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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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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,
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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;
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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): BYSO01 (33° 40’ 5.75" N, 111° 52’
0.74" E, 1450 m a.s.l.), BYSO02 (33° 39" 59.27" N, 111° 51"
46.29" E, 1400 m a.s.1.), 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 BYSO1, 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 (T,,.,,), mini-
mum (T,;,), maximum (T,,,) 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
T hean 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, Begueria 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

34°N

33°N

111°E 112°E 113°E
N T T T
=
Altitude (m a.s.l.)
B <soo & Sampling site
:] 800 — 1250 A Meteorological station
| 1250-1650 e SPEIgridpoints b 5%
LR |
- >1650 . _ 1 Range of SPEI grid points [

Fig. 1 Location of the tree-ring sampling sites, meteorological station and the range of SPEI grid points
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Table 1 Statistical characteristics of standard chronologies (STDs) for tree-ring width chronologies of Pinus tabuliformis

Sampling

sites
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signal (EPS)

between trees strength) >85%

(R3)

(SD)

width

initial year/core

number

0.981

52.336
50.642
30.665
24.323
28.892
23.374
18.596
21.632

1960/7

0.425

0.720
0.696

0.431

1996-2011

1938-2020 0.233 0.284

31/70
31/70
31/70
26/49
26/49
26/49
21/38
21/38
21/38

TRW
EwWwwW
LWW
TRW
EwWwW
LWW
TRW

BYSO01

0.981

1960/7

0.423 0.418

0.295

1938-2020 0.265

0.968

1964/11
1977/9
1976/8

0.308 0.550 0.303
0.327

0.332

0.301

1938-2020 0.265

0.961

0.536

0.181
0.21

1974-2020 0.194
1974-2020 0.251
1974-2020 0.25

BYS02

0.987

0.539 0.367

0.371

0.959

1977/10
1979/9
1979/8

0.548 0.318

0.323

0.237

0.949
0.956

0.329 0.600 0.322
0.574

0.363

0.143
0.201

1975-2020 0.142
1975-2020 0.221

BYS03

0.358

EWW

0.909

1979/13 9.989

0.430 0.203

0.208

0.204

1975-2020 0.206

LWW

STD Standard, TRW Tree-ring width, EWW Earlywood width, LWW Latewood width, BYSOI The sampling site 01 on Baiyunshan Mountain (1450 m a.s.l.), BYSO2 The sampling site 02 on Bai-

yunshan Mountain (1400 m a.s.l.), BYSO3 The sampling site 03 on Baiyunshan Mountain (1350 m a.s.l.)

are provided by the Royal Netherlands Institute for Climate
Research (http://climexp.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 (T ean> Tmaxs 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.

min

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
BYSO03 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 BYSO03. 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.1. 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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Fig. 2 Tree-ring width chronologies (tree-ring width index) for Pinus
tabuliformis and corresponding sample depths at different altitudes. a:
High altitude BYSO1 (1450 m a.s.l.); b: mid altitude BYS02 (1400 m
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Fig. 3 Monthly mean (T,,,), maximum (T,,,,), and minimum (T ;)
temperatures and month total precipitation (P) recorded at the Neixi-
ang Meteorological Station during 1979-2018

the correlations of TRW chronologies, and the correlations
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a.s.l.); and c: low altitude BYS03 (1350 m a.s.l.); BYS01-BYSO03:
three sampling sites on Baiyunshan Mountain; TRW: tree-ring width;
EWW: earlywood width; LWW: latewood width

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 BYSO1,
BYSO02 and BYSO03 generally had significant negative cor-
relations with temperatures (including T ..., T and T )
in the prior July and August, and the correlations increased
with altitude. Almost all EWW chronologies at BYSO1,
BYS02 and BYSO03 had significant negative correlations
with T, .,, and T, . in the current April and May, and the
correlations in May increased with altitude. In addition, the
TRW, EWW, and LWW chronologies at BYSO1, BYS02 and
BYSO03 had only significant negative correlations with T, ;
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

@ Springer
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Table 2 Correlation matrix of standard chronologies (STDs) for Pinus tabuliformis at diftferent altitudes

STD BYSOITRW BYSO01 BYSO01 BYS02 BYS02 BYS02 BYS03 BYS03 BYS03 LWW
EWW LWW TRW EWWwW LWW TRW EWW
BYSO01 1
TRW
BYSO01 0.957%*%* 1
EWW
BYS01 0.775%* 0.567** 1
LWwW
BYS02 0.575%* 0.565%** 0.423%** 1
TRW
BYS02 0.593%%* 0.655%%* 0.276 0.915%*
EWW
BYS02 0.128 -0.030 0.463** 0.541%* 0.215 1
Lww
BYS03 0.319* 0.366* 0.106 0.747+* 0.749%* 0.292* 1
TRW
BYS03 0.372% 0.458%%* 0.064 0.668%* 0.741%* 0.118 0.881%* 1
EWW
BYS03 -0.125 -0.201 0.120 0.269 0.088 0.567%* 0.250 —0.153 1
LWW
*Significant at p <0.05
**Significant at p <0.01

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.1., 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.1.

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).

@ Springer

There were significant negative correlations between the
LWW chronologies and the T, 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).
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Fig. 4 Correlation results of the standard chronologies (STDs) with
mean (T,.,,), maximum (T,,,), and minimum (T,;,) temperatures
and month total precipitation (P) at the Neixiang Meteorological Sta-
tion during 1979-2018. a T, .,;; b T, ,; ¢ T\ and d P; TRW Tree-
ring width, EWW Earlywood width, LWW Latewood width, BYSOI

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 T,,,, 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

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 as.l.), p
Piror year, ¢ Current year. Boxes outlined in black: correlations sig-
nificant at p <0.05

nutrients as possible during the short season (Mainali et al.
2015). In addition, the effect of T,,,, 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
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Fig. 5 Correlation coefficients 0.6 (a)
for the analyses between the 04F
standard chronologies (STDs) 02l

and standardized precipita-
tion evapotranspiration index
(SPE]) at different altitudes
during 1979-2018. a High
altitude BYSO1 (1450 m a.s.l.);

" B TRW
CJEWW
Lww

b mid altitude BYS02 (1400 m
a.s.l.); and ¢ low altitude BYS03
(1350 m a.s.l.); BYSOI-BYS03
Three sampling sites on Baiyun-
shan Mountain, TRW Tree-ring
width, EWW Earlywood width,
LWW Latewood width, p Piror
year, ¢ Current year. *Correla-

Correlation coefficient

tions significant at p <0.05

2010
Year

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, BYSOI The

the study of Shi et al. (2012), the most significant negative
correlations between P. tabuliformis growth and T, in
the current May occurred at altitudes at 1340 m to 1400 m
a.s.]. and 1630 m to 1720 m a.s.1., not at 1200 m to 1300 m
a.s.l. or 1850 m to 1950 m a.s.I.. 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

@ Springer
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Month

sampling site 01 on Baiyunshan Mountain (1450 m a.s.l.), BYSO2 The
sampling site 02 on Baiyunshan Mountain (1400 m a.s.l.), BYSO3 The
sampling site 03 on Baiyunshan Mountain (1350 m a.s.l.). Black dots
denote correlations significant at p <0.05

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.
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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.1., 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 (T, 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
Thax 10 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 T,,, in the prior July to August; drought stress and T,
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.
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