Trees (2017) 31:455-465
DOI 10.1007/s00468-016-1467-5

=
@ CrossMark

ORIGINAL ARTICLE

Lingering response of radial growth of Picea crassifolia to climate
at different altitudes in the Qilian Mountains, Northwest China

Lingnan Zhang' - Yuan Jiang"? - Shoudong Zhao' - Xinyu Kang® -

Wentao Zhang' - Tan Liu’

Received: 25 April 2016/ Accepted: 15 September 2016/ Published online: 29 September 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Key message The influence of climate in the previous
year on radial growth was stronger than that in the
current year and climatic influence became weaker as
the altitude increased.

Abstract The climate conditions during the previous year
often influence the radial growth of trees in the current
year, which is known as the lingering effect of climate. To
explore this lingering effect in depth, we compare the
influence of climate in the previous and current year on
radial growth and find variations in climatic effects on
growth along the altitudinal gradient. We also relate radial
growth of Picea crassifolia to climate variables from 24
different timescales (from 1 month to the previous
24 months) at different altitudes in the middle of the Qilian
Mountains. In the study area, accumulated monthly pre-
cipitation before November in the previous year benefited
radial growth in the current year at all altitudes. At lower
altitudes, July could be seen as a demarcation point that
precipitation from the current May-July significantly
affected radial growth in the current year, but precipitation
from the current July—October significantly affected radial
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growth in next year. At the same time, radial growth there
responded stronger to precipitation from the previous July—
October than that from the current May—July. Radial
growth at higher altitudes responded weaker to climatic
factors than that at lower altitudes and rarely correlated
with precipitation from the current year.

Keywords Picea crassifolia - Tree-ring analysis - Radial
growth—climate relationships - Different altitudes -
Lingering effect

Introduction

Tree growth is directly influenced by the current environ-
ment, but environmental conditions during the previous
year often have lingering effects on current growth as a
result of the induction of physiological preconditioning
(Fritts 2012). With regard to arid-site conifers, physiolog-
ical preconditioning for the current year’s radial growth
includes physiological processes (e.g., net photosynthesis,
respiration and transpiration) from the previous growing
season and the accumulation and storage of carbohydrates
and other substances during the dormant period (Helle and
Schleser 2004; Gruber et al. 2013). For example, some
studies found that carbohydrates accumulated at the end of
the growing season during the previous year were associ-
ated with winter freezing tolerance (Gruber et al. 2013),
which may affect growth in the current year. Temperature
and moisture conditions from the previous year usually
effect growth in the current year by influencing these
physiological process and carbohydrate reserves. For
example, high temperature and low moisture during the
midsummer of the previous year, when cambial activity
slows down, impinged more on the accumulation of stored
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food than on growth at that time, which in turn affected
growth in the current year (Fritts 2012).

The phenomenon that the climate in the previous and
current years influences current radial growth has been
reflected in tree-ring analysis, i.e., tree-ring width indexes
in the current year show significant correlation with
monthly climatic data in the previous and current growing
seasons (Fritts 2012). According to previous studies, the
reason may be that the climate from the previous growing
season partially influences the first part of earlywood for-
mation in the current year, whereas the climate in the
current growing season affects partial earlywood and
latewood formation in the current year (Kuptz et al. 2011;
Sidor et al. 2015). However, previous studies have not
focused on the comparison between the effect of climate in
the previous and current years. It is not known which
influence is stronger for radial growth.

The influences of climate in the previous and current
years on current growth usually vary with altitude (Ettl and
Peterson 1995; Savva et al. 2006; Cailleret and Davi 2011).
In some humid areas, trees at high altitude were mainly
limited by low temperature rather than moisture, whereas
trees at low-altitude sites tended to suffer from high water
stress accompanied by high temperature (Affolter et al.
2010; Chen et al. 2011; Wang et al. 2013; Jiang et al.
2014). In some relatively arid regions, climate-radial
growth relationships showed altitude independence and
growth was mainly controlled by precipitation at different
elevations (Wang et al. 2005; Esper et al. 2007; Yang et al.
2013). Picea crassifolia at lower altitudes in northwest
China was found significantly correlated with climatic
factors during the previous year, including the total pre-
cipitation in July, August and September and the mean
temperature of July and August (Liang et al. 2009; Liu
et al. 2013). Picea crassifolia at higher altitudes was found
significantly correlated with the total precipitation and the
mean temperature during September and October in the
previous year (Liang et al. 2010; Zhang et al. 2012; Bond-
Lamberty et al. 2014). This indicates the complexity and
regularity of the relationship between climate and radial
growth at different altitudes.

The Qilian Mountains are located on the northeastern
margin of the Tibet Plateau in northwest China. Because
they are in a climate transition zone between the East Asian
Monsoon and the Westerlies, the region is highly sensitive
to climate (Zheng 1996). Picea crassifolia is endemic and
widespread at the northeastern margin of the Tibet Plateau,
and more than 90 % of Picea crassifolia forests are dis-
tributed in the Qilian Mountains (Liu 1992). There have
been many dendrochronological studies of Picea crassifo-
lia carried out on the Qilian Mountain because of its cli-
matic sensitivity. Nearly half of these studies focused on
the reconstruction of past climate changes (Liang et al.
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2009; Xu et al. 2012; Chen et al. 2012, 2013). Other studies
focusing on the climate-radial growth relationships found
an impact of climate from the previous year, which pro-
vided conditions for researching the lingering effect of
climate in this area (Liang et al. 2006, 2010). In this study,
we carried out sampling in the middle of the Qilian
Mountains to analyze the climate-radial growth relation-
ship at different altitudes for Picea crassifolia to test our
hypothesis: radial growth responded stronger to climate in
the current year than that in the previous year and
responded weaker and weaker to climate along with
increasing altitude. Specifically, this study aimed at (1)
analyzing the influence of climate in the previous and
current years on the current radial growth at different
timescales, especially the lingering effect of previous cli-
mate; (2) comparing the influence of climate in the previ-
ous and current years on current radial growth; (3)
exploring the variation of climate-radial growth relation-
ships along the altitude gradients.

Materials and methods
Study area and climate

The Qilian Mountains (36.433°-40.017°N; 94.867°—
103.150°E), on the northeastern margin of the Tibet Pla-
teau, lie in a transition zone between the East Asian
Monsoon and the Westerlies climates. A mix of these two
weather patterns occurs in the Heihe River catchment area
in the middle of the Qilian Mountains where primary for-
ests of Picea crassifolia are distributed (Li and Liu 2000).
The study area is located at the Sidalong Forest Farm
(SDL) in the reaches of the Heihe River (Fig. 1). The total
annual precipitation (1959-2011) increases with increasing
altitude from 128.3 mm at the Zhangye meteorological
station (38.933°N, 100.433°E, 1482 m) to 405.9 mm at the
Qilian meteorological station (38.183°N, 100.25°E,
2787 m) and 415.2 mm at the Yeniugou meteorological
station (38.417°N, 99.583°E, 3320 m). The mean annual
temperature decreases with altitude from 7.5 °C at Zhan-
gye to 1.1 °C at Qilian and —2.9 °C at Yeniugou (Fig. 2).
The maximum value of precipitation and temperature
occurred in July, and 63.6 % of the precipitation is con-
centrated between June and August. The study area is on a
wet, shaded slope where the forest belt ranges from 2600 m
to 3300 m a.s.l. and is dominated by Picea crassifolia
(including moss-spruce forests, shrub-spruce forests, and
meadow-spruce forests along the altitude gradient). The
understory vegetation includes Salix oritrepha, Caragana
jubata, Potentilla fruticosa, Lonicera microphylla, and
Potentilla glabra (Wang et al. 2001).
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Fig. 2 Total monthly precipitation (a) and mean monthly temperature (b) at the meteorological stations of Zhangye (1482 m a.s.l.), Qilian
(2787 m a.s.l.) and Yeniugou (3320 m a.s.l.) along the altitudinal gradients in the Qilian Mountains, calculated for the periods of 1959-2011

Tree-ring materials and characteristics

Tree-ring cores were sampled from a continuous north-
facing slope at four elevations, named HE (i.e., highest,
3200 m a.s.l.), SH (i.e., sub-higher, 3000 m a.s.l.), SL
(i.e., sub-lower, 2765 m a.s.l.) and LE (i.e., lowest,
2649 m a.s.l.), along the altitude gradient in August 2012
(Table 1). The sampling sites were chosen by maximizing

Table 1 Summary of the sampling locations

Site HE SH SL LE
Latitude 38.423°N  38.433°N  38.442°N  38.453°N
Longitude 99.929°E  99.928°E  99.908°E  99.913°E
Elevation (m) 3200 3000 2765 2649
Slope aspect North west North west North west North east
Number of trees 25 25 25 25

forests’ representation of altitudinal distribution and
minimizing habit difference induced by micro-geomor-
phological factors. In all, 200 cores from 100 trees (two
cores from each tree) were sampled at the four sites using
the 5.15-mm-diameter increment borers. Two cores from
the same tree were perpendicular to each other, and one
was parallel to the contour line. The cores were taken to
the laboratory and treated according to the standard den-
drochronological procedures (Fritts 2012): cores were
fixed in wood tanks, burnished, cross-dated and measured
with TSAP (Rinn 2003). The COFECHA program
(Holmes 1983) was used to examine the results of the
measurement and eliminate the short cores and those
containing too many errors. Residual chronologies were
calculated by detrending the tree-ring series with a
50-year cubic smoothing spline function in the ARSTAN
program (Cook 1985).
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The quality of chronologies was tested using parameters
including the standard deviation (SD), mean sensitivity
(MS), mean correlation between all series (Rbar), signal to
noise ratio (SNR), variance in the first principal component
(PC1) (Fritts 2012) and expressed population signal (EPS)
(Wigley et al. 1984). The SD of the tree-ring width indexes
in each series evaluates the variability in measuring the
tree-ring series. The MS indicates the relative variability in
ring width indexes between consecutive years and evalu-
ates the climatic influence on tree-rings. The Rbar evalu-
ates the common signal in tree-rings at one site. The SNR
indicates the signal strength of the chronologies, and the
PC1 explains the percent variance. An EPS level of 0.85 is
used to indicate a satisfactory quality of chronologies
(Wigley et al. 1984).

Pointer years from 1865 to 2011 were selected to eval-
uate the growth variability of trees at each site. We defined
1 year as a pointer year when the tree-ring width index of
that year was one standard deviation higher or lower than
the mean ring width index value during 1865-2011 (Liang
et al. 2006). An ANOVA F test was calculated between the
tree-ring width indexes of positive pointer years (and
negative pointer years) at the four altitudes.

Analysis of climate-radial growth relationships

The corresponding climate data at each sampling site were
calculated according to data of the two nearest meteoro-
logical stations in the vertical distance. Precipitation at
each site was calculated according to the proportion of
vertical distance to the two nearest meteorological stations
which was similar to inverse distance weighted interpola-
tion (Rahman and Lateh 2015). For example, the vertical
distance of site HE (3200 m a.s.l) to the Yeniugou station
(3320 m a.s.]) was 120 m, whereas the vertical distance to
the Qilian station (2787 m a.s.l) was 413 m. Precipitation
at HE was calculated according to the following equation:

Pre (g = 413/(120 + 413) X Preyeniugou) 120/ (120
+ 413) X Pre<Qihan)

where Pre ) indicates precipitation at site HE, Pre yeniugou)
indicates precipitation at the Yeniugou station and Pregijian)
indicates precipitation at the Qilian station.

The temperature at each site was calculated based on the
standard formula that temperature drops 0.4 °C with each
100 m increase in altitude. We computed the total precip-
itation and mean temperature as climatic factors for 24
different timescales, i.e., from 1 month up to the previous
24 months, similar to the method used to calculate the
standardized precipitation evapotranspiration index (Vi-
cente-Serrano et al. 2014). For example, the precipitation
or temperature during July at the 5-month timescale was
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the total precipitation or mean temperature during March—
July.

For the common period (1959-2011), Pearson correla-
tions (abbreviated as “correlation”) were calculated
between the residual chronologies at different altitudes and
climatic factors from June during the previous year to
October of the current year for tree-ring formation for the
24 different timescales using SPSS (version 19.0; SPSS
Inc., Chicago; USA). High and significant correlation
coefficients in the previous and current growing season at
each elevation were selected to compare with each other.
The partial correlation analysis was commonly used to find
correlation between two variables after removing the
effects of other variables (Yang et al. 2015). To compare
the influence of climate in the previous and current year on
current radial growth, a first-order partial correlation
analysis was carried out on tree-ring width indexes and
climatic factor in the previous year (or current year) by
removing the effects of climatic factor in the current year
(or previous year) using SPSS. In this study, the total
precipitation in the previous July—October and current
May-July was, respectively, selected as climatic factor in
the partial correlation according to the results of the
Pearson correlation tests.

Results

Characteristics of residual chronologies at different
altitudes

The chronologies dated to 1796, 1795, 1813 and 1819 were
at the highest altitude (HE), the sub-higher altitude (SH),
the sub-lower altitude (SL) and the lowest altitude (LE),
respectively. The high SNR values (25.514-43.842) and
EPS values (0.962-0.978) that exceeded 0.85 indicated a
high reliability of chronologies (Wigley et al. 1984). High
values of the SD, MS and SNR showed that the four
chronologies were all qualified for exploring climate—radial
growth relationships. A high PCl indicated a common
response of growth to climatic factors in the study area.
The chronologies at the highest site and the sub-higher site
had lower values of the SD, MS, Rbar, PC1 and SNR
(Table 2), reflecting that radial growth there was less
sensitive to climate than that at the two lower altitudes in
the context that microenvironment at the four sites was
similar to each other.

The average tree-ring width indexes of positive and
negative pointer years during 1865-2011 at the highest and
sub-higher site did not have obvious differences, but did
have significant differences with those at the sub-lower and
lowest site (Fig. 3). The average tree-ring width indexes of
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::?hl: fesfésgftclﬁifﬁjgze“ Site  Time period  SD MS Rbar  PCl SNR EPS EPS >0.85 since
HE  1796-2011 0.114  0.141 0417 0439 27908 0965 1865
SH  1795-2011 0.136  0.157 0384 0404 25514 0962 1829
SL 18132011 0249 0289 0563 0585 43842 0978 1835
LE  1819-2011 0173  0.190 0529 0555 30330 0968 1824

SD standard deviation, MS mean sensitivity, Rbar the mean correlation of all series, PCI the variance
expressed by the first principal component, SNR signal to noise ratio, EPS expressed population signal. The
Rbar, PC1, SNR, and EPS were calculated based on the interval of 1950-2011
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Fig. 3 Average tree-ring indexes of positive and negative pointer
years during 1865-2011 at different altitudes. Bars for each parameter
labeled with different letters differed significantly between sites
(P < 0.05, ANOVA)

positive pointer years at the highest and sub-higher site
were lower and the average indexes of negative pointer
years were higher than those at the other two sites.

Precipitation-radial growth relationships
at different altitudes

Radial growth at each altitude significantly correlated not
only with total precipitation of 1 month but also with that
of several months (Fig. 4). The intensity of color in
Fig. 4a—d shows that the chronology at the higher altitude
was less limited by precipitation. The most significant
correlation coefficients between the previous and current
growing season at different altitudes were selected
(Table 3a). In the previous growing season, radial growth
at the highest site showed the most significant correlation
with the total precipitation during October (r = 0.331) and
at the sub-higher site displayed the highest correlation with
the total precipitation during October on the 2-month
timescale (i.e., September—October, » = 0.418). The radial
growth at the sub-lower and lowest site was most signifi-
cantly correlated with total precipitation during October at
the 4-month timescale (i.e., July—October, r = 0.477 and

0.496). In the current growing season, the radial growth at
the highest and sub-higher site was not significantly cor-
related with precipitation, whereas growth at the sub-lower
and lowest site showed the highest correlation with the
total precipitation during July at the 3-month timescale
(i.e., May—July, r = 0.284 and 0.453). Both the most sig-
nificant Pearson correlation coefficients with precipitation
in the previous growing season and in the current growing
season showed downward trends over increasing altitudes.
Significant Pearson correlation and partial correlation
coefficients of residual chronology with total precipitation
during the previous July—October and the current May—July
were mainly reflected at the two lower altitudes (Table 3).
Both Pearson correlation and partial correlation coeffi-
cients of the residual chronology with the total precipita-
tion from the previous July—October were higher than those
with the total precipitation from the current May—July.

Temperature-radial growth relationships
at different altitudes

Radial growth at each altitude was significantly and neg-
atively correlated with the mean temperature of the pre-
vious July—August (Fig. 4) and the correlations became
weaker along with increasing altitude (Fig. 5). Radial
growth rarely showed a significant correlation with the
mean temperature during the current year in the study area
except at the highest site (Fig. 4).

Discussion

Lingering effect of previous precipitation on radial
growth

The growing season of Picea crassifolia begins in the
middle of March and ends in early November of the same
year (Liu 1992). We defined 1-4 months before November
as the preseason (Yang et al. 2015). Our study found that
preseason accumulated precipitation in the previous year
was closely and positively correlated to radial growth in the
current year. We considered that more preseason
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«Fig. 4 Pearson correlation analysis of tree-ring width indexes at each
site with (a—d) total precipitation and (e-h) mean temperature of
previous June to current October from 24 different timescales (from
1 month to the previous 24 months). p6 to pi12 represented previous
June to previous December; ¢/ to c¢/0 represented current January to
current October. The black lines (a—d) and white lines (e-h) indicated
a significance level of 0.05

accumulation of precipitation could increase soil moisture
in the previous autumn and winter. The previous high soil
moisture could favor high photosynthesis in the current
spring when the temperature was favorable and growth
began (Fritts 2012). However, more accumulated preseason
precipitation may correspond to a later end of the growing
season due to the mitigation of drought stress in late
autumn (Yang et al. 2015). The delayed end of the growing
season could facilitate the carbohydrate storage (Toromani
et al. 2011). The abundantly stored carbohydrates during
the previous autumn positively influenced tree-ring for-
mation in the current year (Rossi et al. 2009; Huang et al.
2014) because initial tree growth in the current year may
partially make use of stored carbohydrates (Kozlowski
1992).

Yang et al. (2015) also found that higher preseason
precipitation was associated with a later end of the growing
season in the area where the preseason mean temperature
was below 13 °C, which agreed with our study area. By
reviewing all of the dendrochronological studies regarding
Picea crassifolia in the Qilian Mountains, we found that
radial growth significantly and positively correlated with
precipitation during the previous July, August and
September from 2650 m to 3000 m a.s.l. and with precip-
itation in the previous September and October from 3100 to
3400 m a.s.] (Gou et al. 2005; Liang et al. 2010, 2016). In
our study, the effect of preseason cumulative precipitation
over long timescales was more obvious. The findings from

LE
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Fig. 5 Pearson correlation coefficients of tree-ring width indexes
with mean temperature of previous July—August at each altitude. The
dashed lines indicate a significance level of 0.05

former studies and our study all emphasize the lingering
effect of preseason precipitation from the previous year on
radial growth of the current year, which should be
addressed in forest protection and management.

Comparison between influence of precipitation
in the previous and current year on radial growth
at lower altitudes

Both Pearson correlation and partial correlation coeffi-
cients between radial growth and total precipitation from
the previous July—October and current May—July were
significant at the level of 0.05 at the two lower altitudes.
Interestingly, the two time periods of precipitation had a
junction point (Fig. 6). July could be regarded as a
demarcation point. In the growing season, the total pre-
cipitation before July (May—July) mainly influenced radial
growth of the current year, whereas the total precipitation

Table 3 Pearson correlation (a) and partial correlation (b) of residual chronology with total precipitation from different timescales in the

previous and current growing season at each site

Site In the previous growing season In the current growing season

Months Timescales Person Months Timescales Person

(month) correlation (month) correlation

(@
HE pl0 1 0.331" / / /
SH p9-pl0 2 0.418™ / / /
SL p7-pl0 4 0.477"" c5—7 3 0.284"
LE p7-pl0 4 0.496"" c5-c7 3 0.453""
(©)
SL p7-pl10 4 0.477"" c5-c7 3 0.285"
LE p7-pl10 4 0.521" c5-¢7 3 0.482""

p7, p9 and p10 represent July, September and October in the previous year; c5 and c¢7 represent May and July in the current year; indicated a

significance level of 0.05 and “indicated a significance level of 0.01
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Fig. 6 Influence of total precipitation in May—July and July—October
on radial growth. p7, pl0 and pl2 indicate July, October and
December in the previous year; c¢5, c7, ¢I0 and cI2 indicate May,

after July (July—October) had lingering effects on the
growth for the next year. July may not be a highly precise
time point, but our previous study in the middle of the
Qilian Mountain also highlighted the demarcation signifi-
cance of July (unpublished data).

A possible reason for the occurrence of break point in
July may be that the total precipitation during July—October
of the previous year changed the moisture conditions and
stored carbohydrates before the beginning of the growth in
the current spring and influenced the first part of earlywood
growth in the current year (Rossi et al. 2009; Huang et al.
2014). A suitable moisture environment during May—July
could increase the cell formation rate and number of cells
that delay the earlywood-to-latewood transition time (Xu
et al. 2014) and the end of xylem maturation (Lupi et al.
2010). Good growth of needles and roots during this period
also provides suitable conditions for the formation of
latewood, which begins after needle and root elongation
(Rossi et al. 2009). Therefore, high precipitation during the
current May—July may benefit partial earlywood growth
and latewood growth during the current year. Maximal
mean monthly temperature emerges in July. We inferred
that the high temperature in July impinged more on the
accumulation of stored carbohydrate than on growth at that
time when cambial activity slowed down. The stored car-
bohydrate would affect radial growth in the next year in
turn (Fritts 2012). To find the more accurate reason, deeper
physiological experiments were needed to carry out on
Picea crassifolia. Radial growth of Picea crassifolia also
showed a significant correlation with precipitation from the
current May and June on the Animaqing Mountains and
Daqing Mountains in northwest China (Liang et al. 2006;
Peng et al. 2007). Juniperus przewalskii of the northeastern
Tibetan Plateau also responded significantly to precipita-
tion from May to July during the current year because it
plays an important role in the onset of xylogenesis, which
affected xylem cell production (Ren et al. 2015; Zhang
et al. 2015).

In our study, the correlations of growth with precipita-
tion during the previous year (r = 0.496, P < 0.01 at
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nextyear

July, October and December in the current year; n5 and n7 indicate
May and July in the next year

2649 m a.s.l.; r = 0.477, P < 0.01 at 2765 m a.s.l.) were
higher than those in the current year (r = 0.453, P < 0.01
at 2649 m a.s.l.; r = 0.284, P < 0.05 at 2765 m a.s.l.) at
the two lower altitudes. When we used partial correlation
to remove the effect of the other factor in analyzing the
relationship between radial growth and one precipitation
factor above, we found similar results (Table 3). In other
studies, radial growth of Picea crassifolia showed a higher
correlation with total monthly precipitation in the previous
growing season than in the current growing season at low
altitudes in the Qilian Mountains (Chen et al. 2013; Liang
et al. 2016). We could infer that influence of precipitation
from the previous year was stronger than that in the current
year, which was unexpected. A potential explanation is that
the climate condition of the current year for radial growth
was relatively suitable, so the role of stored carbohydrates
and moisture conditions before the current growing season
was highlighted instead. To affirm this inference and make
an exact conclusion, deeper analysis should be performed
by carrying out more physiological experiments.

Variation of climate-radial growth relationships
along the altitude gradients

The most effective timescales of preseason cumulative
precipitation varied with elevation and were the 1-month
timescale of October at the highest site, 2-month timescale
of October at the sub-higher site and 4-month timescale of
October at the sub-lower and lowest site. In our study area,
precipitation declines along with the decreasing altitude.
The environment at the sub-lower and lowest site was drier
than that at the two higher altitudes, so more accumulated
precipitation may be needed to relieve water stress,
increase soil moisture and put off the end of growing
season effectively. The effective timescales of preseason
cumulative precipitation also became longer with the
decreasing altitudes. The influence degree of the preseason
cumulative precipitation from the previous year declined
with increasing elevation. The effect from total precipita-
tion of the current May—July and mean temperature of the
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previous July—August also showed this trend. Furthermore,
the significant influence of total precipitation during the
current May—July diminished at the two higher altitudes.
This phenomenon indicated that the drought that inhibited
growth declined with rising altitudes because of increasing
precipitation and decreasing temperature. Picea crassifolia
below 3000 m a.s.]. seemed to be more limited by climate
than that above 3000 m a.s.l.

The parameters of chronologies showed that the
chronology above 3000 m a.s.l. had lower MS, SD, Rbar,
PC1 and SNR values than that below 3000 m a.s.l., which
was similar to a previous study at Sidalong Forest Farm
(Gou et al. 2005). The study of Liang et al. (2010) also
found this phenomenon in the Qilian Mountains. The
parameters of chronology tended to decrease along with
weakened stress from the environmental factors (Splechtna
et al. 2000; Shao et al. 2009), so radial growth was less
strongly affected by climate factors at higher altitudes than
at lower altitudes. Tree-ring indexes of positive and neg-
ative pointer years above 3000 m a.s.l. were significantly
lower and higher, respectively, than those at the two lower
altitudes, which indicated that growth fluctuation was
smaller. Lower growth variability above 3000 m a.s.l. also
indicated that these trees were less limited by aridity than
trees below 3000 m a.s.l. (Wang et al. 2005).

Both correlations between radial growth and climatic
factors and characteristics of chronologies showed that
radial growth of Picea crassifolia below 3000 m as.l.
responded more to water deficit. This phenomenon was also
observed in the whole Qilian Mountains when comparing
other studies on Picea crassifolia, so this phenomenon was
not unique to our study area but universal in the Qilian
Mountains (Liang et al. 2009, 2010; Deng et al. 2013; Lu
et al. 2015). Picea meyeri from the Luya Mountain in north-
central China (Zhang et al. 2012) and Pinus koraiensis from
the Changbai Mountain in northeastern China (Wang et al.
2013) were also more limited by drought at lower altitudes.
This trend suggested that Picea crassifolia below 3000 m
a.s.l in the Qilian Mountains could easily suffer from growth
reduction and high mortality induced by drought under the
context of global warming. Intensive protection and careful
management should be undertaken for the Picea crassifolia
forests at lower altitudes.

Conclusions

Variable relationships between radial growth and climate
in previous and current growing seasons along altitude
gradients for Picea crassifolia were clearly found through
our dendrochronological analysis. Accumulated monthly
precipitation before November during the previous year
had lingering effects on radial growth in the current year.

July could be seen as a demarcation point between climatic
factors having an effect on growth in the current year and
the next year at lower altitudes. Both the total precipitation
during the previous July—October and total precipitation
during the current May-July affected current radial growth
below 3000 m a.s.]. Radial growth responded strongly to
precipitation in the previous year than that in the current
year. The response degree of radial growth to climate from
previous and current years declined with increasing ele-
vation. Radial growth below 3000 m a.s.l. was more sen-
sitive to precipitation factors than that above 3000 m a.s.1.
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