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A B S T R A C T   

A better understanding of tree growth-climate sensitivity across regions and species may reduce uncertainties in 
simulating forest carbon budgets. We studied the spatial heterogeneity of growth-climate sensitivity of Pinus 
yunnanensis and Pinus kesiya across temperature and moisture gradients in the complex mountain regions of 
Southwest China. We developed tree ring-width chronologies from 22 sites for P. yunnanensis and 20 sites for 
P. kesiya, totaling 903 trees (1684 cores). We applied generalized additive mixed models (GAMMs) on basal area 
increment (BAI) series to remove the age and size effects on tree growth, and correlated BAI residual chronol-
ogies with climate variables. Radial growth of P. yunnanensis and P. kesiya at most sites (> 75%) were positively 
correlated with precipitation and one-month Standardized Precipitation-Evapotranspiration Index (SPEI1) dur-
ing the early growing season. In contrast, high precipitation and SPEI1 during the late growing season reduced 
tree growth of both pine species. The growth-climate sensitivity of both pine species varied along the temper-
ature and moisture gradients, i.e., moisture sensitivity of tree growth decreased along a dry-to-humid moisture 
gradients for P. kesiya during early growing season, whereas temperature sensitivity of P. yunnanensis shifted 
from positive (beneficial) to negative (limitative) along cold-to-warm gradients. Our results indicate that the 
growth-climate sensitivity of both pine species varies with site-specific environmental conditions. These findings 
contribute to improve our understanding about the spatial patterns of tree growth-climate responses of these 
economically important conifer species in Southwest China.   

1. Introduction 

Forest ecosystems harbor huge terrestrial carbon sinks (Pan et al., 
2011) and thus play an important role in maintaining global atmo-
spheric and hydrological cycles (Bonan, 2008). Subtropical forests in 
Asia account for 8% of global net ecosystem productivity and have a 
high capacity for carbon sequestration (Yu et al., 2014). The global 
surface air temperatures have been rising uniformly over the past 100 
years, especially since the 1980s (IPCC, 2021). Although forests play a 
major role in atmospheric stabilization, large uncertainty still exists 
regarding the temporal stability of the forest carbon sequestration ca-
pacity due to the large interannual variability in climate conditions (Le 
Quéré et al., 2018). A better understanding of the responses of tree 

growth and forest productivity to climate change may reduce un-
certainties in simulating forest carbon budgets. 

The sensitivity of forest ecosystem productivity to interannual 
climate variability varies on a global scale (Seddon et al., 2016). As the 
main component of forests, the sensitivity of tree growth to climate 
change varies remarkably across regions and species (Chen et al., 2019; 
Marchand et al., 2019; Wang et al., 2020). Tree growth at high eleva-
tions and high latitudes is generally limited by low temperatures 
(Körner, 2021), and increased temperatures are expected to enhance 
tree growth and forest productivity (Qi et al., 2015; Silva et al., 2016; 
Gao et al., 2018; Schurman et al., 2019). The recent increase in early 
growing season minimum temperatures has advanced the start of the 
growing season of high-elevation forests on the Tibetan Plateau (Yang 
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et al., 2017). Generally, warmer growing seasons may enhance tree 
growth in regions with less water stress (Bai et al., 2019; Shestakova 
et al., 2019; Panthi et al., 2020). However, recent studies have found 
that rising temperature and increasing interannual precipitation vari-
ability may cause water deficit and intensify drought stress on tree 
growth in areas with water shortages (e.g., Harvey et al., 2019; Wang 
et al., 2021). Globally, the area where tree growth is limited by tem-
perature is shrinking, and trees in many cold-dry areas become less 
sensitive to temperature, but more limited by atmospheric water 

demand under recent warming climate (Babst et al., 2019). 
Trees growing at lower elevations and low latitudes are more sen-

sitive to moisture availability than those growing at higher elevations 
and high latitudes (Bai et al., 2019; Panthi et al., 2020; Zhou et al., 2021; 
Shi et al., 2021). In the semiarid northeastern Tibetan Plateau and in 
northern Thailand tropical forests, early growing season precipitation 
triggers the onset of cambium activity and xylogenesis (Ren et al., 2015; 
Pumijumnong et al., 2021). Similarly, sufficient precipitation and high 
moisture availability in early growing season promoted the growth of 

Fig. 1. (a) Locations of tree-ring sampling sites of Pinus yunnanensis (green squares) and Pinus kesiya (red circles) across environmental gradients in Southwest China, 
(b) distribution of annual mean temperature and total precipitation across tree-ring sampling sites, (c) Walter-Lieth climate diagrams showing regional averages of 
monthly mean temperature (red line) and precipitation (blue line). Monthly temperature and precipitation data for the period 1985-2015 were retrieved from CRU 
grids closest to each sampling site at 0.5◦ × 0.5◦ spatial resolution. 
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various tree species in Southwest China (Du et al., 2019; Fan et al., 2019; 
Bi et al., 2020b). In contrast, high temperatures increase evapotranspi-
ration and reduce tree growth at low elevations (Rodgers et al., 2018). 
Warming-induced tree growth declines have been found in Northeast 
China (Wang et al., 2019) and on the northeastern Tibetan Plateau 
(Liang et al., 2016a). Many studies have shown that tree growth-climate 
sensitivity is species- and habitat- specific (Harvey et al., 2019; Maes 
et al., 2019), and different climate sensitivities of different tree species 
may affect forest composition and the direction of succession processes 
(Au et al., 2020). Therefore, it is crucial to understand how tree growth 
responds to climate change in different regions and different tree species 
(Zuidema et al., 2013). 

Large-scale tree-ring networks are especially valuable for unraveling 
the spatial patterns of tree growth and their sensitivity to climate factors 
globally (Babst et al., 2019) as well as on regional scale (Gao et al., 2018; 
Harvey et al., 2019; Shestakova et al., 2019; Zeng et al., 2019; Li et al., 
2020). This applies especially to mountain regions with complex 
topography and strongly variable climate conditions, such as the 
Hengduan Mountains region in Southwest China. Previous studies on 
regional tree growth and climate sensitivity were mainly concentrated 
in high elevation forest belts (Fan et al., 2009; Panthi et al., 2018; He 
et al., 2019; Zhang et al., 2020). Existing studies on mid-elevation sites 
revealed that climate sensitivity of tree growth also differs among sites 

depending on habitat conditions (Shen et al., 2020; Su et al., 2021). 
Considering the vast area, its topographic and climatic complexity, and 
Southwest China harbors high biodiversity (Kier et al., 2005; Xing and 
Ree, 2017). However, existing studies on the growth-climate sensitivity 
of different tree species in Southwest China are still scant and scattered, 
and the results are mostly inconsistent from a regional perspective. This 
calls for establishing species-specific regional-scale tree-ring networks to 
obtain a better understanding of tree growth-climate sensitivity, its 
spatial heterogeneity and temporal variability under changing climate 
conditions. 

In this study, we established tree-ring networks of two pine species 
(Pinus yunnanensis and Pinus kesiya), which are widely distributed in 
Southeast Asia and share the same evolutionary origin (Xing et al., 2010; 
Jin et al., 2021). Generally, these two pine species adapted to warm and 
dry habitats (Jin et al., 2021), however, different topographic and cli-
matic conditions may cause differential tree growth of pine species and 
spatial heterogeneity of their sensitivity to climate change. The aim of 
this study is to explore the growth-climate sensitivity of pine species and 
its spatial heterogeneity across temperature and moisture gradients in 
Southwest China. We developed tree-ring width chronologies from 22 
sites of P. yunnanensis and 20 sites of P. kesiya covering the region from 
21 ◦N to 28 ◦N and from 98 ◦E to 107◦E. We aimed to answer: (1) What 
are the predominant climatic factors limiting tree radial growth of the 

Table 1 
Tree-ring width chronologies statistics of two pine species sampled in Southwest China. PY, Pinus yunnanensis; PK, Pinus kesiya; MSL, mean segment length; AR1, First- 
order autocorrelation; Gini, gini index; EPS, expressed population signal; Rbar, inter-series correlation coefficients between trees. Rbar, Gini, and EPS were calculated 
from ring-width indices for the common period 1985-2015.  

Site code Location Latitude (oN) Longitude (oE) Elevation (m a.s.l.) Trees/cores Time span MSL AR1 Gini Rbar EPS 
Total Used 

PYYL2 Yunlong 25.859 99.309 2563 8/16 8/16 1931-2015 43 0.643 0.259 0.335 0.849 
PYYL1 Yunlong 25.88 99.277 2683 23/46 20/38 1864-2018 115 0.697 0.28 0.36 0.941 
PYYD1 Yongde 24.052 99.253 1903 38/69 28/50 1959-2017 27 0.578 0.323 0.202 0.881 
PYYB1 Yangbi 25.804 99.967 2452 8/16 8/16 1974-2018 39 0.638 0.24 0.395 0.878 
PYXP2 Yuxi 24.154 102.135 1587 28/60 26/55 1966-2018 44 0.608 0.32 0.38 0.951 
PYXP1 Yuxi 24.140 102.098 1385 39/81 35/69 1863-2018 47 0.558 0.347 0.436 0.972 
PYXL1 Xilin 24.611 104.354 880 5/10 5/10 1984-2015 20 0.471 0.265 0.368 0.831 
PYTH1 Yuxi 24.104 102.751 2035 25/48 20/36 1911-2018 69 0.657 0.34 0.224 0.884 
PYPM1 Lushui 26.014 98.631 1781 22/38 18/28 1982-2017 30 0.758 0.323 0.801 0.987 
PYNJ1 Liuku 26.542 98.926 2225 15/30 15/30 1974-2015 36 0.739 0.282 0.51 0.949 
PYLZ1 Lushui 25.964 98.794 1953 17/34 16/31 1971-2016 32 0.544 0.304 0.585 0.97 
PYLY1 Leye 24.804 106.365 1408 8/14 8/14 1903-2015 53 0.407 0.262 0.077 0.63 
PYLJ2 Lijiang 27.007 100.177 3443 24/42 23/43 1939-2017 41 0.668 0.24 0.364 0.942 
PYLJ1 Lijiang 27.001 100.185 3225 22/44 21/41 1966-2017 40 0.606 0.238 0.419 0.955 
PYJG1 Jinggu 23.491 100.499 1722 6/12 6/12 1943-2015 38 0.451 0.273 0.197 0.682 
PYGM1 Genma 23.562 99.446 1123 26/52 26/49 1977-2017 35 0.271 0.288 0.266 0.931 
PYDL1 Gongshan 27.753 98.581 2630 15/27 12/19 1900-2015 81 0.689 0.301 0.285 0.855 
PYCS2 Dali 25.706 100.124 2303 25/50 23/41 1883-2017 39 0.535 0.23 0.165 0.839 
PYCS1 Dali 25.698 100.124 2466 16/33 16/33 1963-2017 26 0.401 0.212 0.798 0.992 
PYBS3 Baoshan 25.22 99.300 2350 30/59 29/57 1982-2016 25 0.525 0.263 0.409 0.967 
PYBS2 Baoshan 25.278 99.294 2400 16/32 16/31 1984-2016 29 0.682 0.348 0.787 0.986 
PYBS1 Baoshan 25.192 99.057 2557 32/64 31/57 1980-2018 34 0.573 0.277 0.532 0.982 
PKYW2 Mengla 22.066 101.529 1357 26/55 24/50 1955-2018 43 0.448 0.261 0.373 0.957 
PKYW1 Mengla 21.93 101.547 1170 29/59 25/45 1887-2018 83 0.657 0.341 0.123 0.827 
PKWJ1 Jingdong 24.276 100.932 1240 37/73 33/62 1967-2017 31 0.507 0.312 0.431 0.972 
PKSJ2 Shuangjiang 23.606 99.949 1377 26/51 25/43 1956-2018 49 0.675 0.302 0.137 0.843 
PKSJ1 Shuangjiang 23.402 99.947 2289 33/64 30/54 1983-2017 30 0.602 0.269 0.561 0.979 
PKPE1 Ninger 22.748 100.981 1352 28/54 27/50 1960-2017 46 0.644 0.343 0.545 0.978 
PKNF3 Lancang 22.221 99.697 1537 9/18 8/16 1969-2017 34 0.579 0.315 0.365 0.872 
PKNF2 Lancang 22.185 99.831 1189 30/60 26/49 1947-2017 40 0.487 0.257 0.081 0.748 
PKNF1 Lancang 22.184 99.832 1150 17/33 16/29 1916-2017 49 0.492 0.263 0.094 0.697 
PKNE1 Ninger 23.102 101.040 1400 36/69 35/65 1965-2017 42 0.413 0.3 0.248 0.939 
PKMH1 Menghai 22.253 100.491 1065 8/16 8/15 1979-2015 25 0.375 0.248 0.338 0.841 
PKME2 Shuangjiang 23.444 99.739 1436 24/44 23/41 1961-2017 38 0.495 0.291 0.688 0.987 
PKME1 Shaungjiang 23.436 99.740 1410 24/47 24/46 1965-2017 43 0.465 0.307 0.334 0.946 
PKLF1 Menglian 22.140 99.420 1553 23/40 23/40 1996-2017 18 0.457 0.251 0.808 0.994 
PKLC1 Lancang 22.571 99.868 1359 31/62 30/57 1979-2017 21 0.465 0.227 0.512 0.973 
PKJG1 Jinggu 23.491 100.498 1710 31/64 28/54 1968-2017 38 0.568 0.287 0.265 0.931 
PKJD2 Jingdong 24.597 100.782 1285 24/38 23/37 1957-2017 38 0.461 0.274 0.492 0.962 
PKJD1 Jingdong 24.467 100.867 1162 35/62 35/62 1978-2018 21 0.504 0.248 0.24 0.92 
PKDW2 Jingdong 24.407 100.946 1595 25/46 24/45 1967-2017 46 0.599 0.314 0.339 0.946 
PKDW1 Jingdong 24.409 100.945 1595 26/48 26/47 1964-2017 37 0.522 0.264 0.434 0.963  
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two pine species? (2) How does growth-climate sensitivity of the two 
pine species change along temperature and moisture gradients in 
Southwest China? We hypothesized: (1) Tree growth of the two studied 
pine species is mainly limited by precipitation and moisture availability 
during the early growing season, with different magnitudes and sea-
sonality between the two species; (2) The growth-climate sensitivity of 
the two studied pine species varies along temperature and moisture 
gradients. We expected an increasing moisture sensitivity along 
humid-to-dry gradients and decreasing temperature sensitivity from 
cold-to-warm gradients in our study region. 

2. Materials and methods 

2.1. Study area and species 

This study area covers a wide area in Southwest China (21◦55′N- 
27◦45′N, 98◦34′E-106◦21′E), and is interlaced with high mountains and 
valleys (880-3443 m) (Fig. 1a). As bordered by the southeastern Tibetan 
Plateau in the Northwest, the elevation of the study region gradually 
decreases from Northwest to Southeast. Climate of the study region is 
controlled by the southwest and southeast branches of the Asian summer 
monsoon, and is characterized by distinct dry and rainy seasons. Pre-
cipitation mainly occurs during the summer monsoon season from June 
to October and November to March is generally dry (Fig. 1), and April 
and May are the transitions between the dry season and the rainy season. 

Pinus yunnanensis Franch and Pinus kesiya Royle ex Gord are the main 
afforestation species in central and southern Yunnan, respectively. 
P. yunnanensis is a deep-rooted tree species with high light demand and 
drought tolerance (Fu et al., 1999). P. yunnanensis is natively distributed 
in relatively colder and drier climates of Southwest China toward the 
northern region of Southeast Asia (Figure S1; Fu et al., 1999), while 
P. kesiya is distributed in warmer and wetter regions in Southeast Asia, 
including Southwest China, Northeast India, Laos, Myanmar, the 

Philippines, Thailand, and Vietnam (Figure S1; Fu et al., 1999). 
Sampling sites of P. yunnanensis cover a wider longitudinal range 

(98.58 to 106.37 ◦E) from the central to the northern Yunnan Plateau, 
with elevations rangingfrom 880 to 3443 m (Fig. 1). The annual mean 
temperatures for the P. yunnanensis sites ranged from 6.02 to 18.69◦C, 
and the total annual precipitation ranged from 870 to 1250 mm (Fig. 1b, 
Figure S2 & S3). Sampling sites of P. kesiya were mainly distributed in 
the southern part of Yunnan Province (Fig. 1), with elevations ranging 
from 1065 to 2289 m. The annual mean temperature of P. kesiya sam-
pling sites ranged from 16.86 to 21.15◦C, and the total annual precipi-
tation ranged from 1082 to 1402 mm (Fig. 1, Figure S2 & S3). 

2.2. Tree-ring sampling and measurements 

The fieldwork campaigns for tree-ring sampling were carried out 
during 2016-2019. We selected healthy and mature trees in natural 
forests or plantations. Two cores per tree were collected at breast height 
(1.3 m) with an increment borer. Increment cores were labelled and 
stored in plastic straws to prevent breakage. In the laboratory, the fresh 
cores were fixed on a flat surface with tape to prevent bending during air 
drying. Transverse surfaces of tree cores were polished with sanding 
papers with consecutively finer grits until ring boundaries were clearly 
visible under the microscope. Tree-ring widths were measured with a 
LINTABTM 6 (Rinntech, Germany) measuring table under a stereomi-
croscope to 0.001 mm resolution. All ring-width measurements were 
cross-dated to the exact calendar year of their formation, by visual curve 
matching and statistical tests (t-test and sign-test) using the TSAP-win 
program (Rinn, 2003). Additionally, cores were scanned at 1200 dpi 
resolution using a scanner (Epson Expression 12000XL). The distance 
from the innermost measured ring to the pith was estimated from the 
curvature of the ring boundaries near the pith, and the number of rings 
to the pith was estimated by dividing the distance to the pith by growth 
rates of the innermost five years (Rozas, 2003). The exact cambial age 

Fig. 2. Bootstrapped correlation coefficients between basal area increment (BAI) residual chronologies and monthly climate variables for Pinus yunnanensis and Pinus 
kesiya during the period 1985–2015 in Southwest China. Median correlation coefficients across sites (black dots), at 95% confidence intervals (error bar) and violin 
distribution (shaded area) of correlation coefficients with monthly climate data. SPEI1: one-month Standardized Precipitation Evapotranspiration Index. Correlation 
coefficients were calculated for a 15-month window from the previous August to the current October. 
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was determined by incorporating the pith-offset. In total, 410 trees (777 
cores) from 22 P. yunnanensis sites and 493 trees (907 cores) from 20 
P. kesiya sites were successfully cross-dated and used for further analyses 
(Table 1). 

Compared with tree-ring width, basal area increment (BAI, cm2 per 
year) is a better representation of tree growth because it better reflects 
biomass (Biondi and Qeadan, 2008), and hence BAI is often used in 
forest ecological research (Maes et al., 2019; Marchand et al., 2019). We 
converted ring-width measurements to BAI (Eqn. 1) as follows: 

BAIt = πR2
t − πR2

t− 1 (1)  

where t is the year of ring formation, and R is the radius of the tree in 
year t. BAI was calculated with implementation of the pith offset, using 
the ‘bai.in’ function of the ‘dplR’ package (Bunn, 2015) in R (Core Team, 
2020). 

2.3. Climate data 

Monthly mean/maximum/minimum temperatures and monthly 
total precipitation data from the respective grid nearest to our sampling 
sites were obtained from the Climatic Research Unit dataset (CRU 
TS4.04, Harris et al., 2020) at 0.5◦ × 0.5◦ spatial resolution. One-month 
Standardized Precipitation-Evapotranspiration Index (SPEI1) data were 
downloaded from the Global SPEI database (http://sac.csic.es/spei) at 
half-degree spatial resolution. Based on the correlation between tree 
growth and monthly climatic factors, we combined the months with the 
highest correlation coefficients as seasonal climate. We calculated the 
seasonal temperature and SPEI1 by averaging monthly values, and 

seasonal precipitation was the sum of monthly values. As P. kesiya grows 
at lower elevations with warmer and humid site conditions than 
P. yunnanensis (Fig. 1, Figure S1), the early growing season was from 
January to April for P. kesiya and from February to May for 
P. yunnanensis, while the late growing season was from July to October 
for both species. 

2.4. Chronology development 

In order to maximize the climatic signals and minimize the noise 
related to tree ontogeny and stand dynamics, we applied generalized 
additive mixed models (GAMMs) to standardize basal area increment 
series (BAI, log-transformed). The GAMMs consider the effects of both 
tree age and size, and have been demonstrated to be especially efficient 
for preserving climate-related signals and long-term growth trends 
(Girardin et al., 2016, Yang et al., 2022). The structure of a GAMM (Eqn. 
2) is: 

Log
(
BAIi,t + 1

)
= s

(
log

(
BAi,t + 1

))
+ s

(
Agei,t

)
+ (CoreIDi) + corCAR1i,t

(2)  

where i is the individual core, t is the calendar year of tree-ring forma-
tion, BA is basal area of core i at year t, Age is the cambial age, and s 
represents the cubic regression spline used for smoothing the variables. 
BA and Age are fixed factors, and CoreID is a random factor. We added a 
continuous autoregressive structure of order one (corCAR1) with year as 
time covariant and CoreID as a grouping factor to account for temporal 
autocorrelation. Models were fitted with Gaussian distribution of errors 
and the model diagnosis results were shown in the supplementary ma-
terial (Figure S4). GAMM detrending was performed with ‘mgcv’ pack-
age in R (Wood, 2017). Variations in the detrended BAI series are most 
likely caused by climate and other external disturbances only (Marchand 
et al., 2019). We calculated BAI residuals as log (BAIobserved) – log 
(BAIpredicted) to represent tree growth index (Girardin et al., 2016; 
Marchand et al., 2019). The raw BAI chronologies and BAI residual 
chronologies were presented in Figures S5 and Figure S6. 

2.5. Tree growth-climate sensitivity 

Growth-climate relationships were determined by bootstrapped 
correlation analysis, with the ‘bootRes’ package in R (Zang and Biondi, 
2015). The BAI residual chronologies of each site were correlated with 
monthly series of temperature, precipitation and SPEI1 over the com-
mon period 1985-2015, which is overlapped between climate data and 
most BAI residual chronologies. To consider possible lag effects of 
climate impact on tree growth, we calculated correlation coefficients 
over a 15-month window from August of the previous year to October of 
the current year. Besides, we also calculated correlation coefficients for 
seasonal means of climate variables. 

2.6. Climate sensitivity along temperature and moisture gradients 

To explore the spatial patterns of growth-climate sensitivity of the 
two pine species, we plotted the correlation coefficients between BAI 
residual chronologies and climate factors (temperature, precipitation, 
SPEI1) on the contoured background of CRU climate data during the 
early growing and late growing seasons. Climate sensitivity (correlations 
between tree growth and climate) was related to seasonal site-specific 
climatic factors (temperature, precipitation and SPEI1), geographic 
location (latitude, longitude and elevation), soil nutrients (soil organic 
matter content, soil total nitrogen content, soil total potassium content 
and soil total phosphorus content) and tree age. Besides, the correlation 
coefficients between tree growth and seasonal climate were plotted 
along the dry-to-humid (SPEI1) and cold-to-warm (temperature) gradi-
ents for the respective seasons. 

Fig. 3. Boxplot of bootstrapped correlation coefficients between basal area 
increment (BAI) residual chronologies and seasonal climate variables for Pinus 
yunnanensis and Pinus kesiya during the period 1985–2015 in Southwest China. 
Early growing season: February to May for P. yunnanensis, and January to April 
for P. kesiya; Late growing season: July to October for both species. Percentages 
of sites with positive and negative correlations are shown at the upper and 
lower margins of the panels, respectively. 
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3. Results 

3.1. Tree growth-climate relationships 

Tree-ring BAI residual chronologies of P. yunnanensis and P. kesiya 
from different sites showed wide ranges of correlations with monthly 
climate variables, but the correlations with precipitation and SPEI1 
during January to May were generally positive at most sites for both pine 
species (Fig. 2, Figure S7 & Figure S8). BAI residual chronologies from 
most sites (91% for P. yunnanensis and 85% sites for P. kesiya) were 
positively correlated with precipitation during the early growing season 
(Fig. 3). Similarly, a majority of sites (86.4% for P. yunnanensis and 75% 
for P. kesiya) showed positive correlations with SPEI1 during the early 
growing season. In contrast, correlations between BAI residual chro-
nologies and precipitation and SPEI1 during the late growing season 
were mostly negative for both pine species (Fig. 3). The responses of the 
BAI residual chronologies to temperature differed between the two pine 
species, with 63.6% of P. yunnanensis sites showing negative correlations 
between ring width and early growing season temperature, while most 
P. kesiya sites showed positive correlations between ring width and 
temperatures throughout different months in one year, in which 65% of 
correlations were positive for the early growing season and 75% sites for 
the late growing season, respectively (Fig. 3). 

3.2. Spatial heterogeneity of climate sensitivity 

The spatial distribution of growth-climate sensitivity of 
P. yunnanensis and P. kesiya (correlations between BAI residual chro-
nologies and climatic factors) were mapped along the temperature and 

moisture gradients for the early growing and late growing seasons, 
respectively (Fig. 4). For P. yunnanensis, the negative correlations be-
tween growth and temperature and positive correlations between 
growth and precipitation and SPEI1 during the early growing season 
were mainly found in the central part of Yunnan Province, where the 
climate is generally hot and dry (Fig. 4). For P. kesiya, correlations be-
tween growth and climate variables became lower from the colder and 
drier to warmer and wetter regions from North to South Yunnan Prov-
ince (Fig. 4). 

In the late growing season, the growth responses of P. yunnanensis to 
temperature shifted from positive to negative, and its responses to pre-
cipitation and SPEI1 became more negative from northwestern toward 
the central and southern parts of our study region (Fig. 4d, e, f). The 
correlations between the growth of P. kesiya and climatic factors during 
the late growing season showed no clear spatial patterns (Fig. 4). We 
analyzed the effects of stand age, soil nutrients, and geographic loca-
tions, using linear regressions. The results showed that stand age and soil 
nutrient had little effect on climate sensitivity. In contrast, site co-
ordinates (latitude, longitude and elevation) showed significant impacts 
on the climate sensitivity (coefficients) of P. yunnanensis during late 
growing season (Table S1). 

3.3. Climate sensitivity along temperature and moisture gradients 

Climate sensitivity of P. yunnanensis during the early growing season 
did not change significantly along the moisture gradients, although 
highly negative correlations with temperature and positive correlations 
with precipitation and SPEI1 were found at the moderately dry sites 
(Fig. 5; Fig. 6 a, b, c). The radial growth of P. kesiya became less sensitive 

Fig. 4. Spatial distributions of correlation coefficients between tree growth of Pinus kesiya and Pinus yunnanensis and seasonal climatic variables during the early 
growing season and the late growing season in Southwest China. Early growing season: January to April for P. kesiya, February to May for P. yunnanensis; Late 
growing season: July to October. Shaded contours indicate the spatial distribution of seasonal mean temperature (a, d), precipitation (b, e) and SPEI1 (c, f) during the 
early growing (a, b, c) and late growing season (d, e, f), respectively. Note the differences in labels of scale bars for early growing and late growing seasons. 
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to early growing season precipitation and Spei1 along the dry-to-humid 
moisture gradients (SPEI1) (Fig. 5; Fig. 6 e, f). However, the temperature 
effect on P. kesiya growth shifted from negative to positive along the dry- 
to-humid gradients (Fig. 6 d). 

During the late growing season, correlations between the growth of 
P. yunnanensis and temperature shifted from negative to positive 
(Fig. 7a) along the dry-to-humid moisture gradients, whilst correlations 
between the growth of P. yunnanensis and precipitation and SPEI1 
became more negative (Fig. 7b, c). Along the cold-to-warm thermal 
gradients, the sensitivity of the growth of P. yunnanensis to temperatures 
shifted from positive to negative, indicating that the growth of 
P. yunnanensis shifts to be more moisture limited at warmer sites (Fig. 8 
a, b). However, the climate sensitivity of P. kesiya to late growing season 
climate conditions did not show clear shifts along either the moisture 
(Fig. 7) or the temperature gradients (Fig. 8). 

4. Discussion 

Tree growth of both P. yunnanensis and P. kesiya in Southwest China 
were highly sensitive to early growing season moisture availability 
(Fig. 2, Fig. 3). These results were consistent with previous studies in the 
Himalayas (Panthi et al., 2017, 2020), in the Hengduan Mountains (Bi 
et al., 2015; Fan et al., 2008b), in southern China (Shen et al., 2020; Sun 
et al., 2020; Zhang et al., 2020; Su et al., 2021) and Southeast Asia 
(Rakthai et al., 2020; Pumijumnong et al., 2021). Based on 
high-resolution dendrometer data, Fan et al. (2019) demonstrated that 
radial growth of P. kesiya in Southwest China was synchronized with 
early growing season moisture availability. Besides, Pumijumnong et al. 

(2021) revealed that high moisture availability in the early growing 
season stimulated cambial reactivation and cell enlargement of P. kesiya 
trees in northern Thailand. These results indicate that interannual 
variability in tree growth is primarily driven by early growing season 
moisture availability. 

Tree water status influences the size of the cell expansion zone (Abe 
et al., 2003), determines cambium activity and regulate the length of the 
growing season (Gruber et al., 2010; Ren et al., 2015; Ren et al., 2018; 
Ziaco et al., 2018). Sufficient soil water supply during early growing 
season triggers the earlier onset of cambial activity if temperature is not 
limiting growth (Ren et al., 2015; Liang et al., 2016b; Pumijumnong 
et al., 2021). On the contrary, plenty of rainfall in the late growing 
season inhibited tree growth (Fig. 3, Figure S7, Figure S8). Previous 
studies indicated that low solar energy or temperature could limit tree 
growth when water is not a limiting factor (Rifai et al., 2018). In our 
study region, the growing season coincides with the prevailing Asian 
summer monsoon with abundant rainfall, which reduces irradiance due 
to dense, low-level monsoon cloud cover. Liang et al. (2019) revealed 
the negative effect of higher amounts of summer rainfall on the radial 
growth of Pinus massoniana in Southeast China. Huang et al. (2018) 
monitored the intra-annual cambial activity of P. massoniana and 
demonstrated that wood formation during wet summer conditions is 
mainly regulated by photosynthetic activity. Insufficient solar irradi-
ance (i.e. low sunshine duration and lower photosynthetically active 
radiation) during rainy season may reduce forest ecosystem carbon 
sequestration (Yan et al. 2012). 

Temperature affects tree growth directly by providing energy and by 
regulating other environmental variables (Huang et al., 2018). The 

Fig. 5. Relationships between growth-climate sensitivity and environmental gradients for P. yunnanensis and P. kesiya in Southwest China. The site climatic con-
ditions represent the long-term means (averaged over 1985-2015) of temperature, precipitation and SPEI1 during early growing and late growing seasons. Growth- 
climate sensitivity was expressed as correlation coefficients between tree growth and climatic variables (temperature, precipitation, SPEI1). Early growing season: 
January to April for P. kesiya, and February to May for P. yunnanensis; late growing season: July to October for both species. Asterisks indicate statistically significant 
correlation coefficients, ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
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growth of P. yunnanensis at high latitudes and higher elevations was 
positively correlated with temperature (Fig. 4). Similar correlation 
patterns were found for different species in high elevation sites of 
Southwest China, such as Abies spp. (Panthi et al., 2018; Bi et al., 2020a), 
Picea likiangensis (Fan et al., 2008a), and P. yunnanensis (Shi et al., 2017). 
In higher elevation areas, warmer temperatures are beneficial for 
P. yunnanensis if tree growth is not limited by drought stress. Meanwhile, 
warmer temperatures remarkably reduced tree growth of both 
P. yunnanensis and P. kesiya in the middle latitude areas, where the 
minimum monthly mean temperature was higher than 10◦C with less 
precipitation during early growing season (Figure S2, Figure S3). 
Negative growth-temperature relationships mainly arise from the 
heat-induced drought on tree growth in the early growing season (Fan 
et al., 2008b; Bi et al., 2015; Yang et al., 2018; Cai et al., 2020; Shen 
et al., 2020; Su et al., 2021). Our study area is located at the northern 
edge of the distribution of P. kesiya (Figure S1), where temperature is 
relatively low for the growth of this tropical-originated pine species, so 
warmer temperatures can promote tree growth. However, in the rela-
tively dry central part of Yunnan, heat-induced drought stress can 
inhibit the growth of P. kesiya. 

The spatial patterns in the climate sensitivity of tree growth of both 
pine species were determined by site-specific environmental conditions 
along temperature and moisture gradients. Changes of growth-climate 
sensitivity with site coordinates (latitude, longitude, elevations) are 
consistent with results of sensitivity changes with temperature and 
moisture gradients (Table S1), which reflected the covariations between 
site locations and their mean climatic conditions. It is generally accepted 

that temperature and moisture conditions affect morphological (leaf and 
root functions, etc.) traits of trees (Li et al., 2016) and regulate the 
climate sensitivity of tree growth. The temperature and moisture gra-
dients in our study area are obvious, study sites in the middle part of 
Yunnan are characterized by higher temperature and less precipitation, 
whereas other parts of Yunnan receive more rainfall (southern Yunnan) 
or are colder (northern Yunnan). This environmental difference is bound 
to affect tree-climate relations (Fig. 4). The effect of climate on tree 
growth was more intense in places with higher temperatures and less 
precipitation during the early growing season. However, the dominant 
environmental variable to driving the climate sensitivity of tree growth 
varies for species according to the mean climate along the temperature 
and moisture gradients (Fig. 5). Early growing season precipitation and 
SPEI1 controlled the climate sensitivity of P. kesiya, but only precipita-
tion influenced the climate sensitivity of P. yunnanensis. Importance of 
dry season precipitation and moisture availability has also been 
observed for several subtropical conifers across aridity gradients in 
highland regions of the Yunnan-Guizhou Plateau (Su et al., 2021). 

Late growing season moisture influences the spatial patterns of 
climate sensitivity of P. yunnanensis. The effects of late growing season 
precipitation shifted from growth promotion to growth limitation from 
dry to humid areas, and were stronger in humid areas (Zeng et al., 
2019). The late growing season in our study region is characterized by a 
warm and wet climate due to the influence of the Asian summer 
monsoon, but the moisture sensitivity may differ according to the 
amount of summer rainfall, differences in the topography (drainage 
capacity) and evaporation at each sample site. However, late growing 

Fig. 6. Variation in growth-climate sensitivity (correlations between BAI residual chronologies and climatic variables) of Pinus yunnanensis and Pinus kesiya along the 
dry-to-humid moisture gradients (SPEI1) during the early growing season in Southwest China. Solid black lines represent linear regression slopes with their 95% 
confidence intervals (shaded grey area). Early growing season: January to April for P. kesiya, February to May for P. yunnanensis. 
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season moisture and temperature sensitivity of P. kesiya was not statis-
tically significant, which is probably related to small temperature and 
moisture gradients compared to those of P. yunnanensis across the study 
area (Fig. 7, Fig. 8). The effect of temperature on P. yunnanensis shifts 
from a promoting effect to an inhibiting effect with the increase in 
temperature in both early growing and late growing seasons (Fig. 8). A 
shift in the temperature response was also found in previous studies for 
Larix spp. along temperature and elevation gradients (Bai et al., 2019; 
Zhou et al., 2021). In humid areas, warmer temperatures favor tree 
growth, but in areas with water shortages, higher temperatures tend to 
exacerbate drought stress for tree growth (Panthi et al., 2020; Zhou 
et al., 2021). 

5. Conclusions 

The climate sensitivity of P. yunnanensis and P. kesiya revealed 
species-specific changes along temperature and moisture gradients, 
which were largely driven by site-specific environmental conditions 
within the ecological amplitudes of the species. The radial growth of 
both pine species was predominantly limited by early growing season 
moisture availability (precipitation and SPEI1), particularly in the drier 
areas of central Yunnan, Southwest China. In contrast, tree growth of 
both pine species was negatively correlated with late growing season 
precipitation and SPEI1. Moisture sensitivity decreased along the dry-to- 
humid moisture gradients (during the early growing season for P. kesiya 
and during the late growing season for P. yunnanensis). Meanwhile, 

P. yunnanensis revealed site-specific temperature sensitivity, i.e., posi-
tive temperature sensitivity under wetter site conditions (low tempera-
ture limitation), but negative effects of high temperatures in drier sites. 
Tree growth of P. yunnanensis may decrease under drier site conditions 
in our study region, if climate change (warming and drying) further 
progresses at the current rate. Our results raised concerns about the 
ecological amplitude and a shift in the distribution patterns, and thus for 
the sustainable management of these two economically important 
plantation pine species in Southwest China. 
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