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Abstract The Tongbai Mountains is an ecologically sensi-
tive region and the northern boundary of Pinus massoniana 
Lamb. To analyze the effect of different microenvironments 
on tree growth response to climate factors, we developed 
standard chronologies for earlywood width (EWW), late-
wood width (LWW), and total ring width (TRW) of P. 
massoniana at two sampling sites on slopes with different 
orientations, then analyzed characteristics of the chronolo-
gies and their correlations with climate variables from five 
stations in the region and with a regional normalized differ-
ence vegetation index (NDVI). Statistical results showed that 
the TRW/EWW/LWW chronology consistency and charac-
teristics (mean sensitivity, signal to noise ratio, expressed 

population signal) for trees growing on the southeastern 
slope were much higher than for trees on the northeastern 
slope. Correlations indicated that temperature in current 
March and August has a significant positive effect on TRW/
EWW/LWW formation, and the effect on the northeastern 
slope was weaker than on the southeastern slope. Compared 
to temperature, precipitation has more complicated effects 
on tree growth, but the effect on the northeastern slope was 
also generally weaker than on the southeastern slope. Step-
wise linear regression analyses showed that temperature in 
August was the main limiting factor at the two sampling 
sites. Similarly, the response of tree growth on the southeast-
ern slope as determined by the NDVI is better than on the 
northeastern slope, and the TRW/EWW/LWW chronologies 
for the southeastern slope explained over 50% of the total 
NDVI variances in June. Overall, the results indicate that 
the difference in the climate response of P. massoniana at 
two sampling sites is clearly caused by differences in the 
microenvironment, and such differences should be properly 
considered in future studies of forest dynamics and climate 
reconstructions.

Keywords Tree-rings · Pinus massoniana lamb · Micro-
environment · Radial growth · Climate-growth response

Introduction

Tree growth is highly sensitive to climate change, and the 
growth response to climate can often be followed by evaluat-
ing the size of tree rings (Fritts 1976). In addition, the micro-
environment affects the redistribution of heat and water, 
which often leads to differences in tree growth. Therefore, 
the climate response of the same tree species in different 
microenvironments can be very different. Global warming is 

Project funding: This study was supported by National 
Key Research and Development Program of China (No. 
2018YFA0605601) and National Natural Science Foundation of 
China (No.42077417 and41671042).

The online version is available at http:// www. sprin gerli nk. com.

Corresponding editor: Tao Xu.

 * Jianfeng Peng 
 jfpeng@vip.henu.edu.cn
1 College of Geography and Environmental Science, Henan 

University, Kaifeng 475004, People’s Republic of China
2 Key Laboratory of Earth System Observation 

and Simulation of Henan Province, Kaifeng 475004, 
People’s Republic of China

3 Department of Geography, University of Hong Kong, 
Hong Kong, SAR, People’s Republic of China

4 HKU Shenzhen Institute of Research and Innovation, 
Shenzhen 518057, People’s Republic of China

5 Henan Academy of Forestry, Zhengzhou 450000, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-023-01658-7&domain=pdf
http://www.springerlink.com


 J. Peng et al.

1 3

   26  Page 2 of 14

indisputable (IPCC 2021) and has caused dramatic changes 
in the structure and function of forest ecosystems. As a 
result, many studies have attempted to elucidate the rela-
tionship between tree growth variables and climate factors 
to better understand the potential impacts of climate change 
on forest ecosystems and the feedback of forest dynamics 
on global warming (e.g., Fan et al. 2009; Gao et al. 2013; 
Liang et al. 2014; Lyu et al. 2016; Cao et al. 2019; Yu and 
Liu 2020; Peng et al. 2021, 2022a, b; Wang et al. 2021; Jiao 
et al. 2022; Ning et al. 2022).

Pinus massoniana Lamb (Pinaceae), a major tree species 
planted in southern China, and plays an essential role in 
regional ecological and economic development. Therefore, it 
is very important for the region to elucidate the relationship 
between its growth and climate. Huang et al. (2020) found 
that high temperature in July and August is a significant 
climate stressor on P. massoniana across its geographical 
distribution and a critical factor behind the inverse trend 
between latitude and its net primary productivity. The height 
and radial growth of P. massoniana vary with climate zones, 
which combined with the influence of provenance, leads to 
significant variability in growth increments at the regional 
scale (Zhou 2001; Zhang et al. 2020). Huang et al. (2021) 
conducted a meta-analysis using a network of 113 tree-ring 
width chronologies of P. massoniana from the geographical 
range of this species and found that temperature in Janu-
ary–March and precipitation in July–September generally 
enhance tree growth, whereas temperature in June–August 
leads to a decrease in tree growth. However, there are signifi-
cant differences in the relationship between tree-ring width 
of P. massoniana and climate factors in different studies. 
For example, Duan et al. (2012, 2013) reported a sensi-
tivity of P. massoniana to cold season (January-March or 
January-April) temperatures, based on a network of trees 
of P. massoniana in southeastern China. Chen et al. (2012) 
found that the total ring width of P. massoniana in the sub-
tropical zone of Fujian Province was mainly influenced by 
summer–autumn temperature variability. Luo et al. (2017) 
found that summer and winter temperatures had negative 
effects, while early spring temperature had positive effects 
on tree growth of P. massoniana and Schima superba in Chi-
na’s subtropical monsoon mixed forest. Zeng et al. (2019) 
found that winter–spring (January–May) temperature was 
most critical for P. massoniana in the Wuling Mountains in 
Central China. Li et al. (2019) found that the radial growth 
decline of P. massoniana was mainly limited by dry con-
ditions from May to October in the Daiyun Mountains in 
humid subtropical China. Others also found that P. masso-
niana is sensitive to the maximum temperature in June–Sep-
tember in Macheng in Southeast China (Cai and Liu 2013) 
and to precipitation in July–September on Mt. Dagangshan 
of South China (Qiao et al. 2011).

The Tongbai Mountains, located in Central China in the 
transition zone from subtropical climate to the warm temper-
ate monsoon climate, is an ecologically sensitive area and 
the northern boundary of P. massoniana in mainland China. 
However, despite the sensitivity of P. massoniana to climate 
change, only one tree-ring study has been done in the area 
(Cai and Liu 2021). In this study (Cai and Liu 2021), the 
authors analyzed the climate–growth relationship of P. mas-
soniana and reconstructed the mean minimum temperature 
for May–July of the past century using ring widths. None-
theless, further research is needed to better understand the 
factors that affect P. massoniana in the Tongbai Mountains.

With the development of dendrochronology, tree-
ring studies of earlywood width (EWW), latewood width 
(LWW), and total ring width (TRW) have been carried out 
in China in recent years (Xu et al. 2012; Zheng et al. 2012; 
Lan et al. 2014; Zhang et al. 2016; Zhao et al. 2014, 2019; 
Chen et al. 2015; Gu et al. 2020; Peng et al. 2022a, b). These 
studies have revealed differences in the sensitivity of these 
tree-ring variables to climate. For example, Feng et  al. 
(2012) showed that EWW of P. armandi in the Huashan 
Mountain was greatly affected by a daily mean tempera-
ture of 3 °C, while LWW was greatly influenced by a daily 
mean temperature of 8 °C and was limited when temperature 
was higher than 11 °C. Zhao et al. (2019) found that EWW 
was more sensitive to climate factors than LWW and TRW 
of P. tabulaeformis in the eastern Qinling Mountains. Gu 
et al. (2020) pointed out that EWW of P. massoniana was 
more sensitive to climate than LWW in the margin and cen-
tral distribution areas, and the temperature increase would 
inhibit radial growth early in the growing season. Peng et al. 
(2022a, b) found EWW chronology of P. taiwanensis is most 
sensitive to mean temperature in May–June in the Tongbai 
Mountains. Therefore, the study of TRW/EWW/LWW of P. 
massoniana in different microenvironments in the Tongbai 
Mountains should help elucidate the relationship between 
tree growth and climate factors in this transition zoon.

We aimed to (1) distinguish the chronology character-
istics and growth differences of P. massoniana growing in 
different microenvironmental conditions; (2) determine the 
main limiting climatic factors on the EWW/LWW/TRW 
growth of P. massoniana; and (3) establish multiple step-
wise regression models to verify the microenvironmental 
effects on tree growth.

Materials and methods

Study region

The study region is located in the Tongbai Mountains, which 
borders Henan Province and Hubei Province in Central 
China. It lies between the Funiu Mountains and the Dabie 
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Mountains, stretching northwest to southeast for more than 
120 km. The main peak is 1140 m above sea level (a.s.l.). 
The vegetation is mixed evergreen conifer-broadleaf forests 
and deciduous broadleaf forests, with dominant tree spe-
cies such as P. massoniana, P. taiwanensis, and Quercus 
suber. The area is also the northern boundary of P. masso-
niana and thus an ideal place to study its relationship with 
climate factors. The basic soil type in the northern slope 
of the mountains is mainly yellow–brown soil at elevations 
below 700 m a.s.l., dark yellow–brown soil between 700 and 
1000 m a.s.l., and brown mountain soil above 1000 m a.s.l. 
(Zhu and Liu 1992).

Climate data and vegetation index

Climate data from 1969 to 2018 were acquired from five sta-
tions near the two sampling sites (Fig. 1), including Biyang 
(BY, 113.33° E, 32.72° N), Queshan (QS, 114.02° E, 32.82° 
N), Tanghe (TH, 112.8° E, 32.68° N), Tongbai (TB, 113.3° 
E, 32.4° N), and Xinyang (XY, 114.09° E, 32.15° N), and 
averaged to represent the regional mean (RE) climate. Dur-
ing 1969–2018, the annual RE temperature was 15.32 ℃ 
and regional annual total precipitation was 936.29 mm. 
The highest and lowest monthly mean temperatures were 
recorded in July (27.52 ℃) and January (1.78 ℃) (Fig. 2a). 
Precipitation fell mainly in the summer (June–August), 
accounting for 49.5% of the annual total (Fig. 2b). Therefore, 
the climate is the typical subtropical monsoon with high 

Fig. 1  Map of study area and sampling sites, meteorological stations and the region for averaging NDVI data (32–33°N, 113–114°E)
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temperature and rainfall in summer and mild temperature 
and low rainfall in winter.

The selection of meteorological stations is crucial in 
tree-ring research. Climatic data often differ due to the 
microenvironments of each meteorological station. In a 
dendrochronological study, the correlation between tree 
growth and various climate factors are analyzed using cli-
matic data from almost all the surrounding meteorologi-
cal stations, and then the climatic data from the weather 
stations that had the best correlation with tree growth are 
selected for climatic reconstruction. The five meteorologi-
cal stations around the two sampling sites in the Tongbai 
Mountains (Fig. 1) that we selected are located in differ-
ent locations and slope orientations around the Tongbai 
Mountains. Xinyang is south of the two sample sites and 
has the highest monthly mean temperature, while Que-
shan is on the south slope of the northern Tongbai Moun-
tains and has the second highest monthly mean tempera-
ture (Fig. 2). Biyang is on the north slope of the Tongbai 
Mountains and has the lowest monthly mean temperature. 
Mean annual temperature of five meteorological stations 
showed highly consistent correlations from 0.815 to 0.976 
(p < 0.001), and a warming trend from 1969 to 2018 
(Fig. 3A). Correlations for the annual precipitation at the 
five stations ranged from 0.511 to 0.826 (p < 0.001). The 
regional precipitation showed a slightly downward trend 
during 1969–2018 (Fig. 3B). Overall, the consistency of 
the mean annual temperatures from the five stations in the 
study area is higher than for precipitation, indicating the 
spatial homogeneity of temperature is better than precipi-
tation. Nonetheless, there is a slight difference in warming 

rate of each weather station, which may also be the result 
of the difference in their microenvironment.

The normalized difference vegetation index (NDVI) 
data were derived from the NOAA Climate Data Record 
(CDR) of Advanced Very High Resolution Radiometer 
(AVHRR) Surface Reflectance (Vermote 2019). The NDVI 
data as an indicator of forest health were taken from the 
NOAA AVHRR Global Area Coverage (GAC) version 5, 
which is provided at the 0.5-grid resolution by the Royal 
Netherlands Institute for Climate Research (http:// clime 
xp. knmi. nl). Regional NDVI data (32–33° N, 113–114° 
E) around the sampling sites were selected to measure 
regional forest growth during 1981–2018.

Tree‑ring data

In March 2021, we collected tree-ring samples of P. mas-
soniana from two sites on different slopes at Dongchansi 
in the Tongbai Mountains (Fig. 1, Table 1): site DCS08 
(32°21′35.45″ N, 113°19′18.32″ E, 645 m a.s.l.) on the 
southeastern slope and site DCS09 (32°21′33.17″ N, 
113°19′18.13″ E, 676 m a.s.l.) on the northeastern slope. 
Using standard methods for dendrochronology (Stokes 
and Smiley 1968; Cook and Kairiukstis 1990), two cores 
were generally extracted from each tree using an increment 
borer at breast height. In total for DCS08 and DCS09, 
32 and 36 cores were respectively collected from 17 to 
19 healthy trees. Samples were brought to the laboratory, 
air dried, mounted in a wooden trough and sanded with 
progressively finer sandpaper to discern the ring bounda-
ries. Samples were visually cross-dated to identify false 

Fig. 2  Mean monthly temperature (A) and precipitation (B) during 1969–2018 recorded at the five meteorological stations and regional average 
in the Tongbai Mountains area. BY: Biyang; QS: Queshan; TH: Tanghe; TB: Tongbai; XY: Xinyang; RE: regional

http://climexp.knmi.nl
http://climexp.knmi.nl
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Fig. 3  Annual mean tem-
perature (A) and annual total 
precipitation (B) recorded at 
the five meteorological sta-
tions and regional average for 
1969–2018. The straight red 
line in each panel represents 
the regional trend. BY: Biyang; 
QS: Queshan; TH: Tanghe; TB: 
Tongbai; XY: Xinyang; RE: 
regional

Table 1  Information for tree-
ring samples and chronological 
statistics for EWW (earlywood 
width), LWW (latewood width), 
and TRW (tree ring width)

Indicator DCS08 sampling site DCS09 sampling site

EW LW TRW EW LW TRW 

Latitude 32°21′35.45′′ N 32°21′33.17′′ N
Longitude 113°19′18.32′′ E 113°19′18.13′′ E
Altitude (m a.s.l.) 645 676
Slope aspect SE NE
Number of cores/Number of trees 32/17 36/19
Time span 1897–2020 1962–2020
Serial correlation 0.436 0.359 0.47 0.544 0.473 0.603
Common period 1978–2013
Mean sensitivity 0.226 0.244 0.197 0.223 0.24 0.188
All series correlation 0.164 0.134 0.17 0.244 0.229 0.263
Within-tree correlation 0.398 0.356 0.437 0.592 0.534 0.608
Between-tree correlation 0.156 0.127 0.161 0.225 0.213 0.245
Signal to noise ratio 6.267 4.804 6.545 4.197 3.864 4.648
Expressed population signal 0.862 0.828 0.867 0.808 0.794 0.823
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rings or absent rings. The boundary of earlywood (EW) 
and latewood (LW) was determined based on the method 
of Stahle et al. (2016). Each EW/LW width was meas-
ured to the nearest 0.001 mm using the Velmex measuring 
system (Bloomfield, NY, USA). The width sequences of 
earlywood (EWW), latewood (LWW), and total tree-ring 
(TRW) were obtained, and the accuracy of their cross-dat-
ing and measurements were checked using the COFECHA 
program (Holmes 1983). The successfully cross-dated 
series were conservatively standardized to remove non-
climatic trends resulting from tree age and stand dynamics 
using a linear function or negative exponential function via 
the ARSTAN program (Cook and Holmes 1986). Finally, 
standard EWW/LWW/TRW chronologies were developed 
for the southeastern and the northeastern slope (Fig. 4). 
The relevant statistics for the chronologies are in Table 1.

Statistical analyses

Pearson’s correlations were calculated between the EWW/
LWW/TRW chronologies and monthly climate factors 
to determine the main factors limiting radial growth of P. 
massoniana on the different slopes. The correlations were 
calculated with monthly mean temperature (T) and month 
total precipitation (P) for 21 months from the prior March 
to current November during 1969–2018. Moreover, the cor-
relations of the chronologies with the NDVI were calculated 
for 10 months from January to October during 1981–2018. 
Dendroclim2002 software was used for all these correla-
tion analyses (Biondi 2000). Finally, the stepwise regression 
models between tree growth and climate factors (including 
NDVI) and the main limiting factors were established using 
the SPSS software version 26 (IBM, Armonk, NY, USA).

Fig. 4  Standard TRW (tree 
ring width), EWW (earlywood 
width), and LWW (latewood 
width) chronologies (A, C) and 
sample sizes (B, D) for trees 
from the southeastern slope 
(A, B) and northeastern slope 
(C, D)
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Results

Chronology statistics and growth differences

A longer chronology, from 1897 to 2020, was developed at 
DCS08 on the southeastern slope, the shorter one was from 
1962 to 2020 for DCS09 on the northeastern slope of the 
Tongbai Mountains (Table 1). During the common period 
1978–2013, high values for the expressed population signal 
(EPS), signal to noise ratio (SNR) and mean sensitivity (MS) 
indicated that all chronologies contain high levels of climatic 
signals, but these statistics for the chronologies from the 
southeastern slope were higher than those from the north-
eastern slope. In contrast, serial correlations of chronologies 
from the southeastern slope were generally lower than those 
from the northeastern slope.

The correlations among the six chronologies were all 
above 0.55 (p < 0.01), indicating that overall, all chronolo-
gies from the southeastern and northeastern slopes had a 
high level of consistency (Table 2). The highest correlation 
was generally between TRW and EWW chronologies, while 
the lowest correlations were between EWW and LWW chro-
nologies. The correlations (0.984, 0.975, 0.935) among the 
TRW, EWW, and LWW chronologies from the southeast-
ern slope were higher than those (0.973, 0.791, 0.69) of the 
chronologies from the northeastern slope, indicating that the 
growth of EW and LW differed between the two sampling 
sites. The correlation between the two TRW chronologies 
was the highest (0.779), while the correlation between the 
two LWW chronologies was the lowest (0.572), indicating 
that there was a significant difference in the late growing 
period of trees between the two sites on different slopes. 
Taken together, the TRW/EWW/LWW chronology consist-
ency and values for MS, SNR, and EPS on the southeastern 
slope were generally higher than those on the northeastern 
slope.

Climate‑growth relationships

Correlation results showed that monthly mean temperatures 
in the current March and August have the most significant 

positive correlations with the TRW/EWW/LWW chronolo-
gies on the southeastern slope (Fig. 5A, C, E). Significant 
positive correlations with the prior August temperature were 
also found for the three chronologies on the southeastern 
slope, albeit the correlations were only marginally signifi-
cant. On the northeastern slope, significant positive correla-
tions with the current March and August temperature were 
also found for the three types of chronologies (Fig. 5B, D, 
F), but the correlations were generally weaker than those 
on the southeastern slope. No significant positive corre-
lations with the prior August temperature were found for 
the three chronologies on the northeastern slope. Overall, 
temperature from the Queshan Station had the most signifi-
cant correlations with the chronologies on both slopes. The 
highest positive correlations were found between the current 
August temperature and LWW series on the southeastern 
slope (r = 0.546) and between the current August tempera-
ture and TRW series ion the northeastern slope (r = 0.531).

Similarly, the correlation results showed that the effects 
of precipitation on tree growth on the southeastern slope 
were highly consistent (Fig. 6A, C, E), wherein the TRW/
EWW/ LWW chronologies had significant negative correla-
tions for the prior July, and significant positive correlations 
for the prior April, prior September and current April. On 
the northeastern slope, the correlations of the three chro-
nologies with precipitation were complex (Fig. 6B, D, F). 
Figure 6 B showed that TRW chronology had significant 
positive correlations for the prior September to November 
and current October, and significant negative correlation in 
current February. The EWW chronology showed a similar 
correlation pattern to the TRW chronology, even though 
the correlations were overall weaker (Fig. 6D). The LWW 
chronology showed a different response to precipitation 
compared with the TRW and EWW chronologies. The most 
significant positive correlation with precipitation was in the 
prior September, and it had no significant correlations in 
the current October (Fig. 6F). Overall, precipitation in the 
current April did not affect tree growth on the northeastern 
slope, but was a critical factor for tree growth on the south-
eastern slope.

Table 2  The correlations 
among TRW (tree ring 
width), EWW (earlywood 
width), and LWW (latewood 
width) chronologies on the 
southeastern (DCS08) and 
northeastern (DCS09) slopes

DCS08TRW  stands for whole tree ring width (TRW ) chronology. All correlations are significant at 0.01 
level

Chronology DCS08TRW DCS08EW DCS08LW DCS09TRW DCS09EW DCS09LW

DCS08TRW 1.000
DCS08EW .984 1.000
DCS08LW .975 .935 1.000
DCS09TRW .779 .745 .793 1.000
DCS09EW .735 .706 .752 .973 1.000
DCS09LW .571 .552 .572 .791 .690 1.000
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NDVI‑growth relationships

The correlation analyses between the EWW/LWW/TRW 
chronologies and NDVI showed that there was a good 
consistency at the two sampling sites (Fig. 7). Significant 

positive correlations with the NDVI were found for the cur-
rent June at both sites, but the correlation values were much 
higher for the southeastern slope (0.78, 0.8, 0.75) than those 
on the northeastern slope (0.5, 0.49, 0.32). Similarly, posi-
tive correlations with NDVI in the current September were 

Fig. 5  Correlation coefficients for the relation of the TRW, EW, and 
LW chronologies for trees on the southeastern slope (SE; A, C, E) 
and the northeastern slope (NE; B, D, F) with mean monthly temper-
ature at the five meteorological stations and the regional climate dur-
ing 1969–2018. The horizontal dotted lines represent the 95% confi-

dence level. BY: Biyang; QS: Queshan; TH: Tanghe; TB: Tongbai; 
XY: Xinyang; RE: regional. The vertical lines represent the bounda-
ries between the previous year and the current year. PMar: March in 
the previous year. Jan: January in the current year
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significant for the southeastern slope but not for the north-
eastern. The above results indicated that the relationship of 
tree growth with the NDVI on the southeastern slope was 
better than on the northeastern slope.

Multiple regression models and main limiting factors

The above correlation analyses showed that the tempera-
ture recorded at Queshan Station had a higher correlation 
with tree growth than that at the other stations. Hence, the 

Fig. 6  Correlation coefficients for the relation of the TRW, EW, and 
LW chronologies for trees on the southeastern slope (SE; A, C, E) 
and the northeastern slope (NE; B, D, F) with mean monthly total 
precipitation at the five meteorological stations and the regional cli-
mate during 1969–2018. The horizontal dotted lines represent the 

95% confidence level. BY: Biyang; QS: Queshan; TH: Tanghe; TB: 
Tongbai; XY: Xinyang; RE: regional. The vertical lines represent the 
boundaries between the previous year and the current year. PMar: 
March in the previous year. Jan: January in the current year
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stepwise linear regression analyses between tree growth 
and climate factors at Queshan were performed to establish 
a series of climate-growth models. Independent variables 
include temperature and precipitation in Queshan Station 
from January to October during 1970–2018, and NDVI from 
January to October during 1981–2019. The main limiting 
factors by stepwise regression models are shown in Table 3.

The results of the stepwise linear regression analyses 
showed that temperature in the current August was the 
main limiting factor on both slopes, but only precipita-
tion in the current October had a significant effect on EW 
growth on the northeastern slope (Table 3). The single 
climatic variable that explained the most variance for 
tree growth was the current August temperature, which 
explained 30.5% of the total variance in LW growth on the 
southeastern slope (F = 20.599, p < 0.001).

Fig. 7  Correlation coefficients for relation of the TRW, EW, and LW chronologies for tree growth on the southeastern slope (SE; A) and north-
eastern slope (NE; B) with the NDVI during 1981–2018. The horizontal dotted lines represent the 95% confidence level

Table 3  Limiting factors 
(Variable X) in stepwise 
regression models using climate 
data from the Queshan station 
and regional NDVI

08RW1 is a dependent variable in model 1 between RW in the southeastern slope and climate factors
r is the correlation coefficient; R2 is the explained variance; R2

adj is adjusted explained variance. T8 is tem-
perature in August in the current year; N6 is NDVI in the current June

Dependent variable Variable X r R2 R2
adj F p N

Climatic factors 08TRW1 T8 0.486 0.236 0.22 14.534 0.000 49
08TRW2 T3, T8 0.551 0.303 0.273 4.416 0.041 49
08EW1 T3 0.433 0.187 0.17 10.831 0.002 49
08LW1 T8 0.552 0.305 0.29 20.599 0.000 49
08LW2 T3, T8 0.61 0.372 0.345 4.926 0.031 49
09TRW1 T8 0.535 0.286 0.271 18.849 0.000 49
09EW1 T8 0.469 0.22 0.204 13.284 0.001 49
09EW2 T8, P10 0.535 0.286 0.255 4.222 0.046 49
09LW1 T8 0.424 0.18 0.162 10.302 0.002 49

Regional NDVI 08TRW1 N6 0.754 0.568 0.556 48.629 0.000 38
08EW1 N6 0.774 0.599 0.588 55.159 0.000 38
08LW1 N6 0.709 0.502 0.489 37.345 0.000 38
09TRW1 N6 0.478 0.228 0.207 10.949 0.002 38
09EW1 N6 0.45 0.203 0.181 9.404 0.004 38
09LW1 N6 0.325 0.106 0.081 4.364 0.044 38
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The results of the stepwise regression analyses showed 
that the TRW/EWW/LWW growth on the southeastern 
and the northeastern slope reflected the change in NDVI 
well for the current June (Table 3). Similarly, the relation-
ship between tree growth and NDVI change on southeast-
ern slope is better than that on northeastern slope. The 
TRW/EWW/LWW chronologies of the southeastern slope 
explained over 50% of the total NDVI variances in June.

Discussion

Microenvironment affects the response of tree growth 
to climatic factors

Effects of microenvironment on tree growth

P. massoniana is a typical subtropical tree species that pre-
fers light and temperature and typically grows on ridges and 
sunny slopes with an annual average temperature of 13–22 
ºC and annual precipitation of 800–1800 mm. The samples 
of P. massoniana in the study were collected from both 
southeastern and northeastern slope in the Tongbai Moun-
tains. The growing conditions on the southeastern slope are 
conducive to the growth of P. massoniana, whereas the semi-
sunny northeastern slope receives less precipitation and is 
less favorable for the growth of P. massoniana. Therefore, 
chronology statistics (MS, SNR, EPS) for the EWW/LWW/
TRW chronologies from the southeastern slope were higher 
than those for the northeastern slope during 1978–2013 
(Table 1), reflecting the influence of the microenvironment.

Response of tree growth to climate factors in different 
environment

The Queshan meteorological station is south of the Tongbai 
Mountains with a microenvironment similar to the sampling 
sites on the two slopes. Therefore, the correlations between 
tree growth (including TRW/EWW/LWW) and temperature 
at the Queshan station are the highest (Fig. 4). All corre-
lations showed that tree growth were greatly affected by 
temperature in the current March and August. March is the 
beginning of the growing season in the study area, when high 
temperature is beneficial for germination and tree growth 
(Cao et al. 2012), especially the formation of EW. The high 
temperature and rain in August during the monsoon rainy 
season, are conducive to rapid growth and thus beneficial to 
the growth of EW and LW, and finally the TRW. Similarly, 
Qiao et al. (2019) found that temperature was the main lim-
iting factor on different slopes in Jiangle, Fujian Province, 
China. Wang et al. (2011) showed a great difference in north 
subtropical regions of China, in which tree growth of P. mas-
soniana had significant positive correlations with monthly 

mean temperature in the prior June and July and current Jan-
uary, August, and September in Nanzheng County, Shanxi 
Province, while only a significant negative correlation with 
the current May in the Jigong Mountains, Henan Province. 
Gu et al. (2020) analyzed EW and LW for P. massoniana in 
the Tongbai Mountains (32°24′ N, 113°16′ E, 509 m) and 
also found that temperature has a great influence on EW, but 
their results suggest that September temperature instead of 
August temperature was most crucial for tree growth in the 
area, possibly as a result of an altitude difference.

Trees growing on different slopes have different responses 
to precipitation. The consistency of tree growth on the south-
eastern slope in response to precipitation of all meteorologi-
cal stations is better than on the northeastern slope (Fig. 5). 
Nonetheless, growth of trees at both sites exhibited a lagged 
effect of precipitation in the prior September/October. By 
September, the monsoon rain belt has moved from the study 
area, and precipitation becomes critical to alleviating high-
temperature induced drought and growth of EW and LW 
(Harley et al. 2012; Huang et al. 2018; Liang et al. 2019). 
Tree growth (especially EW) on the southeastern slope was 
also greatly affected by precipitation in the current April. 
High temperature and intensified evaporation in April lead 
to severe spring drought. Precipitation can then supply water 
for tree growth and promote EW formation.

The stepwise linear regression model results suggest that 
only EW growth on the northeastern slope was greatly influ-
enced by precipitation in the current October; likely the long 
growing season in the subtropical region and continuing high 
temperature in October prolongs the EW formation. There-
fore, precipitation in October was positively correlated with 
tree growth and benefited EW formation. Using a microsam-
pling approach, Huang et al. (2018) found that xylem growth 
of P. massoniana in subtropical China peaked in the current 
autumn (September–November), with the highest rate of cell 
division when the climate is warm and dry, which further 
supports our results. However, the results from the Jigong 
Mountains are different from ours; Wang et al. (2011) found 
that precipitation in May had significant positive correlation 
with tree growth. Gu et al. (2020) showed that the LW in the 
Tongbai Mountains is greatly affected by precipitation in 
November and December; thus, the influence of precipita-
tion on LW also differed from our results, perhaps due to 
differences in microenvironments and altitudes.

Temperature due to the influence of atmospheric circu-
lation is spatially more homogeneous than precipitation 
affected by topography, so the correlations between tree 
growth and the temperature among the different meteoro-
logical stations were highly consistent. Because precipita-
tion is greatly affected by the local environment, the correla-
tions between tree growth and precipitation for the various 
meteorological stations differed to some extent. When the 
meteorological stations had similar microenvironment, such 
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as at Biyang and Xinyang stations north of the Tongbai and 
Jigong Mountains, then the correlations were highly consist-
ent with tree growth. Therefore, the microenvironments for 
the tree sites and meteorological stations need to analyze to 
better understand climate–growth relationship and achieve 
reliable climate reconstructions.

Relationships of tree growth and regional NDVI

The NDVI is an indicator of forest health, so the study of 
the relationship of tree-rings and NDVI is beneficial to 
understanding forest landscape change. Microenvironment 
not only influences the physiology of tree growth, but also 
affects the canopy greenness index, NDVI. As discussed ear-
lier, P. massoniana typically grows better on a sunny slope 
than a semi-sunny slope. Therefore, the correlations between 
the TRW/EWW/LWW chronologies for trees on the south-
eastern slope and June NDVI were much higher than those 
on the northeastern slope. However, there were also signifi-
cant positive correlations between the TRW/EWW/LWW 
chronologies for trees on the southeastern slope and Septem-
ber NDVI. Wang et al. (2011) reported similar results for the 
northern subtropical region in China: the NDVI for Nanz-
heng County had significant negative correlations with tree-
ring chronology in March, August, and December, while the 
NDVI for Jigong Mountain had a significant positive cor-
relation with tree-ring chronology in September. Although 
both are located at the northern margin of the subtropical 
zone, the relationship between tree-rings and NDVI found 
by Wang et al. (2011) differed greatly from the results of the 
present study due to differences in the microenvironments. 
Similar results with the highest correlation with NDVI in 
August were found in Delingha (He and Shao 2006) and the 
western Qilian Mountains (Wang et al. 2010).

Conclusions

We developed standard EWW, LWW, and TRW chronolo-
gies using samples of P. massoniana collected from two 
sites that differed in slope aspect and thus microenviron-
ment on the Tongbai Mountains, Central China. Our analy-
ses of these chronologies and their correlations with climatic 
factors showed that the chronology consistency and mean 
sensitivity (MS), signal to noise ratio (SNR) and expressed 
population signal (EPS) for trees on the southeastern slope 
were much higher than those on the northeastern slope. The 
mean temperature in the current March and August had sig-
nificant positive effects on TRW/EWW/LWW at the two 
sampling sites. Precipitation in April and October tended 
to promote tree growth, but precipitation in the prior July 
and current February tended to inhibit tree growth. The 

above temperature and precipitation effects on the north-
eastern slope were generally weaker than on the southeastern 
slope. Stepwise linear regression showed that temperature 
in the current August is a major limiting factor for growth 
on both slopes, but only precipitation in current October had 
significant effect on EW growth on the northeastern slope. 
Similarly, the relationship of tree growth on the southeastern 
slope with the NDVI was better than that on the northeastern 
slope, and the highest correlation between tree growth and 
NDVI was found on the southeastern slope in June. Overall, 
these results suggest that microenvironment plays a critical 
role in tree growth, which should be appropriately consid-
ered when studying forest dynamics and developing models 
for climate reconstruction.
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