development. Finally, 132 cores from 111
rees were used for further study and classified as four 100-year age
lasses based on tree age. The 100-year interval was considered
s a reasonable compromise between sufficient sample size and
ufficient disaggregation of the data (Carrer and Urbinati, 2004).
n order to detect the age effects on a century time scale, such
s 1900–2000,1800–1900,1700–1800, we classified the age classes
nto AC1 (<110a, 1900–2010), AC2 (110a < AC2 < 210a, 1800–1900),
C3 (210a < AC3 < 310a, 1700–1800) and AC4 (AC4 > 310a). In each
ge class chronology, tree-ring cores are from different altitudes to
inimize the elevation divergence on age effects and the elevation

ange of each age class chronology are shown in Table 1.
Four age-class chronologies (ACs) and individual series were

tandardized using the negative exponential method transformed
sing the program ARSTAN (Cook and Holmes, 1986). Repeated
xperiments showed that the growth trend of trees on drought-
ubjected sites is reliably estimated by the exponential curve
Fritts, 1976). The negative exponent method may remove the
rowth trends from raw ring-width series while retaining most low
requency variations that are potentially climate-driven (Jacoby
nd Cook, 1981; Cook, 1985). Next, robust autoregressive model-
ng was  used to remove a significant high autocorrelation within
ach series (Richter et al., 1991). Standard chronology and resid-
al chronology were used in the following analysis for detecting

ow-frequency and high frequency variations and their responses
o climate among the four age classes. Several descriptive statistics
ere summarized to compare the two  types of chronologies among
ifferent age classes over a common time period (Table 1). The qual-

ty of all chronologies was  evaluated using the following statistical
arameters: mean sensitivity (MS), standard deviation (SD), first
rincipal component (PC1) and expressed population signal (EPS).
eanwhile, mean raw ring-width (MRD) was also calculated to

nalyze the age related differences.

eteorological data

Meteorological data was obtained from instrument records
rom the nearest weather station to the sample site including mean

onthly air temperature and mean total monthly precipitation.
he climatic records of Zhaosu station (81◦08′E, 43◦09′N, 1854.6 m),
hich is within 100 km in the sampling areas, shows that mean
nnual precipitation is 508 mm (1956–2010), with 66% of the pre-
ipitation concentrated on April–July. Mean annual air temperature
s 3.4 ◦C. The peak of mean monthly air temperature (June and July)
nd total monthly precipitation (May) is not synchronized (Fig. 2).
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Fig. 1. Map  of sampling site and meteorological station.

Table 1
Age–class tree-ring chronologies statistics.

ACs Age Tree/cores MRW  (mm)  EPS Standard chronology Residual chronology Elevation range

MS SD PC1 MS  SD PC1

AC1 <110a 45/52 2.14 0.940 0.142 0.160 35.8% 0.171 0.136 48.9% 1834–2642 m
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AC2  110–210a 33/47 1.22 0.907 0.155
AC3  210–310a 15/ 0.66 0.894 0.143
AC4  >310a 18/ 0.36 0.903 0.169

endroclimatic analysis

Tree-ring statistics above may  indirectly estimate the influ-
nce of climate, while a specific assessment of species growth
atterns can be achieved by calculating specific climate–growth
elationship parameters (Carrer and Urbinati, 2004; Yu et al., 2008;

ang et al., 2009). The relationship between climate and tree-ring
idths, for the period 1956–2010, was investigated by boot-

trapped response function analyses using the program PRECON
Briffa and Cook, 1990; Serre-Bachet and Tessier, 1990; Guiot and

oeury, 1996; Fritts, 1998, 1999). Since temperature and precipi-

ation in months that precede the growing season often influence
ree growth (Fritts, 1976; Yadav and Singh, 2002), temperature and

ig. 2. Climate graph for mean monthly air temperature (◦C) and mean total
onthly precipitation (mm)  of Zhaosu station.
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0.209 29.2% 0.162 0.134 43.3% 2150–2750 m
0.198 53.3% 0.160 0.131 57.4% 2550–2750 m
0.186 32.9% 0.169 0.149 48.6% 2550–2750 m

recipitation beginning in May  of the previous growth year until
eptember of the current growth year were used for analysis.

To determine climate influence within different ACs more effi-
iently, an ANOVA F-test was  used. In the ANOVA F-test, the
esponse parameter r/s (the partial regression coefficients divided
y their standard deviations) values were chosen. The r/s val-
es were selected from the response function results from one
ype of tree-ring chronology, in which the results had a relatively
lear climate–growth trend. To analyze climatic variables, r/s val-
es were chosen that reached a significant level for at least one
ge class. ANOVA analysis was also used to test whether the trees
elonging to dfferent sampling sites have different climate–growth
esponse patterns.

We  also analyzed the relationship between ages and response
unction parameters of individual trees (r/s and R2 (coefficient of
etermination)) which concisely displayed evident climate vari-
bility retained in their tree-ring widths. Simultaneously, linear
egressions were performed to fit the variation trend with increas-
ng age.

esults

he statistics of tree-ring width chronology

Chronology statistics are summarized in Table 1. The mean
aw width (MRW)  shows a biological-geometrical trend decreasing
ith age, which is in agreement with other studies. Values of
ean sensitivities (MS) are higher and homogeneous in residual

hronologies, which indicate the considerable common high-

requency variation response. Standard deviations (SDs) increase
t the beginning then decrease with the increasing age in standard
hronologies. However, SDs displays highly homogeneous values
n the four age classes in residual chronologies. The EPS values
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ig. 3. Standard and residual tree-ring width chronologies for Schrenk Spruce are
hown in the upper panel from four age classes.

ere all above 0.85, which indicates that the age class chronol-
gy is reliable for further analysis. High PC1 values indicate that
esidual chronology may  contain considerable short term variation
ompared to standard chronology. In general, values from standard
hronology contain variability among different age classes, while
alues from residual chronology exhibit higher consistency in the
our age classes.

Standard chronologies correlation analysis between age classes
ver the time period (1900–2010) suggested that there are different
hysiological processes between young and old trees (Table 2). A
igh correlation between AC1 and AC2, AC3 and AC4 was observed,
ut for AC1 and AC3, AC1 and AC4 it is lower (Table 2). However,
he residual chronologies correlation analysis has a higher corre-
ation coefficient compared to that for the standard chronology,

hich indicates considerable common responses in high frequency
nformation in the four age classes. Tree-ring width index from the
wo types of chronologies indicate a similar growth pattern among
ge classes in the common period (Fig. 3). Growth variability is
ighly consistent among AC1 and AC2, as well as AC3 and AC4. For
xample, during 1900–1910 and 1930–1940, young trees (AC1 and
C2) exhibit a persistent increase in radial width, while older trees
aintained constant growth or showed a decline.

ree ring growth–climate relationship

Response function (RF) analysis reflects (Table 3) that climate
ccounts for a high amount of variance (up to 50%) in tree-
ing width. Compared with ACs of standard chronology, residual

hronologies have higher values for variance explanation especially
n AC1. Mean V-climates (percentage of the variance in the tree-
ing width explained by climatic factors) attain 0.4838 and 0.4910
espectively for the ACs contained in the two types of chronology,

(
p
f
t
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hile the values of mean V-growth (percentage of the variance
n the tree-ring width explained by previous year’s growth) are
nly 0.0264 and 0.0154 respectively, which indicate a very small
ontribution to the variance in radial growth.

The parameters V-climate, V-growth and R2 were compared
or different age-class chronologies among standard and resid-
al chronology (Table 3). For standard chronology, the variance
xplained by the climate decreases substantially from AC1 to AC4 in

 twofold pattern. The V-climate value increases for trees younger
han 200 years and decreases or is constant in older trees (from
.5801 to 0.3649). V-growth is much higher in AC1 and R2 values
hange greatly for all ACs. For residual chronology, V-climate val-
es indicate that AC1 contains more climate-driven information.
he variance explained by prior radial growth is relatively low as
ndicated by using autoregressive modeling. The R2 indicates a clear
istinction between younger trees (AC1 and AC2) and old trees (AC3
nd AC4). RF parameters remain higher than the standard chronol-
gy in AC1 and AC2, but in AC3 and AC4 the RF values does not
each a significant level for the same climate variables.

The RF analysis shows that the influence of climate on tree-
ing growth is mainly concentrated in later winter and early spring
Fig. 4). The climate variables which produce significant impact on
ree growth are consistent among the two types of chronologies.
he tree-ring growth index from the standard chronology has a
ignificant positive correlation with the mean monthly air temper-
ture of the previous August (r/s = 2.1, AC1) and November (r/s = 2.3,
C1), and with total monthly precipitation of the previous June

r/s = 2.5, AC2) and current April (r/s = 2.2, AC2). It is negatively cor-
elated with the mean monthly air temperature of the previous
une (r/s = −2.3, AC2) and December (r/s = −2.5, AC4). Yet for resid-
al chronology, there is a significant negative relationship with
he mean monthly air temperature of the previous June (r/s = −2.3,
C1) and current March (r/s = −2.5, AC4), and with total monthly
recipitation of the current August (r/s = −2.4, AC2), and a positive
orrelation with total monthly precipitation of the previous August
r/s = 2.3, AC1), current April (r/s = 2.5, AC1) and May  (r/s = 2.1, AC2).
he above higher response r/s values from the residual chronology
ndicate that the four high-frequency age-class chronologies con-
ain considerable common climate responses. Both the standard
hronology and residual chronology revealed that AC1 and AC2
re the highest climate sensitive age classes. The response results
emonstrated that total monthly precipitation of the current year
onths (March, April and May) prior to the growing season has

ignificant positive impacts on radial growth. From the RF analy-
is, we  can conclude that radial growth is intensively influenced
y both moisture conditions and lower temperatures before the
rowing season in this region. Comparing the chronology statistics
nd response function analysis in the two types of chronology, the
esults indicate that the standard chronology has a clear climate-
riven trend resulting from increasing tree age, while the residual
hronology shows considerable and homogeneous high-frequency
ariations in climate among the four age classes. Therefore, the
tandard chronology analysis results were continually used to
etect the stability of long term climate variation with increasing
ge in the following analysis.

NOVA analysis

The results of an ANOVA F-test (Table 4) show that there are sig-
ificant differences between the non-adjacent age classes, in line
ith the above correction matrix analysis (Table 2). Three variables
mean monthly air temperature of the previous December, monthly
recipitation of the current April and R2) show very significant dif-
erences (P < 0.005) among the ACs, with the highest F value for
he R2. These significant differences between older and young trees
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Table  2
Correlation matrix between the standard and residual ring-width chronologies for the four age classes, 1900–2010.

ACs Standard chronology Residual chronology

AC1 AC2 AC3 AC1 AC2 AC3

AC2 0.652** 0.829**

AC3 0.251** 0.503** 0.534** 0.717**

AC4 0.252** 0.540** 0.622** 0.458** 0.689** 0.863**

** Correlation is significant at the 0.01 level.

Table 3
Growth–climate relationships.

ACs AGE Standard chronology Residual chronology

V-climate V-growth RSQ V-climate V-growth RSQ

AC1 <110a 0.5474 0.0619 0.7383 0.6072 0.0001 0.7218
AC2  110–210a 0.5801 0.0119 0.6816 0.5572 0.0264 0.7010
AC3  210–310a 0.3649 0.0252 0.5637 0.3842 0.0179 0.5509
AC4  >310a 0.4428 0.0066 0.6111 0.4155 0.0172 0.6024
Mean  0.4838 0.0264 0.6487 0.4910 0.0154 0.6440

RSQ is coefficient of determination.

Fig. 4. Age–class response functions for standard chronology in a and b; age–class response functions for residual chronology in c and d (ratio, the partial regression
coefficients divided by their standard deviations obtained after the 1000 bootstrap replications).
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Table  4
Results of ANOVA analysis for the selected climatic variables.

Variable F 1 vs. 2 1 vs. 3 1 vs. 4 2 vs. 3 2 vs. 4 3 vs. 4

Tem-June/p 1.504 0.187 0.529 0.408 0.129 0.077 0.905
Tem-August/p 0.107 0.761 0.610 0.987 0.769 0.812 0.659
Tem-November/p 2.601 0.104 0.148 0.282 0.012* 0.892 0.041*

Tem-December/p 4.645*** 0.792 0.678 0.000*** 0.820 0.001*** 0.016*

Tem-March 4.043** 0.279 0.008** 0.007** 0.06 0.059 0.922
Pre-June/p 3.564* 0.009** 0.860 0.400 0.105 0.007** 0.420
Pre-April 5.368*** 0.186 0.029* 0.023* 0.003*** 0.002*** 0.960
R2 6.522*** 0.000*** 0.554 0.211 0.019* 0.055 0.628

Age classes are coded from 1 (youngest) to 4 (oldest). The degrees of freedom of the among-groups and within-groups comparisons are 3, 129.
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* P, 0.05.
** P, 0.01.

*** P, 0.005.

ndicate that the climate–growth relationship may  have divergence
mong different age classes in the crucial growth periods especially
efore the growing season. In terms of R2, significant difference was
ound between the two younger age classes. It may  also be con-
luded that the lag climate effects show little significant difference
etween all age classes. The results of ANOVA analysis for different
ites showed that the climate–growth response parameter r/s for
he same climatic variable among all sites did not have significant
ifferences (P > 0.05).

The ANOVA-F test indicates that the current year climate vari-
bles significantly influenced the tree-ring radial growth–climate
elationship. In terms of different age classes, trees displayed incon-
istent responses to climate variables.

ge effect analysis for individual tree

The results of scatter plots (Fig. 5) of tree age versus response
unction parameters show that the overall trends are of significant
egative linear relation (P < 0.05), especially for monthly precipi-
ation of the current April, mean monthly air temperature of the
revious December and current March. But the relationships for
ther climate variables display either positive, very weak, or even
onexistent. An implication is that climate–growth relationships
ay  be intensified in crucial growth periods. In terms of individual

rees, the results of scatter plots of tree age versus R2 vary little
ince negative and positive growth trends are evident among the
ndividual trees (Carrer, 2011).

Scatter plot and linear regressions (Fig. 5) may  not contain
nough explanation of climate variance. However, they simply
ndicate that there is a significant negative growth trend among
our age classes in certain months.

iscussion and conclusion

In this study, we demonstrated that the growth responses of
chrenk spruce to climate are related to tree age, as well as differ-
nt growth patterns exist in this species. Younger trees are sensitive
o climate change influences and favorable climate conditions may
acilitate their radial growth, while older trees may  be insensitive
o climate change as the adjustments of growth strategies under
tressed climate conditions. This is not in line with other studies
n tree-ring age effects in other species, which found greater cli-
atic sensitivity in older trees as a decrease in the efficiency of
ater transport caused by increased hydraulic resistance (Szeicz

nd MacDonald, 1994; Ettl and Peterson, 1995; Ryan et al., 1997;

arrer and Urbinati, 2004). In addition, the RMW  values decreased
ith age (Table 1), which can be explained by the amount of new
ood added each year being constant while the circumference

ncreases (Nash et al., 1975; Yu et al., 2008). This long-term growth

t
a
n
e

attern related to the advancing tree age is typical in all trees (Fritts,
976).

Schrenk spruce displays a sensitivity reduction to total precip-
tation in spring when they are older than 200 years (Fig. 4). It

ay  be the decline of growth rate which leads to a reduction of
esources and water need for trees (Carrer and Urbinati, 2004;
ozas et al., 2008). In addition, cambium division and postcambial
rowth are closely connected so that delays in cell growth pro-
ouncedly lead to a response sensitivity reduction for older trees
Tuominen et al., 1997; Uggla et al., 1998; Rossi et al., 2008). Some
esearch has demonstrated that the greatest change affecting the
ater status of a tree as it grows larger in semiarid regions is the
evelopment of a more efficient root system that may provide the
ccess to water in deep soil layers (Fritts, 1976; Kozlowski and
allardy, 1997). Young trees (<210a) with less efficient root systems
re less able to tap the available water and become water-limited,
hile older trees with extensive root systems may  tap deeper
ater sources, allowing them to have higher rates of transpiration

nd photosynthesis (Bond, 2000). However, a distinct area limita-
ion existing in climate–growth relationships have been detected.
or example, climate sensitivity has no large discrepancies among
ge classes in moist areas (Linderholm and Linderholm, 2004),
hile there is a decline in water using efficiency with increasing

ges in water-limited areas (Yu et al., 2008). Interestingly, ear-
ywood and latewood displayed opposite responses to the same
limatic factors in the distinctive Mediterranean climate (Vieira
t al., 2009). Therefore, we proposed that climate–growth relation-
hips are site-specific, and should be taken into account in future
endroclimatological studies (Wang et al., 2009). Other investi-
ations have also pointed out that site differences might modify
he manner of age-dependent responses (Fritts, 1976; Szeicz and

acDonald, 1994).
Compared with responses to precipitation, the influence of

emperature on climate–growth relationships was complicated.
mong four age classes, the oldest age classes showed a sig-
ificantly negative relationship with the temperature before the
rowing season, while younger age classes have a significantly
egative relationship with the temperature in previous growing
eason. These different response functions are related to different
hysiological processes connected to tree age. Young trees at early
tages of growth often operate “overspending” strategies to ensure
he growth potential necessary for tree establishment (Carrer and
rbinati, 2004). The over-spending capacity may be decided by the
rior year’s growth and nutrition, while a reduction in photosyn-
hesis and growth would be expected due to high temperature
lone (Meinzer et al., 2011). As a consequence, growth of young

rees exhibits a significantly negative relationship with the temper-
ture in previous growing season which may  ensure that enough
utrition serves for rapid tree growth in the current year. How-
ver, the oldest trees with a relatively lower growth rate were
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Fig. 5. Scatter plot for tree age versus response function relationships. Response function parameter (r/s) of selected temperature variables in a–e, selected precipitation
variables in e and f and coefficient of determination (R2) in h (tem: temperature, pre: precipitation, r/s: the partial regression coefficients divided by their standard deviations
obtained after the 1000 bootstrap replications).
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ignificantly positively correlated with low temperature before the
rowing season. Low temperature could ensure that snow persists
onger into spring and reduce nutritive loss caused by respiration,
hus guaranteeing ample water and nutrition resource needed for
ld trees’ growth.

Both the standard and residual chronology analysis demon-
trates that differences in climate–growth relationships exist in the
our age classes. The standard chronology indicates that long-term
ariation impacts differentially on the changing growth potential of
rees with increasing age (Fritts, 1976). In terms of high-frequency
ariation, the residual chronology displays homogeneity on com-
on  changes in the groups. The chronology characteristics and

orrelation matrix demonstrate (Tables 1 and 2) that the residual
hronology contains considerable common environmental infor-
ation than the standard chronology. However, the response

unction analysis shows that climate factors before the growing
eason may  both influence the high-frequency and low-frequency
ariations in tree-ring growth in this region (Fig. 4). Consequently,
he different response patterns in the four age classes may indicate
hat radial growth–climate relationships change with the increas-
ng age.

Scatter plot and linear regressions analysis for individual trees
Fig. 5) indicated a generally negative trend for the climate vari-
bles with increasing age, which may  be coincident with the mean
hronology response results. However, in each linear regression
nalysis the slope and R2 (coefficient of determination) is relatively
ow (Fig. 5), indicating that age variance explanation may  weaken in
he climate–growth relationship for per tree. It may  be that the nat-
ral ontogenetic dynamics of trees influence the ability to record
limatic variability in tree-ring sequences (Carrer, 2011). Individ-
al tree may  deviate markedly and systematically from the mean
hronology due to differences in soil factors, competition, microcli-
ate and other factors (Fritts, 1976). The results may  explain why
ean age–class chronology has divergence on response results but

n core chronology the age effect is weak.
In conclusion, climate–growth relationships were partially con-

rolled by age. Compared with older trees, we observed that
ounger trees generally exhibit a greater climate response, in con-
rast to previous studies (Carrer and Urbinati, 2004; Yu et al., 2008;

ang et al., 2009; Copenheaver et al., 2011). Furthermore, different
esponses to temperature and precipitation were observed in the
our age classes. Young trees (<210a) sensitive to drought-stressed
onditions are a strong climate signal indicator of precipitation.
or the oldest age classes, a lower temperature before the growing
eason has significant impacts on radial growth. The interpreta-
ion of this complicated growth pattern suggests that a uniform
ge effects model is inappropriate, and that age-dependent climate
esponse was the integration of the age-related genetic controls
nd microclimate. In order to be exploited as a valid indicator of cli-
ate change, the ecology of tree-ring growth needs to receive more

ttention (Zhang and Shao, 2007). In addition, caution should be
aken in applying models to other regions or species because of dif-
erent living environments for various tree species. As with climate
hange, different species in different habitats are likely to have
dapted to the changes associated with increasing age through
iverse strategies (Day et al., 2002), which may  lead to different
ge effects on climate responses. Consequently, space-specific age
ffect patterns may  influence both the prediction of climate change
nd the accuracy of reconstructed climate data.
cknowledgements

This research was supported by National Basic Research Pro-
ram of China (No. 2012CB026105), the National Natural Science

R

gia 31 (2013) 318– 326 325

oundation of China (31070357 and 31200299), and the Founda-
ion of Desert Meteorology Science (Sqj2011013). We  gratefully
hank the comments given by committee from ADA2011. We  also
hank the journal’s reviewers and the journal’s editor for their help
o improve the quality of this paper.

eferences

eniston, M.,  2002. Climate modeling at various spatial and temporal scales: where
can dendrochronology help? Drochronologia 20, 117–132.

ond, B.J., 2000. Age-related changes in photosynthesis of woody plants. Trends in
Plant Science 5, 349–353.

radley, R.S., 1999. Paleoclimatology: Reconstructing Climates of the Quaternary.
San Diego, Academic Press, USA, 610 pp.

riffa, K.R., Cook, E.R., 1990. Methods of response function analysis. In: Cook, E.R.,
Kairiukstis, L.A. (Eds.), Methods of Dendrochronology: Applications in the Envi-
ronmental Sciences. Kluwer Academic Publ, Boston, pp. 240–247.

arrer, M.,  Urbinati, C., 2004. Age-dependent tree-ring growth responses to climate
in  Larix decidua and Pinus cembra. Ecology 85, 730–740.

arrer, M.,  2011. Individualistic and time-varying tree-ring growth to climate sen-
sitivity. PLoS ONE 6 (7), e22813, doi:10.1371/journal.pone.0022813.

hen, J., Wang, L.L., Zhu, H.F., Wu,  P., 2009. Reconstructing mean maximum temper-
ature of growing season from the maximum density of the Schrenk Spruce in
Yili, Xinjiang, China. Chinese Science Bulletin 54, 2300–2308.

lark, S.L., Hallgren, S.W., 2004. Age estimation of Quercus marilandica and Quercus
stellata:  applications for interpreting stand dynamics. Canadian Journal of Forest
Research 34, 1353–1358.

olenutt, M.E., Luckman, B.H., 1995. The dendrochronological characteristics of
alpine larch. Canadian Journal of Forest Research 25, 777–789.

ook, E.R., 1985. A time series approach to tree-ring standardization. Dissertation,
University of Arizona.

ook, E.R., Holmes, R.L., 1986. Users manual for program ARSTAN. In: Holms,
R.L., Adams, R.K., Fritts, H.C. (Eds.), Tree-Ring Chronologies North America:
California, Eastern Oregon and Northern Great Basin with Procedures Used in
the Chronology Development Work Including Users Manuals for Computer Pro-
grams COFECHA and ARSTAN. Chronology Series VI. Laboratory of Tree-Ring
Research. The University of Arizona, Tucson, pp. 50–65.

openheaver, C.A., Crawford, C.J., Fearer, T.M., 2011. Age-specific responses to cli-
mate identified in the growth of Quercus alba. Trees-Structure and Function 25,
647–653.

ay, M.E., Greenwood, M.S., Diaz-Sala, C., 2002. Age-and size-related trends in
woody plant shoot development: regulatory pathways and evidence for genetic
control. Tree Physiology 22, 507–513.

sper, J., Niederer, R., Bebi, P., Frank, D., 2008. Climate signal age effects-evidence
from young and old trees in the Swiss Engadin. Forest Ecology and Management
255, 3783–3789.

ttl, G.J., Peterson, D.L., 1995. Extreme climate and variation in tree growth: indi-
vidualistic response in subalpine fir (Abies lasiocarpa). Global Change Biology 1,
231–241.

ritts, H.C., 1976. Tree Rings and Climate. Academic Press, London, UK.
ritts, H.C., 1998. Quick help for PRECON version 5.17. Dendrochronological Mod-

elling, Tucson, Arizona.
ritts, H.C., 1999. PRECON version 5.17. http://lttr.arizona.edu/webhome/hal/

dlprecon.html
uiot, J., Goeury, C., 1996. PPPBase, a software for statistical analysis of paleoeco-

logical and paleoclimatological data. Dendrochronologia 14, 295–300.
olmes, R.L., 1983. Computer-assisted quality control in tree-ring dating and mear-

esurement. Tree-Ring Bulletin 43, 69–78.
acoby, G.C., Cook, E.R., 1981. Past temperature variations inferred from a 400-year

tree-ring chronology from Yukon Territory, Canada. Arctic and Alpine Research
13, 409–418.

ozlowski, T.T., Pallardy, S.G., 1997. Physiology of Woody Plants. Academic Pres, San
Diego, 411 pp.

inderholm, H.W., Linderholm, K., 2004. Age-dependent climate sensitivity of
Pinus sylvestris L. in the central Scandinavian Mountains. Boreal Environment
Research 9, 307–317.

einzer, F.C., Lachenbruch, B., Dawson, T.E., 2011. Size- and Age-Related Changes
in  Tree Structure and Function. Springer, Dordrecht, 468 pp.

ash, T.H., Fritts, H.C., Stokes, M.A., 1975. A technique for examining non climatic
variation in widths of annual tree rings with special reference to air pollution.
Tree-Ring Bulletin 35, 15–24.

ichter, K., Eckstein, D., Holmes, R.L., 1991. The dendrochronological signal of Pine
trees (Pinus Spp.) in Spain. Tree-Ring Bulletin 51, 1–13.

ossi, S., Deslauriers, A., Anfodillo, T., Carrer, M.,  2008. Age-dependent xylogenesis
in timberline conifers. New Phytologist 177, 199–208.

ozas, V., Olano, J.M., DeSoto, L., Bartolomé, D., 2008. Large-scale structural varia-

tion and long-term growth dynamics of Juniperus thurifera trees in a managed
woodland in Soria, central Spain. Annals of Forest Science 65, 809.

ozas, V., Desoto, L., Olano, J.M., 2009. Sex-specific, age-dependent sensitivity of
tree-ring growth to climate in the dioecious tree Juniperus thurifera. New Phy-
tologist 182, 687–697.

http://lttr.arizona.edu/webhome/hal/dlprecon.html
http://lttr.arizona.edu/webhome/hal/dlprecon.html


3 onolo

R

R

S

S

S

S

S

T

U

V

W

W

W

Y

Y

Y

Y

Y

Y

Y

Z

Z

Z

26 G. Wu et al. / Dendrochr

yan, M.G., Binkley, D., Fownes, J.H., 1997. Age related decline in forest productivity:
pattern and process. Advances in Ecological Research 27, 213–262.

yan, M.G., Yoder, B.J., 1997. Hydraulic limits to tree height and tree growth. Bio-
Science 47, 235–242.

ang, W.G., Wang, Y.X., Su, H.X., Lu, Z.H., 2007. Response of tree-ring width to rainfall
gradient along the Tianshan Moutains of northwestern China. Chinese Science
Bulletin 52, 2954–2962.

chweingruber, F.H., 1996. Tree Rings and Environment. Dendroecology. Paul Haupt
Verlag, Berne, 609 pp.

erre-Bachet, F., Tessier, L., 1990. Response function analysis for ecological study.
In:  Cook, E.R., Kairiukstis, L.A. (Eds.), Methods of Dendrochronology: Applica-
tions in the Environmental Sciences. International Institute for Applied Systems
Analysis. Kluwer Academic Publ, Boston, MA,  pp. 247–258.

tokes, M.A., Smiley, T.L. (Eds.), 1968. An Introduction of Tree-Ring Dating. The
University of Chicago Press, Chicago/London, 73.

zeicz, J.M., MacDonald, G.M., 1994. Age-dependent tree-ring growth responses
of  subarctic white spruce to climate. Canadian Journal of Forest Research 23,
120–132.

uominen, H., Puech, L., Fink, S., Sundberg, B., 1997. A radial concentration gradient
of  indole-3-acetic acid is related to secondary xylem development in hybrid
aspen. Plant Physiology 115, 577–585.

ggla, C., Mellerowicz, E.J., Sundberg, B., 1998. Indole-3-acetic acid controls cambial
growth in Scots pine by positional signaling. Plant Physiology 117, 113–121.

ieira, J., Campelo, F., Nabais, C., 2009. Age-dependent responses of tree-ring growth
and intra-annual density fluctuations of Pinus pinaster to Mediterranean climate.
Trees-Structure and Function 23, 257–265.

ang, T., Ren, H.B., Ma, K.P., 2005. Climatic signals in tree ring of Picea schrenkiana
along an altitudinal gradient in the central Tianshan Mountains, northwestern
China. Trees 19, 735–741.

ang, X.C., Zhang, Y.D., McRae, D.J., 2009. Spatial and age-dependent tree-ring

growth responses of Larix gmelinii to climate in northeastern China. Trees-
Structure and Function 23, 875–885.

ilmking, M.,  Myers-Smith, I., 2008. Changing climate sensitivity of black spruce
(Picea mariana Mill.) in a peatland-forest landscape in Interior Alaska. Den-
drochronologia 25, 167–175.

Z

Z

gia 31 (2013) 318– 326

adav, R.R., Singh, J., 2002. Tree-ring analysis of Taxus Baccata from the western
Himalaya, India, and its dendroclimatic potential. Tree-Ring Research 58, 23–29.

u, G.R., Liu, Y.B., Wang, X.C., Ma, K.P., 2008. Age-dependent tree-ring growth
responses to climate in Qilian juniper (Sabina przewalskii Kom). Trees-Structure
and Function 22, 197–204.

uan, Y.J., Li, J.F., 1995. Response Functions of Tree-Ring Chronologies in Western
Tianshan Mountains. Journal of Glaciology and Geocryology 17, 170–177 (in
Chinese).

uan, Y.J., Li, J.F., 1999. Reconstruction and analysis of 450 years’ winter temperature
series in the Urumqi river Source of Tianshan Mountains. Journal of Glaciology
and Geocryology 21, 64–70 (in Chinese).

uan, Y.J., Li, J.F., Hu, R.J., Liu, C.H., Jiao, K.Q., Li, Z.Q., 2001a. Reconstruction of pre-
cipitation in the recent 350a from tree rings in the middle Tianshan Mountains.
Journal of Glaciology and Geocryology 23, 34–40 (in Chinese).

uan, Y.J., Li, J.F., Zhang, J.B., 2001b. 348-year precipitation reconstruction from
tree-rings for the northern slope of the middle Tianshan Mountains. Acta Mete-
orologica Sinica 15, 95–104.

uan, Y.J., Jin, L.Y., Shao, X.M., He, Q., Li, Z.Z., Li, J.F., 2003. Variations of the spring
precipitation day numbers reconstructed from tree rings in the Urumqi River
drainage, Tianshan Mts. over the last 370 years. Chinese Science Bulletin 48,
1507–1510.

hang, Q.B., Shao, X.M., 2007. Tree rings and ecology: the 7th international confer-
ence on dendrochronology. Journal of Integrative Plant Biology 49, 129–130.

hang, R.B., Yuan, Y.J., Wei, W.S., Yu, S.L., Chen, F., 2008. Mean minimum tem-
perature series of April to May  reconstructed by tree-ring gray chronology in
northern slope of Wusun Mountains, North Xinjiang. Journal of Desert Research
28, 848–854 (in Chinese).

hang, R.B., Yu, S.L., Yuan, Y.J., Wei, W.S., 2009. Development of the tree-ring grey
chronology and climate significance in Northern Slope of Wusun Mountains.
Desert and Oasis Meteorology 3, 14–19 (in Chinese).
hu, K.Z., 1985. Chinese Physical Geography Pandect. Science Press, Beijing, pp.
385–89 (in Chinese).

hu, H.F., Wang, L.L., Shao, X.M., Fang, X.Q., 2004. Tree ring-width response of Picea
schrenkiana to climate change. Acta Geographica Sinica 59, 863–870 (in Chi-
nese).


	Age-dependent tree-ring growth responses of Schrenk spruce (Picea schrenkiana) to climate—A case study in the Tianshan Mou...
	Introduction
	Materials and methods
	Study area and sample sites
	Tree-ring chronology development
	Meteorological data
	Dendroclimatic analysis

	Results
	The statistics of tree-ring width chronology
	Tree ring growth–climate relationship
	ANOVA analysis
	Age effect analysis for individual tree

	Discussion and conclusion
	Acknowledgements
	References


