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had a strong lag effect on the growth of P. tabuliformis that 
increased with altitude. The correlation with the standard-
ized precipitation evapotranspiration index (SPEI) confirmed 
that wet conditions in the current May promoted growth of 
TR and EW at all altitudes. Significant altitudinal differences 
were also found; at 1400 m, there were significant positive 
correlations between EWW chronologies and SPEI in the 
current April and significant negative correlations between 
LWW chronologies and SPEI in the current September, 
but these correlations were not significant at 1450 m. At 
1350 m, there were also significant negative correlations 
between the TRW and the EWW chronologies and SPEI in 
the prior October and the current July and between LWW 
chronology and SPEI in the current August, but these cor-
relations were not significant at 1400 m. Moving correlation 
results showed a stable response of EWW in relation to the 
SPEI in the current May at all three altitudes and of LWW 
to maximum temperature in the prior July–August at 1400 m 
from 2002 to 2018. The EWW chronology at 1400 m and 
the LWW chronology at 1450 m were identified as more 
suitable for climate reconstruction. These results provide a 
strong scientific basis for forest management decisions and 
climate reconstructions in Central China.

Keywords  Tree rings · Climate response · Altitudinal 
gradient · Baiyunshan Mountain · Pinus tabuliformis Carr

Introduction

Tree rings can provide accurate dating and annual resolu-
tion for the study of past climate change in most regions of 
the world (Shao 1997; Cook et al. 2010). Many tree-rings 
have been used to analyze tree growth responses to climate 
change and for climate reconstructions in Northwest China, 

Abstract  A set of standard chronologies for tree-ring 
width (TRW), earlywood width (EWW) and latewood 
width (LWW) in Pinus tabuliformis Carr. along an altitudi-
nal gradient (1450, 1400, and 1350 m a.s.l.) on Baiyunshan 
Mountain, Central China to analyze the effect of varying 
temperature and precipitation on growth along the gradi-
ent. Correlation analyses showed that at all three altitudes 
and the TRW and EWW chronologies generally had signifi-
cant negative correlations with mean and maximum tem-
peratures in the current April and May and with minimum 
temperatures in the prior July and August, but significant 
positive correlations with precipitation in the current May. 
Correlations were generally significantly negative between 
LWW chronologies and all temperatures in the prior July 
and August, indicating that the prior summer temperature 
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Northeast China, and the Qinghai-Tibet Plateau (Liu et al. 
2002, 2009; McGregor et al. 2010; Song et al. 2014; Yang 
et al. 2014; Gao et al. 2020; Yang et al. 2021a, b). Most of 
the previous studies have been based on the width of the 
whole ring, which is often unable to reveal climatic signals 
in regions with complex climatic conditions. Because ear-
lywood (EW) and latewood (LW) form in different seasons 
and may contain seasonal climatic signals, they have the 
potential to show stronger or different climate signals than 
the whole ring can (Zhao et al. 2017a, 2017b, 2019). There-
fore, the usefulness of EW and LW width chronologies is 
worth exploring for the study climate-growth relationships 
and to reconstruct past climates.

Tree-ring formation is not only influenced by climatic fac-
tors and tree genetic characteristics, but also closely related 
to the microenvironment of the tree (Wu 1990). The terrain 
(e.g., altitude, aspect) regulates the regional climate through 
variations in light, temperature and precipitation, creating 
different microenvironments in the same area (Wu 1990). 
Altitude greatly influences the microenvironment and thus 
tree growth in the mountains (Shi et al. 2012; Wang et al. 
2015; Peng et al. 2019; Rai et al. 2020; Yu and Liu 2020; Wu 
et al. 2023) because of vertical variations in hydrothermal 
conditions and topographic effects on precipitation (Fritts 
1976; Cai et al. 2020). Similarly, the growth of EW and 
LW in response to climate can also differ in an area due to 
varying terrain (Torbenson et al. 2016). For instance, Zhao 
et al. (2017a) found a significant difference in the response 
of LW of Tsuga longibracteata to summer moisture at dif-
ferent sites, whereby tree growth was positively responsive 
to precipitation and negatively responsive to temperature 
at sites with good drainage and sufficient sunlight, but only 
positively correlated with temperature at sites with a high 
water-holding capacity. Therefore, the impacts of altitude on 
tree radial growth response to climate must be understood 
in order for tree rings to be used for climate reconstruction.

The Qinling Mountains, the north–south climatic tran-
sition zone in China, have complex forest ecosystems and 
climate conditions. It has become a hot spot for tree-ring 
studies because the trees in this region are highly sensitive 
to various climatic factors (Qin et al. 2022). Pinus tabuli-
formis Carr. (Pinaceae), a warm-temperate southern bound-
ary tree, is widely distributed at 1000–1200 m a.s.l. in the 
Qinling Mountains (Liu 2015), is sensitive to climate factors 
in this transitional area (Yang et al. 2022), and has been 
extensively used for tree-ring studies (Cai et al. 2008, 2012; 
Tian et al. 2009; Liu et al. 2015). For example, Cai et al 
(2012) established a 113-year tree-ring width chronology 
of P. tabuliformis to reconstruct the winter-spring minimum 
temperature in the Taibai Mountains. In the eastern Qinling 
Mountains, studies on tree-ring width of P. tabuliformis 
were mainly carried out in the Funiu Mountains (Tian et al. 
2009; Shi et al. 2012; Wang et al. 2016; Zhao et al. 2019; 

Peng et al. 2020; Cui et al. 2021; Yang et al. 2021a, b; Li 
et al. 2022; Peng et al. 2022). They either analyzed rela-
tionships between tree growth and climate factors (Wang 
et al. 2016; Cui et al. 2021; Li et al. 2022; Peng et al. 2022) 
or reconstructed temperatures (Tian et al. 2009; Yang et al. 
2021a, b) using tree-ring width chronologies. One exception 
is that Zhao et al. (2019) studied climate-growth responses 
by separately analyzing EW and LW in tree rings. They 
found that early-summer hydroclimatic signals were cap-
tured well in EW in the Funiu Mountains and reconstructed 
the May–July self-calibrated palmer drought severity index 
(scPDSI) using the EW chronology. However, tree growth 
response to climate with altitude in the Funiu Mountains has 
only been investigated using whole tree rings of P. armandii 
(Peng et al. 2018), and no study has analyzed the response 
of EW and LW to climate at different altitudes.

In the present study, P. tabuliformis samples were col-
lected along an altitudinal gradient on the north slope of 
Baiyunshan Mountain in the Funiu Mountains. Tree-ring 
width (TRW), earlywood width (EWW) and latewood width 
(LWW) chronologies were determined to analyze their 
growth in response to climatic conditions and altitude and 
determine the stability of the climate-growth relationships. 
Finally, we assessed the adaptability of P. tabuliformis to 
environmental factors on Baiyunshan Mountain, which will 
inform local forest management and climate reconstruction 
in the future.

Materials and methods

Study area

The Baiyunshan National Nature Reserve is in the Funiu 
Mountains on the eastern edge of the Qinling Mountains, 
with the highest peak 2216 m a.s.l. This reserve is rich 
in plant species, and the forest coverage rate is more than 
95% (Bi et al. 2018). The annual mean temperature in the 
reserve is 13.5 °C, with the highest temperature in July and 
lowest in January. The annual total precipitation is about 
850 mm, mainly concentrated in July to August, and the 
relative humidity is typically 70–78%. The main tree species 
in the mixed forests are Quercus aliena var. acuteserrata, 
P. armandii, P. tabuliformis, Metasequoia glyptostroboides, 
and Larix kaempferi (Peng et al. 2018). Typical soil types 
include mountain brown soil, yellow brown soil, dark brown 
and mountain brown soil, and brown-dark brown soil (Wang 
et al. 2020).

Tree‑ring sampling and chronology development

In October 2021, a ridge was selected on the north slope of 
Baiyunshan Mountain in the Funiu Mountains, and along 
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the ridge, a sampling site was laid out at 1450, 1400, and 
1350 m a.s.l. (Fig. 1): BYS01 (33° 40′ 5.75″ N, 111° 52′ 
0.74″ E, 1450 m a.s.l.), BYS02 (33° 39′ 59.27″ N, 111° 51′ 
46.29″ E, 1400 m a.s.l.), and BYS03 (33° 40′ 2.62″ N, 111° 
51′ 50.39″ E, 1350 m a.s.l.). Trees of P. tabuliformis (Nehr-
bass-Ahles et al. 2014; Klesse et al. 2018) along the eleva-
tion gradient were randomly selected and sampled follow-
ing standard methods of dendrochronology (Fritts 1976) by 
removing two cores generally from each tree at breast height 
(1.2 m above ground) in different directions with an incre-
ment borer. In total, 161 cores were collected from the three 
sites: 70 cores from 31 trees at from BYS01, 52 cores from 
26 trees at BYS02, and 39 cores from 22 trees at BYS03.

In the laboratory, all samples were mounted, air dried, and 
sanded until the cells in the EW and LW were clearly seen 
with a light microscope. The boundary between EW and 
LW was using the method proposed by Stahle et al. (2009); 
EW and LW can be distinguished by sudden changes in cell 
size, lumen size and color. If these traits for the wood cells 
change gradually, the midline of the transition area between 
the end of the EW and the beginning of the LW is taken as 
their boundary. A Velmex measuring system with a 0.001-
mm precision was used to measure EWW and LWW, which 
were combined to produce the TRW series. Visual cross-
dating and measurement accuracy were checked with the 

COFECHA program (Holmes 1994). Eventually, 157 cores 
from 78 trees were retained from the three sites (Table 1). 
The biological trend for the raw series was fitted by linear or 
negative exponential functions using the ARSTAN program 
(Cook 1985), and the detrended series was averaged with the 
bi-weight robust mean method after standardization (Peng 
et al. 2013). The standard chronologies (STD) for the TRW, 
EWW and LWW of P. tabuliformis from three altitudes in 
the Baiyunshan Mountain were then established for the fol-
lowing study (Fig. 2).

Climatic data

The monthly climatic data for monthly mean (Tmean), mini-
mum (Tmin), maximum (Tmax) temperatures and monthly 
total precipitation (P) from 1979 to 2018 were obtained from 
the Neixiang Meteorological Station (33° 09′ N, 111° 50′ E) 
near Baiyunshan Mountain. As shown in Fig. 3, the monthly 
Tmean was above 0 °C year round, and the precipitation was 
mainly concentrated in July and August.

Data for the 1-month standardized precipitation evapo-
transpiration index (SPEI, Beguería et  al. 2014) were 
averaged from grid points between 33.5°–34° N and 
111.5°–112.5° E and used in this study. The SPEI data have 
a spatial resolution of 0.5° × 0.5° and cover 1979–2018 and 

Fig. 1   Location of the tree-ring sampling sites, meteorological station and the range of SPEI grid points
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are provided by the Royal Netherlands Institute for Climate 
Research (http://​clime​xp.​knmi.​nl).

Statistical methods

The DendroClim2002 program (Biondi 2000) was used to 
calculate Pearson’s correlation coefficients between TRW, 
EWW and LWW standard chronologies and climatic fac-
tors (Tmean, Tmax, Tmin and P) and SPEI. Considering the 
lag effects of climatic factors on tree growth, we selected a 
total of 19 months from the prior May to current November 
as the period of correlation analysis to analyze the climatic 
response of TRW, EWW and LWW chronologies and any 
differences in the respective chronologies among altitudes. 
We further used the Evolutionary and Moving Response and 
Correlation in DendroClim2002 with a window length of 
24 years to investigate the temporal and altitudinal stability 
between tree radial growth and its limiting factors during 
1979–2018.

Results

Growth discrepancies of trees at different altitudes

The statistical characteristics of the TRW, EWW and LWW 
standard chronologies at each altitude showed that the mean 
sensitivity (MS) of the TRW chronologies at BYS02 and 
BYS03 were below 0.2, while the MS of the other chro-
nologies were above 0.2 (Table 1). The expressed popula-
tion signals (EPS) of the chronologies were all above 0.95, 
indicating the high quality of the established chronologies. 
The signal-to-noise ratio (SNR) of TRW, EWW and LWW 
chronologies were high except for the LWW chronology 
at BYS03. In addition, the MS, EPS, SNR and standard 
deviation (SD) of TRW, EWW and LWW chronologies all 
increased with altitude.

Relationships among chronologies along the altitudinal 
gradient

At every altitude, the correlations between TRW and EWW 
chronologies were the most significant, with correlation 
coefficients of 0.957, 0.915, and 0.881 (p < 0.01), respec-
tively (Table 2). As for the correlations between TRW or 
EWW chronologies at different altitudes, the correlation 
was commonly greater between 1400 and 1350 m a.s.l. than 
between 1450 and 1400 m, and it was the lowest between 
1450 and 1350 m. The correlations of the EWW chronolo-
gies between different altitudes were more significant than 
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the correlations of TRW chronologies, and the correlations 

were low between EWW and LWW chronologies at each 
altitude, indicating EWW and LWW chronologies may rep-
resent different climatic conditions.

Relationships between chronologies and climatic factors 
along the altitudinal gradient

Figure 4 showed that the LWW chronologies at BYS01, 
BYS02 and BYS03 generally had significant negative cor-
relations with temperatures (including Tmean, Tmax and Tmin) 
in the prior July and August, and the correlations increased 
with altitude. Almost all EWW chronologies at BYS01, 
BYS02 and BYS03 had significant negative correlations 
with Tmean and Tmax in the current April and May, and the 
correlations in May increased with altitude. In addition, the 
TRW, EWW, and LWW chronologies at BYS01, BYS02 and 
BYS03 had only significant negative correlations with Tmin 
in the prior July and August at 1450 m and 1400 m a.s.l., and 
the correlations increased with altitude. Meanwhile, TRW 
and EWW chronologies at the three altitudes had significant 
positive correlations with precipitation in the current May. 
The EWW chronologies at 1400 m and 1350 m also had 

Fig. 2   Tree-ring width chronologies (tree-ring width index) for Pinus 
tabuliformis and corresponding sample depths at different altitudes. a: 
High altitude BYS01 (1450 m a.s.l.); b: mid altitude BYS02 (1400 m 

a.s.l.); and c: low altitude BYS03 (1350  m a.s.l.); BYS01–BYS03: 
three sampling sites on Baiyunshan Mountain; TRW: tree-ring width; 
EWW: earlywood width; LWW: latewood width

Fig. 3   Monthly mean (Tmean), maximum (Tmax), and minimum (Tmin) 
temperatures and month total precipitation (P) recorded at the Neixi-
ang Meteorological Station during 1979–2018
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significant positive correlations with precipitation in the cur-
rent April (Fig. 4).

To verify the impacts of the hydrothermal factors on tree 
growth, we further analyzed the correlations of the 1-month 
SPEI with tree-ring chronologies (Fig.  5). The results 
showed that at each altitude, the TRW and EWW chronolo-
gies had significant positive correlations with the SPEI in 
the current May, and the correlations generally increased 
with altitude. At 1400 m a.s.l., there were significant positive 
correlations between the EWW chronologies and the SPEI 
in the current April, and significant negative correlations 
between the LWW chronologies and the SPEI in the cur-
rent September, but these correlations were not significant 
at 1450 m. In addition, there were significant negative cor-
relations between the TRW and EWW chronologies and the 
SPEI in the current July, and between the LWW chronolo-
gies and the SPEI in the current August at 1350 m, but these 
correlations were not significant at 1400 m. Therefore, the 
relationship between tree growth and hydrothermal factors 
is more complicated at 1350 m than at 1400 m a.s.l.

Moving correlations between chronologies and climatic 
factors at different altitudes

Moving correlation results showed that there were signifi-
cant positive correlations between the EWW and TRW chro-
nologies and the SPEI in the current May at all altitudes 
during 2002–2018, and the correlations were most sig-
nificant for the EWW chronology at 1400 m a.s.l. (Fig. 6). 

There were significant negative correlations between the 
LWW chronologies and the Tmax in the prior July–August 
at 1400 m, and the correlations were most significant for 
LWW chronology at 1450 m. Therefore, the EWW chronol-
ogy at mid altitude and LWW chronology at high altitude 
were most sensitive to certain climate factor, and might be 
more suitable for climate reconstruction.

Discussion

Climate‑growth relationships at different altitudes

The Baiyunshan region of the Funiu Mountains at the south-
ern boundary of P. tabuliformis in China has a continental 
monsoon climate, and the monsoon rainfall is concentrated 
in July and August (Fig. 3). The monsoon rains did not 
arrive in April and May, and rainfall was relative low and 
temperatures abnormally high temperature, thus enhancing 
evapotranspiration, causing a severe water shortage for tree 
growth (Liu et al. 2002, 2015; Cai et al. 2008; Tian et al. 
2009; Shi et al. 2012; Song et al. 2014; Peng et al. 2020). 
Precipitation in April and May supplies needed water for 
tree growth. Therefore, TRW and EWW growth at the differ-
ent altitudes were restricted by the hydrothermal constraints 
early in the growing season. This water stress on P. tabuli-
formis growth in the early growing season was also reported 
elsewhere in its distribution (Liu et al. 2002; Hou et al. 2007; 
Fang et al. 2012; Song et al. 2014; Peng et al. 2020).

Table 2   Correlation matrix of standard chronologies (STDs) for Pinus tabuliformis at different altitudes

*Significant at p < 0.05
**Significant at p < 0.01

STD BYS01TRW​ BYS01 
EWW

BYS01 
LWW

BYS02 
TRW​

BYS02 
EWW

BYS02 
LWW

BYS03 
TRW​

BYS03 
EWW

BYS03 LWW

BYS01 
TRW​

1

BYS01 
EWW

0.957** 1

BYS01 
LWW

0.775** 0.567** 1

BYS02 
TRW​

0.575** 0.565** 0.423** 1

BYS02 
EWW

0.593** 0.655** 0.276 0.915** 1

BYS02 
LWW

0.128 –0.030 0.463** 0.541** 0.215 1

BYS03 
TRW​

0.319* 0.366* 0.106 0.747** 0.749** 0.292* 1

BYS03 
EWW

0.372* 0.458** 0.064 0.668** 0.741** 0.118 0.881** 1

BYS03 
LWW

 − 0.125  − 0.201 0.120 0.269 0.088 0.567** 0.250  − 0.153 1
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As mentioned, the limiting effect of temperature of July 
to August lagged significantly on Baiyunshan Mountain, and 
the effect of the heat stress showed a lag effect was founded 
in the eastern Qinling Mountains (Sun and Liu 2016; Zhao 
et al. 2019). Although the lag effect of precipitation is gen-
erally stronger than temperature (Chen et al. 2008), tem-
perature can directly or indirectly influence physiological 
activities related to nutrient synthesis and accumulation in 
trees during the growing season (Chen et al. 2008). The lag 
effect of Tmax on tree growth increased with altitude in this 
study, because trees are more sensitive to temperature at 
high altitude where precipitation is abundant, and the shorter 
growing season at high altitude leads to a change in growth 
strategy in trees that allows them to accumulate as many 

nutrients as possible during the short season (Mainali et al. 
2015). In addition, the effect of Tmax on tree growth was 
weaker than that of the drought stress, consistent with the 
relationship between conifer species and climatic factors at 
low altitudes in the Qinling Mountains (Bao et al. 2021).

SPEI‑growth relationships at different altitudes

Generally, with increasing altitude, mountain temperature 
decreases and precipitation increases. With less precipi-
tation and higher temperature at mid-low altitudes, tree 
growth generally has been more susceptible to drought 
stress in the current May, and the growth increase with 
altitude was connected to the increase in precipitation. In 

Fig. 4   Correlation results of the standard chronologies (STDs) with 
mean (Tmean), maximum (Tmax), and minimum (Tmin) temperatures 
and month total precipitation (P) at the Neixiang Meteorological Sta-
tion during 1979–2018. a Tmean; b Tmax; c Tmin; and d P; TRW​ Tree-
ring width, EWW Earlywood width, LWW Latewood width, BYS01 

The sampling site 01 on Baiyunshan Mountain (1450 m a.s.l.), BYS02 
The sampling site 02 on Baiyunshan Mountain (1400 m a.s.l.), BYS03 
The sampling site 03 on Baiyunshan Mountain (1350  m a.s.l.), p 
Piror year, c Current year. Boxes outlined in black: correlations sig-
nificant at p < 0.05
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the study of Shi et al. (2012), the most significant negative 
correlations between P. tabuliformis growth and Tmax in 
the current May occurred at altitudes at 1340 m to 1400 m 
a.s.l. and 1630 m to 1720 m a.s.l., not at 1200 m to 1300 m 
a.s.l. or 1850 m to 1950 m a.s.l.. At high altitude, there is 
less evapotranspiration due to the lower temperature and 
greater cloud cover; however, the canopy is more open and 
solar radiation higher, so evapotranspiration is higher and 
less water is available. Thus, tree growth is likely more 
influenced by microclimate at high altitude than moder-
ately low altitudes (Fritts 1976; Peng et al. 2019). The 
extreme climate conditions at high altitude will inhibit 
tree growth in response to climate, which is supported 

by the positive relationship between the EWW chronol-
ogy and the current April SPEI at mid-low altitudes. In 
addition, soil water could still be frozen from the low 
winter temperatures at high altitude, as temperature and 
evapotranspiration increase in April, the enhanced water 
availability will enhance tree growth. Therefore, growth 
of trees at high altitude had no significant correlation to 
SPEI in April, but growth responded significantly in May 
to the continuous heat. The tree-ring study of Peng et al. 
(2019) indicated that the humid climate for half the year 
in winter, which may be good for soil water storage in the 
form of snow, is beneficial for tree growth in early spring 
in the Funiu Mountains.

Fig. 5   Correlation coefficients 
for the analyses between the 
standard chronologies (STDs) 
and standardized precipita-
tion evapotranspiration index 
(SPEI) at different altitudes 
during 1979–2018. a High 
altitude BYS01 (1450 m a.s.l.); 
b mid altitude BYS02 (1400 m 
a.s.l.); and c low altitude BYS03 
(1350 m a.s.l.); BYS01–BYS03 
Three sampling sites on Baiyun-
shan Mountain, TRW​ Tree-ring 
width, EWW Earlywood width, 
LWW Latewood width, p Piror 
year, c Current year. *Correla-
tions significant at p < 0.05

Fig. 6   Moving correlations, a between standard chronologies (STDs) 
and standardized precipitation evapotranspiration index (SPEI) in the 
current May, and b between STD chronologies and maximum tem-
perature in the prior July–August during 2002–2018. TRW​ Tree-ring 
width, EWW Earlywood width, LWW Latewood width, BYS01 The 

sampling site 01 on Baiyunshan Mountain (1450 m a.s.l.), BYS02 The 
sampling site 02 on Baiyunshan Mountain (1400 m a.s.l.), BYS03 The 
sampling site 03 on Baiyunshan Mountain (1350 m a.s.l.). Black dots 
denote correlations significant at p < 0.05



Climate‑growth relationships of Pinus tabuliformis along an altitudinal gradient on…

1 3

Page 9 of 11     28 

After the southward retreat of the monsoon rain, pre-
cipitation and water vapor in September decreases greatly. 
Although temperature is low at high altitude, the soil mois-
ture is not high due to high wind speed. However, owing 
to terrain effects, water accumulation from precipitation is 
more likely to reduce the temperature effect at low altitude 
under weak evapotranspiration, and tree photosynthesis 
would be limited when the temperature drops to a certain 
point. The same relationship appeared in July and August 
at low altitude, indicating that trees at low altitude are more 
sensitive to soil moisture, especially late in the growing sea-
son. Similar results were reported by Jiao et al. (2016) and 
Shi et al. (2012) found that P. tabuliformis growth was posi-
tively correlated with precipitation in September at 1340 m 
to 1400 m a.s.l., in contrast to our finding. The difference is 
likely caused by the difference in the altitudes of tree growth 
and the microenvironments.

The SPEI is designed to account for both precipitation 
and potential evapotranspiration in determining drought. For 
instance, significant negative correlations of tree growth at 
low altitude with the SPEI in August and September were 
attributed to the abundant rainfall or humidity causing lower 
temperatures and less photosynthesis, which restricted LWW 
growth.

Stability of climate‑growth responses at different 
altitudes

The moving correlation results indicated that drought stress 
in May influenced radial growth of the EWW at all altitudes, 
while growth of the LWW was more sensitive to temperature 
in the prior July–August at high altitude. Similarly, the prior 
year temperature had a great influence on P. taiwanensis 
growth at high altitude in the Dabie Mountains (Cai et al. 
2020). However, our results differed from those reported 
by Peng et al. (2019), who found that since the 2000s, the 
P. armandii growth response to current May hydrothermal 
factors (Tmean, Tmax, P) have been stable at high and low 
altitudes in the Funiu Mountains. The reason for the strong 
signal of May SPEI at mid altitude in our study may be that 
temperatures were higher and precipitation lower than at 
other altitudes. Moreover, our results suggest that the EWW 
chronology at the mid altitude is more suitable for recon-
structing the SPEI in the current May and the LWW chronol-
ogy at the high altitude is better suitable for reconstructing 
Tmax in the prior July–August.

Conclusion

Using tree-ring samples from trees of P. tabuliformis at 
three altitudes in the Baiyunshan Mountain, central China, 
we establised standard TRW, EWW and LWW chronologies 

for all three altitudes. Climate-growth analyses showed that 
TR and EW growth were mainly limited by drought stress 
in the current May, and LW growth was mainly constrained 
by Tmax in the prior July to August; drought stress and Tmax 
lag effect increased with increasing altitude. There were sig-
nificant correlations and strong temporal stabilities between 
the EWW chronologies and the SPEI in the current May at 
the three altitudes. Along the altitudinal gradient, there were 
strong common climate-growth relationships, but growth 
in relation to SPEI differed, indicating that the drought 
response of trees to high evapotranspiration was more sig-
nificant at low altitude. These results provide crucial scien-
tific information for forest management and cultivation and 
will guide the selection of tree species and sampling sites 
for climate reconstructions in Central China.

Acknowledgements  We thank the National Field Scientific Observa-
tion and Research Station of Forest Ecosystem in Dabie Mountains, 
Henan Province and Baiyunshan National Nature Reserve Bureau for 
the help with fieldwork.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bao YY, Han YJ, Wang KK, Liu B (2021) Growth response of conifer-
ous trees to climate change in the Qinling Mountains. China Chin 
J Appl Ecol 32(10):3715–3723 (In Chinese)

Beguería S, Vicente-Serrano S, Reig F, Latorre B (2014) Standardized 
precipitation evapotranspiration index (SPEI) revisited: param-
eter fitting, evapotranspiration models, tools, datasets and drought 
monitoring. Int J Climatol 34:3001–3023

Biondi F (2000) Are climate-tree growth relationships chang-
ing in North-Central Idaho, U.S.A.? Arct Antarct Alp Res 
32(2):111–116

Bi SS, Hu JT, Fan PZ, Wang XY, Ye YZ (2018) Plant community 
characteristics and spatial distribution of dominant tree species 
in Baiyun Mountain National Forest Park. J Henan Agric Univ 
52(2):287–293 (In Chinese)

Cai QF, Liu Y, Song HM, Sun JY (2008) Tree-ring-based reconstruc-
tion of the April to September mean temperature since 1826 AD 
for north-central Shaanxi Province, China. Sci China Ser D Earth 
Sci 51(8):1099–1106

Cai QF, Liu Y, Wang YC (2012) Dendroclimatic investigation of Chi-
nese pine in Taibai Mountain. Shaanxi Province J Earth Environ 
3(3):874–880 (In Chinese)

http://creativecommons.org/licenses/by/4.0/


	 X. Wei et al.

1 3

   28   Page 10 of 11

Cai QF, Liu Y, Qian HJ, Liu RS (2020) Inverse effects of recent warm-
ing on trees growing at the low and high altitudes of the Dabie 
Mountains, subtropical China. Dendrochronologia 59:10

Chen XJ, Yuan YJ, Chen F, Zhang RB, Zhang TW (2008) Analysis of 
tree-ring width chronology characteristics from eastern area on 
north slope of Tianshan Mountains. J Desert Res 28(5):833–841 
(In Chinese)

Cook ER (1985) A time series analysis approach to tree-ring standardi-
zation. University of Arizona, Tucson

Cook ER, Anchukaitis KJ, Buckley BM, D’Arrigo RD, Jacoby GC, 
Wright WE (2010) Asian monsoon failure and megadrought dur-
ing the last millennium. Science 328(5977):486–489

Cui JY, Peng JF, Li JR, Li X, Peng M, Yang L (2021) Responses of 
tree-ring width of Pinus tabuliformis plantation to climatic fac-
tors in Songshan Mountains, central China. Chin J Appl Ecol 
32(10):3497–3504 (In Chinese)

Fang KY, Gou XH, Chen FH, FranK D, Liu CZ, Li JB, Kazmer M 
(2012) Precipitation variability during the past 400 years in the 
Xiaolong Mountain (central China) inferred from tree rings. Clim 
Dyn 39(7–8):1697–1707

Fritts HC (1976) Tree rings and climate. Academic Press, London
Gao J, Bao G, Wu ML, Liu N (2020) Response of radial growth of 

planted Pinus tabuliformis in western Liaoning to climatic factors. 
J Earth Environ 11(6):629–638 (In Chinese)

Holmes RK (1994) Dendrochronology program library. User’s manual. 
University of Arizona, Tucson

Hou Y, Wang NA, Li G, Zheng F (2007) Reconstruction of summer 
average temperature from tree-ring proxy data during 1751–2005 
in Mr. Kongtong Clim Change Res 13(3):172–176

Jiao L, Jiang Y, Wang MC, Kang XY, Zhang WT, Zhang LN, Zhao 
SD (2016) Responses to climate change in radial growth of Picea 
schrenkiana along elevations of the eastern Tianshan Mountains, 
northwest China. Dendrochronologia 40:117–127

Klesse S, DeRose RJ, Guiterman CH, Lynch AM, O’Connor CD, 
Shaw JD, Evans MEK (2018) Sampling bias overestimates cli-
mate change impacts on forest growth in the southwestern United 
States. Nat Commun 9(1):5336

Li X, Peng JF, Li JR, Yang L, Cui JY, Peng M, Li CX (2022) Climate-
growth response of Pinus tabulaeformis in the south slope of 
Longchiman, Mt. Funiu, central China. Acta Ecol Sin 42(7):2865–
2877 (In Chinese)

Liu Y, Ma LM, Cai QF, An ZS, Liu WG, Gao LY (2002) Tree ring 
stable carbon isotope was used to reconstruct the temperature of 
Helan Mountain in summer (June–August) since 1890. Scientia 
Sinica (terrae) 32(8):667–674

Liu Y, An ZS, Linderholm HW, Chen DL, Song HM, Cai QF, Sun JY, 
Tian H (2009) Annual temperatures during the last 2485 years in 
the Eastern Tibetan Plateau inferred from tree rings. Sci China Ser 
D Earth Sci 52(3):348–359

Liu WZ (2015) Illustrated Handbook of Common Medicinal Plants in 
Qinling Mountains, China (Rudin). World Publishing Xi’an Co., 
Ltd, Xi’an, p 9 (In Chinese)

Liu Y, Wang YC, Li Q, Song HM, Linderholm HW, Leavitt SW, Wang 
RY, An ZS (2015) Tree-ring stable carbon isotope-based May 
July temperature reconstruction over Nanwutai, China, for the 
past century and its record of 20th century warming. Quat Sci 
Rev 117:164–164

Mainali J, All J, Jha PK, Bhuju DR (2015) Responses of Montane 
Forest to climate variability in the central Himalayas of Nepal. 
Mt Res Dev 35(1):66–77

McGregor S, Timmermann A, Timm O (2010) A unified proxy for 
ENSO and PDO variability since 1650. Clim past 6(1):1–17

Nehrbass-Ahles C, Babst F, Klesse S, Nötzli M, Bouriaud O, Neukom 
P, Dobbertin M, Frank D (2014) The influence of sampling design 
on tree-ring based quantification of forest growth. Glob Chang 
Biol 20(9):2867–2885

Peng XM, Xiao SC, Xiao HL (2013) Advances in methods of build-
ing tree-ring width chronology. J Desert Res 33(3):857–865 (In 
Chinese)

Peng JF, Peng KY, Li JB (2018) Climate-growth response of Chinese 
white pine (Pinus armandii) at different age groups in the Baiyun-
shan National Nature Reserve, central China. Dendrochronologia 
49:102–109

Peng JF, Li JB, Wang T, Huo JX, Yang L (2019) Effect of altitude on 
climate-growth relationships of Chinese white pine (Pinus arman-
dii) in the northern Funiu Mountain, central China. Clim Change 
154(1–2):273–288

Peng JF, Li JB, Yang L, Li JR, Huo JX (2020) A 216-year tree-ring 
reconstruction of April–July relative humidity from Mt. Shiren, 
central China. Int J Climatol 40(14):6055–6066

Peng JF, Li JB, Li X, Cui JY, Peng M (2022) Climate-growth rela-
tionships of Chinese Pine (Pinus tabulaeformis Carr.) at Mt. 
Shiren in Climatic Transition Zone, Central China. Biology 
(basel) 11(5):753

Qin J, Bai HY, Zhao P, Yang NJ, Yue JW (2022) Age-dependent 
response of Abies fargesii tree radial growth to climatic factors 
in the Qinling Mountains. Acta Ecol Sin 42(17):7167–7176 (In 
Chinese)

Rai S, Dawadi B, Wang YF, Lu XM, Ru H, Sigdel SR (2020) Growth 
response of Abies spectabilis to climate along an elevation gra-
dient of the Manang valley in the central Himalayas. J for Res 
31(6):2245–2254

Shao XM (1997) Advancements in dendrochronology. J Quat Sci 
3:265–271 (In Chinese)

Shi JF, Li JB, Cook ER, Zhang XY, Lu HY (2012) Growth response 
of Pinus tabulaeformis to climate along an elevation gradi-
ent in the eastern Qinling Mountains, central China. Clim Res 
53(2):157–167

Song HM, Yu L, Li Q, Gao N, Ma YY, Zhang YH (2014) Tree-ring 
based May–July temperature reconstruction since AD 1630 on 
the Western Loess Plateau, China. PLoS ONE 9(4):0093504

Stahle DW, Cleaveland MK, Grissino-Mayer HD, Griffin RD, Fye 
FK, Therrell MD, Burnette DJ, Meko DM, DiazJ V (2009) 
Cool- and warm-season precipitation reconstructions over west-
ern New Mexico. J Clim 22(13):3729–3750

Sun C, Liu Y (2016) Climate response of tree radial growth at 
different timescales in the Qinling Mountains. PLoS ONE 
11(8):0160938

Tian QH, Liu Y, Cai QF, Bao G, Wang WP, Xue WL, Zhu WJ, Song 
HM, Lei Y (2009) The maximum temperature of May–July 
inferred from tree-ring in Funiu Mountain since 1874 AD. Acta 
Geogr Sin 64(7):879–887 (In Chinese)

Torbenson MCA, Stahle DW, Diaz JV, Cook ER, Griffin D (2016) The 
relationship between earlywood and latewood ring-growth across 
north America. Tree Ring Res 72(2):53–66

Wang YF, Liang EY, Ellison AM, Lu XM, Camarero JJ (2015) Facili-
tation stabilizes moisture-controlled alpine juniper shrublines in 
the central Tibetan Plateau. Glob Planet Change 132(sep.):20–30

Wang T, Li C, Zhang H, Ren SY, Li LX, Pan N, Yuan ZL, Ye YZ 
(2016) Response of conifer trees radial growth to climate change 
in Baotianman National Nature Reserve, central China. Acta Ecol 
Sin 36(17):5324–5332 (In Chinese)

Wang SP, Wang N, Zhou ZY, Hu YC, Wang N, Chen Y, Ye YZ (2020) 
Sprouting characteristics of woody plants and their correlation 
analysis with environmental factors in temperate deciduous broad-
leaved forest in Baiyunshan, Henan Province. J Henan Agr Univ 
54(6):970–977 (In Chinese)

Wu XD (1990) Tree-ring and climatic change. China Meteorologieal 
Press, Beijing (In Chinese)

Wu CY, Chen DS, Sun XM, Zhang SG (2023) Influence of altitude and 
tree class on climate-growth relationships in a larch plantation 



Climate‑growth relationships of Pinus tabuliformis along an altitudinal gradient on…

1 3

Page 11 of 11     28 

in subtropical China. J for Res 34:1869–1880. https://​doi.​org/​10.​
1007/​s11676-​023-​01630-5

Yang B, Qin C, Wang J, He M, Melvin TM, Osborn TJ, Briffa KR 
(2014) A 3500-year tree-ring record of annual precipitation 
on the northeastern Tibetan Plateau. Proc Natl Acad Sci USA 
111(8):2903–2908

Yang JW, Zhang QL, Song WQ, Zhang X, Li ZS, Zhang YD, Wang 
XC (2021a) Response differences of radial growth of Larix 
gmelinii and Pinus sylvestris var. mongolica to climate change 
in Daxing’an Mountains, Northeast China. Chin J Appl Ecol 
32(10):3415–3427 (In Chinese)

Yang L, Li JR, Peng JF, Huo JX, Chen L (2021b) Temperature varia-
tion and influence mechanism of Pinus tabulaeformis ring width 
recorded since 1801 at Yao Mountain, He’nan Province. Acta Ecol 
Sin 41(1):79–91 (In Chinese)

Yang YR, Zhang MS, Zhang LN, Lu QQ, Hong YX, Liu XH (2022) 
Different responses of radial growth of Pinus tabuliformis to cli-
mate in the middle and western Qinling Mountain. Acta Ecol Sin 
42(4):1474–1486 (In Chinese)

Yu J, Liu QJ (2020) Larix olgensis growth-climate response between 
lower and upper elevation limits: an intensive study along the 

eastern slope of the Changbai Mountains, northeastern China. J 
for Res 31(1):231–244

Zhao YS, Shi JF, Shi SY, Wang BW, Yu J (2017a) Summer climate 
implications of tree-ring latewood width: a case study of Tsuga 
longibracteata in South China. Asian Geogr 34(2):131–146. 
https://​doi.​org/​10.​1080/​10225​706.​2017.​13776​23

Zhao YS, Shi JF, Shi SY, Yu J, Lu HY (2017b) Tree-ring latewood 
width based July–August SPEI reconstruction in South China 
since 1888 and its possible connection with ENSO. J Meteorol 
Res 31(1):39–48

Zhao YS, Shi JF, Shi SY, Ma XQ, Zhang WJ, Wang BW, Lu HY, Brae-
uning A, Sun XG (2019) Early summer hydroclimatic signals are 
captured well by tree-ring earlywood width in the eastern Qinling 
Mountains, central China. Clim past 15(3):1113–1131

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11676-023-01630-5
https://doi.org/10.1007/s11676-023-01630-5
https://doi.org/10.1080/10225706.2017.1377623

	Climate-growth relationships of Pinus tabuliformis along an altitudinal gradient on Baiyunshan Mountain, Central China
	Abstract 
	Introduction
	Materials and methods
	Study area
	Tree-ring sampling and chronology development
	Climatic data
	Statistical methods

	Results
	Growth discrepancies of trees at different altitudes
	Relationships among chronologies along the altitudinal gradient
	Relationships between chronologies and climatic factors along the altitudinal gradient
	Moving correlations between chronologies and climatic factors at different altitudes

	Discussion
	Climate-growth relationships at different altitudes
	SPEI-growth relationships at different altitudes
	Stability of climate-growth responses at different altitudes

	Conclusion
	Acknowledgements 
	References


