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Abstract
Climate changes have dramatically affected forest succession. However, how trees at different successional stages respond 
to climate warming is unclear in the subtropics. Here, we compared the radial growth (RW) and xylem features of the early-
successional stage Castanea mollissima and late-successional stage Quercus fabri in subtropical forests and assessed their 
response to climate changes. All parameters, including RW, number of vessels (VN), vessel density (VD), mean (MVA) 
and total (TVA) vessel area, percentage of conductive area within xylem (RCTA), theoretical (Kh) and xylem-specific 
(Ks) hydraulic conductivity, except for MVA of C. mollissima were significantly higher than those of Q. fabri. During the 
drought period, a notable adverse correlation between two cluster parameters of Q. fabri, associated with hydraulic safety 
and efficiency, suggested a pronounced hydraulic trade-off in Q. fabri under drought conditions. Castanea mollissima was 
more sensitive to climate and more prone to hydraulic failure than Q. fabri. Temperatures and moisture conditions positively 
and negatively affected the hydraulic efficiency-related parameters of C. mollissima. Moisture conditions in the previous 
summer and winter were significantly negatively and positively related to the radial growth of both species. The impact of 
generalized warming was not evident due to variations in hydraulic strategies and species characteristics, trade-offs between 
non-growing and growing season climates, and specific competition. If climate warming continues, C. mollissima growth will 
probably significantly decline due to the increasing risk of hydraulic failure. Warming may accelerate species replacement 
and forest succession in the study area by changing their lifespans and competitive relationships.
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Introduction

Forest succession is an important process in the regeneration 
of forest resources and plays an essential role in the global 
carbon cycle (Teixeira et al. 2020). It is strongly influenced 
by climate conditions, such as temperature and precipitation 
(Arroyo-Rodríguez et al. 2017; Cadotte and Tucker 2017; 
Lohbeck et al. 2014). Recently, warming has been shown to 
have a dramatic impact on the rate and pathways of forest 
succession (Anderson-Teixeira et al. 2013). For example, 
Shuman et al. (2011) found that warming will accelerate 
forest succession in Siberia, which may make a shift in the 
ability of larch (early-successional stage trees) to establish; 
Molina et al. (2021) pointed out that warming favors the 
growth of early-successional stage trees. Therefore, under-
standing the impact of warming on forest succession helps 
us to accurately predict forest dynamics and to better manage 
forests or reforestation (Taylor et al. 2009).
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Tree-ring data, especially ring widths, are one of the most 
visual representations of tree growth and forest productiv-
ity (Cherubini et al. 2021; Tei et al. 2017; Zhu et al. 2018). 
Trees of different successional stages play different roles 
in forest succession (Brzeziecki and Kienast 1994). They 
also respond differently to climate change and take different 
strategies to cope with changing climate (Kitao et al. 2016). 
Tree ring analysis has been successfully used to reconstruct 
past stand history and forest succession processes (Abrams 
et al. 1995; Altman et al. 2018; Brandes et al. 2018). For 
example, Brienen et al. (2009) examined the potential of tree 
rings of 70 species for studying forest succession in southern 
Mexico and proved that tree ring analysis is a promising 
tool for studies on secondary forest succession in the trop-
ics. Boulanger et al. (2017) found that warming may lead to 
fewer late-successional stage trees and more early-succes-
sional stage trees, which suggests that warming may favor to 
the growth of early-successional stage trees. Esposito et al. 
(2018) also found that early-successional stage trees showed 
better tolerance in environments affected by many distur-
bances than late-successional stage trees. However, previous 
studies on exploring the specificity growth-climate response 
of tree species of different successional stages are mostly 
based on traditional ring widths. The process explanations 
and mechanisms behind the differential response of early- 
and late-successional stage species to rapid warming are still 
unclear, which is crucial for understanding the impact of 
climate change on forest succession.

Xylem anatomical features, a new class of tree-ring 
parameters at cellular and subcellular scales, are directly 
related to the key functions and physiological processes 
of trees (Fonti et al. 2010; Zhu et al. 2021). Compared to 
ring widths, studying their plastic adjustments can provide 
important insights into the physiological explanations, adap-
tation processes, and response strategies of tree growth to 
climate (Carrer et al. 2015; Sperry et al. 2008). Vessels are 
the most important hydraulic structures for broad-leaved 
trees and directly determine their hydraulic conductivity 
(Fonti et al. 2010; Zhu et al. 2017). Trees respond to chang-
ing environments by constantly adjusting vessel features, 
such as size, number, and density, to balance hydraulic effi-
ciency and safety (Guada et al. 2021; Zhu et al. 2021). In 
a few studies on forest succession, wood anatomy has been 
performed to obtain a more accurate tree age (Brienen et al. 
2009; Verheyden et al. 2004). Recently, Nola et al. (2020) 
compared the response of xylem anatomical features of 
native and alien species to climate and concluded that local 
climate change might slow forest succession. Therefore, 
quantitative xylem anatomy could be a promising approach 
to understanding forest succession processes under climate 
change and their behind mechanisms (Cannone et al. 2008).

Subtropical forests in China account for ca. 1/4 of the 
entire national land area having an important ecological 

significance and a high capacity for carbon storage (Yu 
et al. 2014). Nevertheless, the regional climax forests, the 
subtropical monsoon evergreen forests, were severely dam-
aged by anthropogenic and natural disturbances (e.g., log-
ging, climate change, and land use change) (Zhang and Song 
2006; Zhou et al. 2013), resulting in drastic changes in eco-
logical conditions. During the last few decades, southern 
China has experienced extensive afforestation programs to 
reconstruct forest ecosystems, restore eco-environments, and 
mitigate climate change (Bastin et al. 2019). The subtropical 
forests in south China are now fragmenting and exhibiting a 
remarked variability along successional gradients (temporal 
scale) (Zhou et al. 2013). Castanea mollissima and Quercus 
fabri, as vital economic tree species, are early-successional 
and late-successional stage species, respectively, both widely 
used in afforestation in southern China (Wen 2018). Previ-
ous studies mainly focused on improving their yield or stress 
resistance from genetic and physiological aspects, and few 
studies were conducted on their growth responses to recent 
climate changes (Lin et al. 2018; Zhu et al. 2019). They are 
both ring-porous species belonging to the family Fagaceae 
with distinctive ring boundaries and big earlywood ves-
sels, which are suitable for tree-ring analysis. Herein, based 
on the previous research on trees at different-successional 
stages, we hypothesize that: (1) the two tree species have sig-
nificant different xylem anatomical features, and they have 
different xylem adjustment strategies in response to climate 
change; (2) the early-successional stage C. mollissima can 
better adapt to recent warming than the late-successional 
stage Q. fabri. In this study, we measured both species’ tree-
ring width and earlywood vessel features, then compared 
their differences in xylem anatomical features and responses 
to climate changes. Finally, their different climatic responses 
were used to infer the effects of climate change on forest 
succession.

Materials and methods

Study area and climate

The study site is located in Dashanchong forest park 
(28°23′58′′–28°24′58′′ N and 113°17′46′′–113°19′08′′ 
E, 55-260 m asl), Changsha city, Hunan province, China 
(Fig. 1). The terrain of this study area is hilly with red soils 
on slate and shale rocks, covered by vegetation mainly 
characterized by plantations and natural secondary for-
ests (Wen 2018). The forest coverage rate reaches 80%, 
and the total vegetation coverage rate could be as high as 
98%. The evergreen broad-leaved forests consist mainly of 
Schima superba, Choerospondias axillaris, Liquidambar 
formosana, Cyclobalanopsis glauca, C. mollissima, and Q. 
fabri (Wen 2018).
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The study site has a subtropical monsoon climate with 
a hot and rainy summer and a mild and moist winter. 
Annual precipitation of the study area ranges from 932 
to 1824 mm, and 70% of the total precipitation falls from 
March to August. Annual mean temperature ranges from 
16.3 to 19.2 °C. The warmest and coldest months are July 
(29.2 °C) and January (4.9 °C). The temperature in this 
region has a significant increasing trend (0.03  °C  a−1), 
while the relative humidity has a significant (k = − 0.165, 
R2 = 0.318, p < 0.001) decreasing trend (Fig. 2). From 2003 
to 2015, the study area experienced a period of prolonged 
drought stress, characterized by high temperatures, low pre-
cipitation, low standardized precipitation-evapotranspiration 
index (SPEI) and low relative humidity (Fig. 2).

Sample collection and processing

A forest stand without apparent recent disturbances in 
the study area was chosen as the sampling site. It is a 
natural secondary forest that was regenerating without 
any management after significant human disturbance of 
a subtropical evergreen broadleaved forest. The forest 
was dominated by C. mollissima and Q. fabri, and mixed 

very few Choerospondias axillaris, Schima superba, 
Liriodendron chinensis, and Cinnamomum camphora. 
For each species, we chose 30 healthy dominant trees 
growing in similar micro-site conditions at the study site 
(mean attitude: 65 m, asl). The mean diameter at breast 
height (1.3 m) of C. mollissima and Q. fabri were respec-
tively 30.69 ± 4.99 cm and 26.90 ± 4.15 cm. One core per 
tree was collected at breast height using an increment 
borer with an inner diameter of 5.15 mm (Haglöf, Lång-
sele, Sweden).

The cores were pre-processed by fixing, air drying, and 
polishing with a series of sandpaper of successively finer 
grits (up to 1200 grit) until the tree rings were clearly vis-
ible. Tree-ring widths were measured and cross-dated by the 
CooRecorder & CDendro 9.6 software (Cybis, Saltsjöbaden, 
Sweden). The COFECHA program was used to test the qual-
ity of measurement and cross-dating (Holmes 1983). Tree 
cores that could not be successfully cross-dated or showed 
weak correlations with the master sequence were removed. 
Based on the principle of trees with similar age and core 
surfaces without any obvious abnormality, a total of 10 C. 
mollissima and 11 Q. fabri trees were finally retained for 
quantitative wood anatomy.

Fig. 1  The information on the study area; a location of the sampling 
site and meteorological station; b monthly distributions of precipita-
tion (P), mean temperature (T), maximum temperature (Tmax), and 

minimum temperature (Tmin), which are based on meteorological 
station data from 1970 to 2019
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The selected sample surfaces were further rubbed with 
white chalk to improve the contrast of earlywood vessels. 
These high-quality samples of each species were then 
scanned with a flatbed scanner at 3200 dpi resolution (Epson 
Expression 11000XL Scanner, Seiko Epson Corporation, 
Suwa, Japan). Subsequently, xylem anatomical features were 
recognized, measured, and corrected manually with ROXAS 
(von Arx and Carrer 2014). The ring width (RW), mean 
vessel area (MVA), number of vessels (VN), total vessel 
area (TVA), mean percentage of conductive area (RCTA), 
vessel density (VD), theoretical hydraulic conductivity (Kh) 
and theoretical xylem-specific hydraulic conductivity (Ks) 
of both species were obtained  in this study (Zhu et al. 2021).

Because the target area used to measure the xylem ana-
tomical features was not uniform due to different arc or angle 
of the growth ring boundary line. The raw data of TVA, 
VN, and Kh were normalized with a 5000-micron tangential 
width for quantitative analysis (Zhu et al. 2020). A spline 
with a 50% frequency cutoff at two-thirds of an individual 
series was used to remove the age-related growth trend in the 
normalized data of RW and all anatomical features using the 
‘dplR’ package (Bunn 2008; Chen et al. 2021) in R software 
(R Core Team 2022). Finally, we got eight standard chro-
nologies for each tree species (Fig. S1).

Meteorological data

Climate data used in this study were obtained from the China 
Meteorological Data Service Center (http:// data. cma. cn/). 
The instrumental meteorological data from 1970 to 2019 at 

the Changsha meteorological station (Changsha, 112.55°E 
and 28.13°N, 68.0 m asl, 80.4 km from the study site) were 
used in this study, including the monthly total precipitation 
(P), mean relative humidity (Rh), mean temperature (T), 
maximum temperature (Tmax), and minimum temperature 
(Tmin). The SPEI was calculated from mean temperature 
and precipitation (Vicente-Serrano et al. 2010).

Seasonal climate variables were defined as follows: 
pSum = previous summer (from previous June to August), 
pAut = previous autumn (from previous September to 
November), pWin = previous winter (from previous Decem-
ber to current February), SPR = current spring (from cur-
rent March to May), SUM = current summer (from cur-
rent June to August), AUT = current autumn (from current 
September to November), PGS = previous growing season 
(from previous March to November), PNG = previous non-
growing season (from previous December to current Febru-
ary), GS = current growing season (from current March to 
November).

Statistical analysis

To compare the similarities and differences between the 
xylem features in both species, we first calculated the mean 
value of each anatomical variable per tree and then compared 
those mean values between species using the independent 
sample t-test. We used Pearson correlation analysis to inves-
tigate the interrelations by standard chronologies among the 
vessel features and ring width. To highlight the effects of 
drought on xylem formation, we performed the analyses 

Fig. 2  Trends in main climate 
factors during 1970–2019: a 
annual total precipitation, b 
mean temperature, c stand-
ardized precipitation evapo-
transpiration index (SPEI), 
and d relative humidity. The 
thin straight line represents 
the linear regression trend. The 
colored shaded area represents 
95% confidence intervals. The 
grey dark shaded area repre-
sents the drought period during 
2003–2015

http://data.cma.cn/
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mentioned above over three periods: the whole common 
period of two species (1970–2019), the normal period (1990 
to 2002), and the drought period (2003–2015). Here, we 
defined these years in the same length before the drought 
period (2003–2015) as the normal period. Since some 
anatomical features were highly correlated and responded 
similarly to climate, we classified anatomical features to 
remove redundant information. Hierarchical clustering of 
all the xylem anatomical features standard chronologies was 
carried out by Ward’s method in IBM SPSS Statistics for 
Windows, version 26.0 (IBMCorp., Armonk, N.Y., USA). 
The Z-Score normalization was used to view the similari-
ties between each category of xylem anatomical features. 
To explore how trees respond to climate, we also calculated 
the Pearson correlations between the mean Z-Score for each 
category of xylem features and the main climate factors in 
the main seasons in three periods (the whole, normal, and 
drought periods). Finally, moving correlation analysis with 
a 20-yr window was performed to explore the temporal sta-
bility of dendroclimatic relations. The Pearson correlations 
between xylem features and main climate factors during 
the whole period were performed by the R package ‘tree-
clim’ (Zang and Biondi 2015) in R statistical programming 
environment, while the correlations during the normal and 
drought periods were calculated using the SPSS software. 

Moving correlation analyses were performed by the ‘tree-
clim’ package in R software. All data used for the t-test and 
correlation analysis were checked for the normality and 
homoscedasticity assumptions by Shapiro–Wilk test and 
Levene's test respectively. The Mann–Whitney U test was 
applied for very few datasets that do not follow a normal 
distribution.

Results

Comparisons of xylem features between species

The xylem features of C. mollissima and Q. fabri were sig-
nificantly different. Tree-ring width (RW) and all xylem fea-
tures except for MVA of C. mollissima were significantly 
higher than Q. fabri (Fig. 3). The RW and VN of the two 
species decreased with the increase of cambium age, espe-
cially for C. mollissima. The MVA, RCTA, Kh, and Ks of 
Q. fabri increased with cambium age, while those of C. 
mollissima increased initially and then decreased after the 
cambium age of 30. The TVA and VD of the two species 
decreased and increased during the recent three decades 
(Fig. 4).

Fig. 3  Differences in tree-ring width and main vessel features 
between Castanea mollissima (CM) and Quercus fabri (QF). a ring 
width (RW), b mean vessel area (MVA), c number of vessels (VN), d 
total vessel area (TVA), e mean percentage of conductive area within 

xylem (RCTA), f vessel density (VD), g tree-ring theoretical hydrau-
lic conductivity (Kh), h xylem-specific theoretical hydraulic conduc-
tivity (Ks). ns = p > 0.05, *, = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001
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Different relationships among xylem features 
between species

All features were divided into three clusters (Fig. 5). The 

first cluster (HC1) was RW, representing the carbon fixa-
tion capacity. The second cluster (HC2) was more relevant 
to hydraulic safety, the RCTA, VD, MVA, and Ks for C. 
mollissima and the RCTA, Ks, and VD for Q. fabri. And 

Fig. 4  Trends of tree ring widths and main vessel features of Cas-
tanea mollissima (CM) and Quercus fabri (QF). a ring width (RW), 
b mean vessel area (MVA), c number of vessels (VN), d total ves-
sel area (TVA), e mean percentage of conductive area within xylem 

(RCTA), f vessel density (VD), g tree-ring theoretical hydraulic con-
ductivity (Kh), h xylem-specific theoretical hydraulic conductivity 
(Ks)
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the third cluster (HC3) was more relevant to hydraulic effi-
ciency, for C. mollissima including VN, TVA, and Kh, and 
for Q. fabri including TVA, MVA, Kh, and VN (Fig. 5). 
Indicators within each category (HC2 or HC3) had simi-
lar inter-annual trends, except for VN in HC3 of Q. fabri 
(Fig. S2). Almost all indicators within the HC2 and HC3 
categories of C. mollissima and Q. fabri had significantly 
positive correlations with each other (Fig. 6).

During the common period (1970–2019), RW (HC1) was 
significantly positively related to VN, TVA, and Kh for both 
species and significantly negatively correlated with RCTA, 
VD, and Ks of Q. fabri (Fig. 6). The relationship between 
HC1 and HC2 of the two species was significantly negative 
during the normal (1990–2002) and drought (2003–2015) 
periods (Fig. 7). The HC1 positively correlated with HC3 
for the two species, especially for Q. fabri in the drought 
period which reached a 99% significant level. There was a 

Fig. 5  The result of hierarchical clustering of Castanea mollissima 
(CM) and Quercus fabri (QF). RW = Ring width, MVA = Mean ves-
sel area, VN = Number of vessels, TVA = Total vessel area, RCTA = 

Mean percentage of conductive area within xylem, VD = Vessel den-
sity, Kh = Tree-ring theoretical hydraulic conductivity, Ks = Xylem-
specific theoretical hydraulic conductivity

Fig. 6  Correlations between RW and main vessel features of Cas-
tanea mollissima (CM) and Quercus fabri (QF) in the common 
period of 1970–2019. RW = Ring width, MVA = mean vessel area, 
VN = Number of vessels, TVA = Total vessel area, RCTA = Mean 

percentage of conductive area within xylem, VD = Vessel density, Kh 
= Tree-ring theoretical hydraulic conductivity, Ks = Xylem-specific 
theoretical hydraulic conductivity. In each graph, numbers that have 
been crossed out indicate non-significance (p > 0.05)
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significantly negative correlation relationship between HC2 
and HC3 of Q. fabri during the drought period (Fig. 7). Rela-
tionships between indicators with or within each cluster dur-
ing the normal and drought periods had similar correlation 
patterns (Fig. S3).

Different climate‑growth relationships of C. 
mollissima and Q. fabri

Castanea mollissima was more sensitive to climate than Q. 
fabri (Fig. 8). The xylem features of C. mollissima were 

generally limited by both temperatures (T, Tmax, and Tmin) 
and water conditions (P, Rh, and SPEI), while these of Q. 
fabri were only limited by water conditions (Fig. 8). For C. 
mollissima, the HC1 was significantly positively correlated 
with the T in pSum and SPR, Tmax in pSum, and Tmin in 
SPR, AUT, and GS. The HC3 was significantly positively 
correlated with the T and Tmin in pSum and SUM, and sig-
nificantly negatively correlated with Tmax in pWin/PNG. 
The HC1 was significantly negatively correlated with the P 
and SPEI in pSum and significantly positively correlated in 
pWin/PNG. It was also significantly negatively correlated 

Fig. 7  Linear regression relationships between three clusters (HC1, 
HC2, and HC3) of xylem features for Castanea mollissima (CM) 
and Quercus fabri (QF) during the normal (1990–2002) and drought 

(2003–2015) periods. See Fig. 5 for more details on HC1, HC2, and 
HC3 for two species
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with the Rh in pSum and PGS. The HC3 was significantly 
negatively correlated with the P and Rh in pSum, PGS, and 
SUM, and SPEI in pSum and SUM (Fig. 8). For Q. fabri, 
the HC1 was significantly negatively correlated with the P in 
pSum and AUT, and significantly positively correlated with 
the P and SPEI in pWin/PNG. The HC3 was significantly 
negatively correlated with the P, Rh, and SPEI in pSum and 
SUM, and P and Rh in PGS (Fig. 8).

Contrasting response with normal and dry climatic 
conditions

The HC3 of both species was the most responsive to the 
climate, and it changed significantly between the normal 
and the dry period (Fig. 9). Compared to the normal period, 
the correlation during the dry period in C. mollissima was 
often enhanced, especially the positive correlation effect of 
moisture conditions in pWin/PNG, the negative correlation 
effect of temperatures in pWin/PNG and the positive correla-
tion effect of temperatures in GS (Fig. 9). For Q. fabri, the 
correlation during the dry period was usually changed. The 
non-significant negative correlation of HC3 with P in pWin/

PNG shifted to a significant positive correlation, and the sig-
nificant positive correlation between them in SPR shifted to 
a non-significant negative correlation during the dry period. 
The significant positive correlation of T and Tmax in pWin/
PNG became a non-significant negative correlation, and the 
non-significant negative correlation of T and Tmax in SPR 
became a significant positive correlation (Fig. 9).

Compared with the normal period, the relationships 
between the HC1 and HC2 of both species and climate had 
insignificantly changed (Fig. 9). For C. mollissima, only 
the significant positive correlation between HC1 and P and 
SPEI in the pWin/PNG became insignificant during drought 
period. For Q. fabri, only the significant negative correlation 
of HC2 to P in GS changed to a weak positive correlation 
during the drought period (Fig. 9).

The temporal variations of dendroclimatic 
relationships

Moving correlation analysis showed that the impacts of GS 
temperatures (T, Tmin and Tmax) on the HC1 and HC3 of 
C. mollissima were shifted from non-significant positive to 

Fig. 8  Correlations between three clusters (HC1, HC2, and HC3) 
of xylem features and climate factors of Castanea mollissima (CM) 
and Quercus fabri (QF) during the common years of 1970–2019. See 
Fig. 5 for more details on HC1, HC2, and HC3 for two species. P = 
precipitation, Rh = relative humidity, T = mean temperature, Tmax 
= maximum temperature, Tmin = minimum temperature, SPEI = 
standardized precipitation evapotranspiration index. pSum = previous 

summer (previous June to August), pAut = previous autumn (previ-
ous September to November), pWin = previous winter (from previous 
December to current February), SPR = current spring (current March 
to May), SUM = current summer, AUT = current autumn, PGS = pre-
vious growing season (previous March to November), PNG = previ-
ous non-growing season (previous December to current February), 
GS = current growing season. * = p < 0.05
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significant positive after the period of 1987–2006 (Fig. 10). 
The impacts of PNG temperatures (T, Tmin and Tmax) on 
the HC1 and HC3 of C. mollissima were shifted from non-
significant positive to non-significant negative (HC1) or 
significant negative (HC3) around the period of 1978–1997 

(Fig. 10). The impacts of P and SPEI of the GS on the HC3 
of C. mollissima shifted from non-significant positive to sig-
nificant negative around the period of 1981–2000, while the 
impacts of the Rh of the GS on the HC1 and HC3 of C. mol-
lissima shifted from non-significant positive and negative 

Fig. 9  Pearson correlations between xylem anatomical features and 
climate factors of Castanea mollissima (CM) and Quercus fabri (QF) 
during the normal (1990–2002) and drought (2003–2015) periods. 
See Fig. 5 for more details on HC1, HC2, and HC3 for two species. P 
= precipitation, Rh = relative humidity, T = mean temperature, Tmax 
= maximum temperature, Tmin = minimum temperature, SPEI = 
standardized precipitation evapotranspiration index. pSum = previous 
summer (from previous June to August), pAut = previous autumn ( 

previous September to November), pWin = previous winter (previous 
December to current February), SPR = current spring (current March 
to May), SUM = current summer, AUT = current autumn, PGS = 
previous growing season (previous March to November), PNG = pre-
vious non-growing season (previous December to current February), 
GS = current growing season. Dashed lines indicate significant levels 
of correlation (p < 0.05)
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to significant negative around the period of 1985–2004 
(Fig. 10). The impacts of P and SPEI of the PNG on the HC1 
and HC3 of C. mollissima shifted from non-significant posi-
tive to significant positive around the period of 1987–2006, 

while the impacts of Rh of the PNG on the HC1 and HC3 of 
C. mollissima shifted from non-significant positive to nega-
tive around the period of 1986–2005 (Fig. 10). The non-
significant negative impacts of P and SPEI of the PNG on 

Fig. 10  Moving correlation analysis with a 20-year window between 
xylem anatomical features and climate factors of Castanea mollis-
sima (CM) and Quercus fabri (QF) during the 1971–2019. See Fig. 5 
for more details on HC1, HC2, and HC3 for two species. P = pre-
cipitation, Rh = relative humidity, T = mean temperature, Tmax = 

maximum temperature,  Tmin = minimum temperature, SPEI = 
standardized precipitation evapotranspiration index. PNG = previous 
non-growing season (previous December to current February), GS = 
current growing season (March to November). * = p < 0.05
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the HC2 of C. mollissima became significant around the 
period of 1987–2006 and then weakened around the period 
1995–2014. Although the temporal variation pattern of the 
relationships between main climate factors and the HC1, 
HC2, and HC3 of Q. fabri was not as clear as or weaker than 
that of C. mollissima, it was generally similar to that of C. 
mollissima (Fig. 10).

Discussion

Differences in xylem anatomical features of C. 
mollissima and Q. fabri

Species-specific differences in anatomical features can 
reflect differential growth or xylem adjustment to external 
environments (Fonti et al. 2010). Vessel features controlled 
potential water conductivity, reflecting the hydraulic safety 
or efficiency (Sperry et al. 2008). We found that the HC1 
of both study species had a positive correlation with HC3, 
indicating carbon fixation capacity was positively related 
to hydraulic efficiency. Castanea mollissima had more 
but larger earlywood vessels than Q. fabri (Fig. 4), which 
allowed the former to have a higher TVA and Kh (reflecting 
water conductivity ability) (Hacke and Sperry 2001). The 
higher hydraulic conductivity of C. mollissima corresponded 
to its wider rings (RW) compared with Q. fabri, suggesting 
that improving water transport efficiency promotes radial 
growth by increasing the rate of gas exchange and photosyn-
thetic efficiency (Mencuccini 2003; Zanne et al. 2010). This 
is in agreement with studies on other broadleaf tree species 
in tropical, temperate, and Mediterranean forests (Castagneri 
et al. 2020; Islam et al. 2018; Zhu et al. 2020). It seems to 
confirm and explain that the early-successional stage trees 
often grew faster than the late-successional trees (Martínez-
Garza et al. 2013). A negative correlation between hydraulic 
efficiency and radial growth was found in Quercus canar-
iensis (Gea-Izquierdo et al. 2012). This disagreement might 
be related to different relationships between xylem struc-
ture and carbon allocation among species or sites (Rita et al. 
2015).

Moreover, the RW of the two species was significantly 
positively related to VN but had no correlations with MVA, 
suggesting trees improved water transport efficiency more 
by increasing the number of vessels than vessel size. This 
further confirmed the finding that radial growth of broadleaf 
tree species is more dependent on vessel numbers rather than 
size (Zhu et al. 2020). We also found a significantly nega-
tive correlation existed between HC2 and HC3 of Q. fabri 
during the drought period, suggesting Q. fabri experienced 
a strong trade-off between hydraulic efficiency and safety 
under drought conditions that guaranteed trees have a cer-
tain water transport capacity while reducing the occurrence 

of embolism and cavitation (Fonti et al. 2010; Sperry et al. 
2008). With this trade-off strategy, late-successional stage 
Q. fabri may exhibit stronger self-regulation than early-suc-
cessional stage C. mollissima during future warm and dry 
climates. Different hydraulic strategies of the two species, 
with C. mollissima focusing more on hydraulic efficiency 
and Q. fabri more on hydraulic safety, also corresponded 
well with the rapid growth of early-successional stage trees 
and the long lifespan of late-successional stage trees above.

The MVA of both species basically increased with cam-
bial age (Fig. 4), which seems to be a common pattern 
(Rosell et al. 2017; Zhu et al. 2021). This pattern is related 
to tree height that increases with ontogeny: as trees grow 
and their height increases, vessel size is also larger (Carrer 
et al. 2015). The change in vessel size with cambium age 
is the adjustment of the pathway length resistance of water 
transport to tree height growth (Anfodillo et al. 2006; Carrer 
et al. 2015). In addition, many xylem features of C. mol-
lissima showed a more evident downward trend than those 
of Q. fabri (Fig. 4). This confirmed the differences in trees 
at different successional stages: late-successional stage Q. 
fabri had a longer lifespan than early-successional stage C. 
mollissima (Navas et al. 2010). The relationship between the 
growth rate and longevity of trees at different successional 
stages may be an important component of biodiversity and is 
important for the development of forests (Black et al. 2008).

Climatic response of xylem anatomical features

As previously noted, differences existed in the xylem ana-
tomical features of C. mollissima and Q. fabri, and likewise, 
differences were observed in their responses to climate. The 
early-successional stage C. mollissima was more sensitive to 
main climate factors than the late-succession stage Q. fabri 
(Fig. 9), which was in line with previous research (Oliveira 
et  al. 2017). This was probably due to species-specific 
growth strategies. As a late-succession tree, Q. fabri might 
adapt to environmental changes by coordinating multiple 
complementary traits, so its response to climate was not sig-
nificant (Gea-Izquierdo et al. 2013; Hacke et al. 2001). The 
late-successional trees usually had a higher shade tolerance, 
and a lower light compensates point and dark respiration rate 
than the early-successional stage trees (Kitao et al. 2016), 
implying the late-successional stage Q. fabri might be more 
adaptable and have wider ecological amplitudes than the 
early-successional stage C. mollissima. Besides, late-suc-
cessional trees also needed longer time to fix more carbohy-
drates in order to achieve higher wood density (Krajnc et al. 
2021). Higher wood density could bring higher security of 
embolism (Hacke et al. 2001), which seemed to be a com-
pensation for lower tree growth, that is, trees produce safer 
xylem to compensate for their lower growth rate (Domec and 
Gartner 2003). It was consistent with our above conclusion 
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that the late-succession stage Q. fabri has a slower growth 
rate but a safer xylem than the early-successional stage C. 
mollissima.

High temperatures could increase radial growth and 
vessel development (cell division and differentiation) by 
promoting effective cumulative temperatures, improving 
photosynthesis rate, and extend the length of growth period 
(Liu et al. 2012; Souto-Herrero et al. 2017). Hence, warm-
ing promoting radial growth and vessel features was found 
lots of studies (Bryukhanova and Fonti 2012; Tumajer and 
Lehejček 2019). For example, Zhu et al. (2020) pointed out 
that rapid warming around 1980 significantly promoted car-
bon assimilation and hydraulic efficiency of Fraxinus mand-
shurica from 19 temperate forest sites in northeast China. In 
our study, however, the effect of generalized warming is not 
evident, and we did not find the two study species showed 
a significant growth increase. The climate-sensitive C. mol-
lissima even showed a slight growth decline in the last dec-
ades. The possible reasons for this difference are as follows: 
(1) A strong trade-off between the impacts of non-growing 
and growing season climates. In PNG, except for Rh, the 
responses of climate factors to HC1 and HC3 were opposite 
to that of GS. For example, a previous warm non-growing 
season decreases RW and HC3, but a current warm grow-
ing season produces the opposite effect. (2) The constantly 
changing competitive relationships among populations. Both 
interspecific and intraspecific competition within a forest 
stand has also increased over the years, which may lead to a 
growth decrease (Liang et al. 2019). (3) Trade-off between 
hydraulic efficiency and safety in xylem (Fonti et al. 2010; 
Zhu et al. 2017). For C. mollissima, the enhancing nega-
tive correlations between HC3 and water conditions (P, Rh, 
SPEI) in GS after the period of 1987–2006 (Fig. 10) indi-
cated there was a strategy of maximization of water transport 
efficiency to adapt to slightly increasing water stress (Fig. 2). 
The C. mollissima probably had a greater risk of hydrau-
lic failure caused by drought because of without a trade-off 
between hydraulic efficiency and safety in its xylem (Zhu 
et al. 2020). However, Q. fabri with this trade-off means it 
improving hydraulic safety at the cost of losing hydraulic 
efficiency, resulting in insignificant warming effects. (4) In 
addition, we speculated that this may be due to species char-
acteristics of early-successional trees. They usually exhibited 
a clear growth decline after rapid growth.

This contrary impacts of climate in PNG and GS on tree 
growth might be related to species characteristics. The two 
species are deciduous trees without photosynthesize in 
winter. Warming winter temperature may increase the con-
sumption of organic matter instead of accumulation (Har-
vey et al. 2020). For C. mollissima, moisture (P, Rh, and 
SPEI) showed a negative correlation with HC1 and HC3 
in different seasons. In the rainy growing season, excessive 
moisture in pSum and SUM was not favorable for radial 

growth and vessel development. It was also noted by Jacob 
et al. (2020), who pointed out that precipitation impeded tree 
growth in wet conditions. This phenomenon was probably 
related to the soil property of the study area: the laterite 
had a high viscosity. In excessively humid environments, 
the respiration of the root system was affected by oxygen 
deficiency (González-González et al. 2015), and soil hypoxia 
increased root consumption and limited the role of carbohy-
drates in earlywood formation. Besides, this might be related 
to stomatal regulation in plants that balances plant photo-
synthesis and water loss (Lima Neto et al. 2015). Stomatal 
closure due to the pressure in the epidermal cells caused 
by excessive humidity inhibits transpiration, water uptake, 
and carbon assimilation (Nola et al. 2020). However, in the 
colder non-growing seasons, excessive humidity brought a 
greater risk of frost (Zhang et al. 2023; Zhu et al. 2021). In 
addition, moisture especially relative humidity was closely 
related to vapor pressure deficit that was closely related to 
gas exchange and photosynthesis (Li et al. 2019; Zhang et al. 
2023).

In general, moving correlation analysis revealed that the 
relationship between three clusters of xylem features and 
main climate factors in PNG and GS changed significantly 
with time for C. mollissima but almost kept stable for Q. 
fabri (Fig. 10). This finding corresponded well with our pre-
vious suggestion that late-successional Q. fabri were less 
sensitive and more adaptable to climate changes and had 
wider ecological amplitudes than that of early-successional 
C. mollissima. The unstable dendroclimatic relationships 
with time, which could be related to species competition, 
warming, and the series of changes they caused.

The effects of climate warming on subtropical 
humid forest

Althought, we did not find a direct evidence that warming 
can significantly affect the radial growth of C. mollissima 
and Q. fabri as mentioned in previous studies in subtropics 
of China (Jing et al., 2022a, b; Zhang et al. 2023). However, 
their different hydraulic strategies, C. mollissima focused 
more on hydraulic efficiency and Q. fabri more on hydrau-
lic safety, which also made C. mollissima potentially more 
vulnerable in the face of extreme climates. It is worth noting 
that C. mollissima is more sensitive to climate than Q. far and 
it will show more clear decline due to increasing the risk of 
hydraulic failure under continuous climate warming (Zhu et al. 
2020). This indicates that warming is probably more favorable 
for the early-successional stage C. mollissima to shorten its 
lifespans and end its life history but no effect on that of the 
late-successional stage Q. fabri (Brienen et al. 2020; Loehle 
1988). Hence, we inferred that warming may accelerate spe-
cies replacement and forest succession. Besides, although we 
do not have data, warming may enhance tree establishment in 
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the early stages of succession, which may facilitate early forest 
succession (Shuman et al. 2011). Our previous research in this 
region showed that warming-induced drought stress has led 
to a significant decline of some early-successional stage tree 
species, such as widely planted Cunninghamia lanceolata and 
Pinus massoniana (Jing et al., 2022a, b; Zhang et al. 2023), 
which further suggested that warming probably favored early 
forest succession.

Furthermore, it is important to note that we only studied 
the response of the early-successional stage C. mollissima 
and the late-successional stage Q. fabri to warming and 
were not able to determine whether climate warming would 
change community relationships, such as species competi-
tive relationships that are important drivers of forest suc-
cession and often lead to species turnover (De Mesel et al. 
2015; Pulsford et al. 2016). Although we didn’t measure 
species competition, tree-to-tree competition will increase 
as they grow. Considering the age of the trees and the fea-
tures of different-succession stages species, and taking into 
account the trend of tree growth in recent years (Fig. 4), 
their competitive relationships did appear to have changed. 
The late-successional stage Q. fabri will gradually be at 
an advantage compared to C. mollissima, which indirectly 
speeds up the forest succession process. This seems to 
suggest that competition and species characteristics, apart 
from climates, may also play important roles in affecting 
tree growth. Also, climate warming will amplify the effects 
of competition due to their differential climate sensitivity.

In addition, our study only looked at two tree species 
in one sampling site in the subtropics humid forest. Using 
them as subjects may not accurately infer changes in forest 
succession processes. About ten trees of each species were 
used in the final analyses due to quantitative wood anatomy 
being very time-consuming (von Arx and Carrer 2014). 
Although many studies with similar or even lower sample 
sizes have been successfully published (Chen et al. 2021; 
Zhu et al. 2020; Zhu et al. 2021), we have to admit that the 
limited number of trees may bring uncertainty to this study 
to some extent. Nevertheless, our study at least proved that 
a great different xylem adjustment and growth responses to 
warming existed between the early- and late-succession tree 
species, and xylem anatomical features could provide new 
insights into how warming affects forest succession. In the 
future, xylem anatomy studies of multiple species on a large 
scale, combined with models or other methods, may be able 
to exactly infer forest succession processes under warming.

Conclusions

Our study shows that the early-successional stage C. mol-
lissima and the late-successional stage Q. fabri adopted 
different growth strategies to cope with climate changes. 

All xylem parameters, except for MVA, of C. mollissima 
were significantly higher than that of Q. fabri. The radial 
growth (HC1) of both species was negatively and positively 
related to those hydraulic safety-related (HC2) and hydraulic 
efficiency-related (HC3) xylem features. The HC2 and HC3 
of Q. fabri showed a significant negative correlation dur-
ing the drought period, indicating that Q. fabri experienced 
stronger trade-offs between hydraulic efficiency and safety 
than early-successional stage C. mollissima under drought 
conditions. Future continuous climate warming will prob-
ably lead to a clear growth decline of C. mollissima because 
of the increasing risk of hydraulic failure.

Castanea mollissima was more sensitive to climate than 
Q. fabri. The HC3 of C. mollissima was positively and nega-
tively correlated with temperatures (T, Tmin, and Tmax) and 
moisture conditions (P, Rh, and SPEI), especially in pSum 
and SUM. The HC1 of both species was significantly nega-
tive and positively related to moisture conditions in pSum 
and pWin. The relationship between the three clusters and 
climate generally changed significantly with time for C. mol-
lissima but almost kept stable for Q. fabri, which might be 
related to warming, species competition, and the series of 
changes they caused. Differences in hydraulic strategies and 
species characteristics, trade-offs between non-growing and 
growing season climates, and specific competition led to no 
clear effects of generalized warming on tree growth in this 
study.

Changing species competitive relationships and lifespans 
of the early- and late-successional stage species caused by 
warming may accelerate species replacement and forest suc-
cession. Our study highlighted the significant differences 
in xylem adjustment and growth responses to warming 
between the early- and late-succession tree species and pro-
vided some new insights into quantitative wood anatomy for 
studying how warming affects forest succession. This study 
was limited to study area, number of species and sites, and 
sample depths, and whether our findings could be general-
ized to a wide range remains to be investigated.
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