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Abstract Tree-ring studies from tropical to subtropical
regions are rarer than that from extratropical regions, which
greatly limit our understanding of some critical climate
change issues. Based on the tree-ring-width chronology of
samples collected from the Dabie Mountains, we recon-
structed the April-June mean temperature for this region
with an explained variance of 46.8%. Five cold (1861-—
1869, 1889-1899, 1913-1920, 1936-1942 and 1952-1990)
and three warm (1870-1888, 1922—-1934 and 2000-2005)
periods were identified in the reconstruction. The recon-
struction not only agreed well with the instrumental records
in and around the study area, but also showed good resem-
blance to previous temperature reconstructions from nearby
regions, indicating its spatial and temporal representa-
tiveness of the temperature variation in the central part of
eastern China. Although no secular warming trend was
found, the warming trend since 1970 was unambiguous in
the Dabie Mountains (0.064 °C/year). Further tempera-
ture comparison indicated that the start time of the recent
warming in eastern China was regional different. It delayed
gradually from north to south, starting at least around
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1940 AD in the north part, around 1970 AD in the central
part and around 1980s in the south part. This work enriches
the high-resolution temperature reconstructions in eastern
China. We expect that climate warming in the future would
promote the radial growth of alpine Pinus taiwanensis in
the subtropical areas of China, therefore promote the car-
bon capture and carbon storage in the Pinus taiwanensis
forest. It also helps to clarify the regional characteristic of
recent warming in eastern China.

Keywords Subtropical area - Tree-ring width -
Temperature reconstruction - Spatial representativeness -
Eastern China - Regional difference of recent warming

1 Introduction

Global warming (GW) is not only changing the ecological
process of the world, but also human activities, threaten-
ing food sources vital to local people (Walther et al. 2002;
Cohen et al. 2016; Crabbe et al. 2016). The effect of GW
may be spatially inhomogeneous (IPCC 2007; Yadav and
Singh 2002; Xing et al. 2014). Therefore, studying the
regional characteristics of GW is meaningful not only for
the ecological safety, but also for the social and economic
development.

As the main indicator of GW, temperatures on different
spatial and temporal scale have been reconstructed around
the world by using various paleoclimatic proxies (Ljun-
gqvist 2010; Linderholm et al. 2015). High-resolution tree
rings, containing rich climate information (Fritts 1976;
Liang et al. 2008), are the dominant data type in most con-
tinental/hemispheric temperature reconstructions (Moberg
et al. 2005; Shi et al. 2015a). However, tree-ring materi-
als adopted in these researches are mainly from mid-high
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latitudes (Esper et al. 2002; Christiansen and Ljungqvist
2012), studies from the tropical to subtropical regions are
lacking. In China, tree-ring based temperature reconstruc-
tions are also inhomogeneous due to the diverse landforms
and the inhomogeneous distribution of forests. Significant
progress has been achieved in comparatively dry regions
(Gou et al. 2008; Cai et al. 2014), around the Tibetan Pla-
teau in particular (Yang et al. 2010; Zhang et al. 2015; Yin
et al. 2016). Studies in the subtropical areas of China (Chen
et al. 2012a; Duan et al. 2012) are relatively underdevel-
oped so far, which greatly limit our fully understanding of
some critical climate issues. Although temperature varia-
tion in China have been discussed in various scientific lit-
eratures, topics about the spatial-temporal characteristics
of the recent warming were mostly focused on the inten-
sity and seasonality (Qian and Qin 2006; Ling et al. 2012;
Wang et al. 2012; Guan et al. 2015), very few on the timing
and regional difference. Considering the previous studies
were mainly based on short instrumental data, the analyses
from long-time scale tree rings are urgently needed.

In this paper, we present a new case study to show the
potential of using tree rings for temperature reconstruc-
tion in subtropical eastern China. We aim to evaluate the
temperature effect on tree growth, to reconstruct the tem-
perature history during the initial stage (April-June) of tree
growth. Both the credibility and spatial and temporal rep-
resentativeness of the reconstruction are therefore tested.
On the basis of our new reconstruction and other existing
temperature records inferred from tree rings from eastern
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Fig. 1 Positions of the Macheng meteorological station (MC), the
sampled site in Tiantangzhai (TTZ) and sites used for comparison
in the Dabie Mountains (Zheng 2012: Zheng et al. 2012; Shi 2013:

@ Springer

China (EC >100°E), we tentatively analyzed the regional
difference of the start time of recent decades warming in
EC.

2 Materials and methods
2.1 Tree-ring data

As a key mountain range in central EC, the Dabie Moun-
tains (30°00-32°30'N, 112°40-117°10'E) extend approxi-
mately 270 km from northwest to southeast and separate
two major rivers in China, Huai and Yangtze river. The
mountains also form a natural boundary between Hubei
and its two neighboring provinces, Henan in the north and
Anhui in the east. The eastern part of the mountains is
generally over 1000 m a.s.l., higher than the western part
(300400 m a.s.l.). Baima peak (1777 m a.s.l.) and Tian-
tangzhai (TTZ, 1729.13 m a.s.l.) are the first and second
peaks of this mountain range, respectively.

In May, 2012, 54 tree-ring cores were collected from 27
healthy Pinus taiwanensis Hayata at the elevation around
1550 m a.s.l. from TTZ (31.11-31.12°N, 115.7-115.8°N,
Fig. 1), with two cores from each tree. TTZ has been hailed
as the last piece of virgin forest in east China. At the low
part of TTZ, Pinus taiwanensis is mixed with young Lin-
dera rubronervia Gamble, Quercus aliena Bl., Indocala-
mus longiauritus Hand.-Mazz. and Coriaria nepalensis
Wall. At the sampling site, the forest is composed of pure

Sampling stie
Meteorological station

Compared site
Chen2015

Eastern Qinling Mountains

Zheng2016

Shennongjia

Zheng2012

110°E 112°E 114°E 116°E

Shi et al. 2013), Eastern Qinling Mountains (Chen 2015: Chen et al.
2015) and the Shennongjia region (Zheng 2016: Zheng et al. 2016)
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Pinus taiwanensis with very open canopy. The sampled
tree grew on the edge of the cliff with thin layer of yel-
low—brown mountain soil.

Following the standard method of pretreatment (Cook
and Kairiukstis 1990), all the samples were fixed on the
wooden trough, sanded with sand papers of different mesh
until the surfaces were smooth and the ring boundaries were
clear and distinguishable under the microscope. The cores
were visually dated and then measured using the LINTAB
measurement machine with precision up to 0.01 mm. After-
wards, the COFECHA program (Holmes 1983) was applied
for evaluating the quality of measurements and crossdating,
to exclude the possibility of false rings or missing rings.
This procedure assures the accuracy of the calendar year
of each ring. The tree-ring-width measurement series that
have successfully passed the COFECHA program were
therefore combined to develop the tree-ring chronology
via the ARSTAN program (Cook 1985). For the removal
of non-climate signal caused by the Juvenile effect (Fritts
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Fig. 3 Climatic records from the Macheng meteorological station. a

Monthly maximum (T,,,,), mean (T,,,,), minimum (T,;,) tempera-
tures and monthly precipitation (P); b multi-year averaged annual
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1976), each tree-ring series was corrected with negative
exponential curve or straight line. Namely, a dimensionless
index for each tree-ring core was computed by dividing the
original measurement of each ring by the value of the fitted
curve in the corresponding year. Then all the dimension-
less indexes were combined into a single standard (STD)
chronology by computing a biweight robust mean (Cook
1985). The STD chronology (Fig. 2) was therefore adopted
in the following analysis because it contained both high-
and low-frequency signals. The mean series length of all
the samples is 121.6 year, so the STD chronology should
preserve variability on time scale up to 41 year (Cook et al.
1995). The SSS method (subsample signal strength), intro-
duced by Wigley et al. (1984), was adopted to ascertain
the reliable starting year of the chronology, excluding the
early period with low sample size. Meanwhile, the statis-
tical parameters were analyzed during the common period
(1932-2007) to evaluate the quality of the chronology.

2.2 Climate data

Influenced by the East Asian monsoon system, the climate
in this region is comparatively warm and humid, with typi-
cal mountainous climate characteristics and abundant pre-
cipitation. Monthly climate data including precipitation and
temperature are extracted from the nearby meteorological
station in Macheng (MC, 31°11'N, 115°01'E, 593 m a.s.l.).
According to the records from this station, the mean annual
precipitation and temperature are 1350 mm and 12.6°C,
respectively. The mean annual relative humidity is about
85%. January and July are the coldest (3.39°C) and hot-
test (28.65°C) months of the year, respectively (Fig. 3a).
The months with precipitation more than 100 mm are from
April to August, with July (232.92 mm) as the peak. During
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the instrumental period (1959-2014), the annual mean tem-
perature indicates an increasing trend (Fig. 3b), most robust
since around 1970, while no obvious long-term trend of
annual total precipitation is seen (Fig. 3c).

2.3 Statistical methods

To determine whether the climate has impact on the radial
growth of Pinus taiwanensis, and which climate fac-
tor limits tree growth most, Pearson correlation analysis
was computed between the STD chronology and mete-
orological data. The analyses were based on monthly and
seasonal (different combinations of consecutive months)
climate data from prior January to current October, con-
sidering the lag-effect of climate (Fritts 1976). Since
autocorrelations may exist in the data used in this study,
it must be taken into account when we determine the sig-
nificance of the correlations (Christiansen and Ljungqvist
2017). Therefore, the effective number of degree of free-
dom (EDF) was estimated according to the equation
EDF = N(1—r; Xr,)/(1 4+ r, Xr,) (Shao et al. 2010),
adjusted from (Bretherton et al. 1999). Where N is the
number of observations, and r; and r, refer to the lag-one
autocorrelation of each series, respectively. All the signifi-
cance of correlations in the following analysis was based
on EDF.

When the limiting climate factor was determined, the
targeted climate factor was reconstructed. Different recon-
struction method may have different influence on the pres-
ervation of low-frequency information (Christiansen and
Ljungqvist 2017). In view of this study, it belongs to a
single-site temperature reconstruction. We compared two
reconstruction methods which are suitable for single-site
reconstruction: direct regression and indirect regression
(Christiansen 2011; Christiansen and Ljungqvist 2017). We
found that there was some difference in the low-frequency
signals between the two reconstructed results, but not obvi-
ous. Given that the direct regression method was widely
used in single-site reconstructions (Duan et al. 2012; Liu
et al. 2009a, b), and the reconstructed timeseries used in the
following comparison were all based on direct regression
method, the targeted climate factor in this study was there-
fore reconstructed by direct regression—a simple regres-
sion model using temperature as the dependent variable.

Jackknife (Efron 1979) and Bootstrap (Cook and Kairi-
ukstis 1990) methods, recommended in previous dendrocli-
matological studies (Liu et al. 2009a; Zheng et al. 2012),
were applied to evaluate the stability of the regression
model. If the statistical parameters of these two methods
were similar to that of the regression model, the model
would be considered as stable, dependable and proper for
further reconstruction. To test the large-scale representa-
tiveness of the reconstruction, spatial correlation maps for
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the April-June temperature were calculated via the website
http://climexp.knmi.nl (van Oldenborgh et al. 2009). Addi-
tionally, temperature series from different parts of EC were
further compared to identify the regional difference of the
timing of the recent warming.

3 Results and discussions
3.1 The STD chronology

Totally, 47 ring-width measurement series passed the
COFECHA program with high series intercorrelation
(r=0.59). The STD chronology was therefore established
(1828-2011) based on the 47 measurement series, while
the reliable chronology spanned from 1847 (SSS>0.85)
to 2011 (Fig. 2). During the common period (1932-2007),
the correlation coefficient () within trees was 0.65, and
0.40 among all series. The high r values indicated that the
tree-ring width series had similar yearly variation, which
may be caused by similar external influence such as cli-
mate. The variance in first eigenvector was 44.50%. The
expressed population signal (EPS), a measure of how well a
chronology based on limited sample size approximates the
theoretical chronology that has been infinitely replicated
from the individual sample (Wigley et al. 1984; Cook and
Kairiukstis 1990), was 0.92, better than the recommended
threshold 0.85. These parameters further demonstrated the
high quality of the tree-ring chronology in TTZ. Moreover,
the first-order autocorrelation of the chronology was 0.56,
suggesting that the lag-effect of climate influence on tree
growth might exist in the study area.

3.2 Climate-growth relationship

The STD chronology at the high elevation of TTZ showed
consistently positive relationships with almost all the
monthly (mean, minimum and maximum) temperature
records (Fig. 4). Significant correlations with temperature
(p<0.05) were found not only in current February—Octo-
ber, with the exception of May and August, but also in prior
January—July and prior September (p<0.05) (Fig. 4a).
After combining the temperature records of different con-
secutive months, the STD chronology showed the most sig-
nificant correlation with the February—July mean tempera-
ture in prior year (PT,,), with r=0.71 (EDF =25, p<0.01).
It also showed positive responses to the mean tempera-
tures of different seasonal combinations from prior Janu-
ary to prior July and from current January to current July
(»<0.01) (Table 1). It demonstrated that the January—July
temperature variations of both prior and current year signif-
icantly influenced the radial growth of Pinus taiwanensis at
the high elevation area of the Dabie Mountains. In contrast,
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relation (¢, d) between the STD chronology and monthly tempera- based on the effective number of degree of freedom (EDF) described

tures and precipitation over 1959-2011. Asterisk indicates that the by Bretherton et al. (1999)

Table 1 Correlation coefficient (r) between the raw and first-order difference series (1st) of the tree-ring STD chronology and mean temperature
of different seasonal combination

PT}; PTy, PTy PTys CTy, CTy CTy CTys
r 0.70° 0.71? 0.69* 0.68* 0.63* 0.63* 0.57° 0.50*
g 0.30 0.28 0.39 0.57° —-0.01 —0.01 0.02 —-0.13

The numerical subscripts in the first line indicate different combinations of consecutive months, e.g. 17 means January—July mean temperature
PT prior year mean temperature, CT current year mean temperature
“Indicates the 99% confidence level based on the effective number of degree of freedom (EDF) described by Bretherton et al. (1999)

the tree rings did not show any significant responses to the ~ with r=0.57 (EDF=36, p<0.01). The first-order differ-
monthly or seasonal precipitation (Fig. 4b). ence correlation analysis revealed that the foregoing high r
At first glance, the above result was just similar to  values (0.71, 0.70) between the tree rings and PT,; or PT
that of other previous studies in the Dabie Mountains by  (prior January—July mean temperature) were mostly caused
Zheng et al. (2012) and Shi et al. (2013). To further con- by similar low-frequency trends. If we choose PT,; or PT
firm such relationship, the first-order difference r values  for reconstruction, the high-frequency signal in the recon-
(1) between the STD chronology and monthly/seasonal  struction will be unreliable. Considering to keep both the
climatic factors were calculated (Fig. 4c, d). It indicated  high- and low-frequency climate signals as much as pos-
that the ring-width STD chronology still had significant  sible, PT,, (r=0.68, p <0.01) will be the optimal choice.
relationship with the monthly mean temperatures in current April-June belongs to the early stage of growing sea-
October, prior April and prior May (p <0.05). Surprisingly,  son for trees in the subtropical area of China (He et al.
the tree rings did not show any significant relationship with ~ 2012), which is crucial for the expansion of early wood.
the seasonal temperatures of the current year. On the con-  Ring width relies on the products of photosynthesis dur-
trary, tree rings kept positive correlations with the prior  ing the current growing season to provide the carbohy-
seasonal temperatures (Table 1), though the relationship  drate for tissues building. Warm climate is advantageous
with PT,; reduced sharply (r=0.28, EDF=34, p<0.1). At  to the production of enzymes and hormones which are
seasonal scale, the tree rings only showed significant cor-  necessary for photosynthetic activity of trees. It promotes
relation with prior April-June mean temperature (PT,;)  tree growth and produces wide rings. Inversely, low
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temperature during April-June may limit tree growth and
cause narrow rings. Moreover, high temperature during
the early growing months favors meristematic activities
of trees, which results in earlier growth and further pro-
longs growing season (Cai and Liu 2017). The climate-
growth relationship in the Dabie Mountains is in accord-
ance with the general assumption that tree rings at high
elevation of the Mountains are more sensitive to tempera-
ture variation (D’Arrigo et al. 2001; Yin et al. 2016), due
to the comparatively cold environment.

The stored carbohydrates during previous years are
also a significant source for wood formation during the
following growing season, particularly in the early stage
(Campioli et al. 2011). The significant relationship
between tree-ring growth and previous growing-season
temperature could be explained as a carry-over effect
caused by carbohydrate accumulation in warm (cold)
years leading to a growing increment (reduction) in the
subsequent year. Piovesan et al. (2008) even reported
that the June—August summer temperature 2 years prior
to tree growth had significantly positive correlation with
the tree-ring chronology of F. sylvatica in Italy. A high
temperature during the previous growing season can help
trees produce and accumulate more photosynthate before
dormancy in winter, which can be utilized at least partly
by the formation and manufacture of the earlywood in the
following growing seasons (McCarroll and Loader 2004;
Ols et al. 2016). For example, when Skomarkova et al.
(2006) studied the tree rings in F. sylvatica, they found
that 10-20% ring width may be affected by the remobi-
lized carbon of the tree formed in the previous growing
seasons. Campioli et al. (2011) found that previous year
temperature could explain about 50% of the net primary
production (NPP)—gross primary production (GPP) vari-
ability in leaves and wood, respectively. During the early
period of the growing season, the vast majority of GPP
was allocated to leaf and stem NPP, and consequently
influencing the carbon availability for the radial growth
of trees (Campioli et al. 2011). The lag-effect of climate
on trees, revealed in various species around the world
(Liu et al. 2009a; Davi et al. 2015), is meaningful in tree
physiology (Fritts 1976). In subtropical area of China, the
lag-effect of climate on tree growth is particularly signifi-
cant (Duan et al. 2012; Li et al. 2014; Cai and Liu 2017,
Cai et al. 2016).

From Fig. 3b we can see that the warming trend in
the Dabie Mountains is evident. We expect that climate
warming in the future would promote the radial growth
of alpine Pinus taiwanensis in the subtropical areas of
China. In turn, the ongoing warming would possibly ben-
efit the carbon capture and carbon storage (Melillo et al.
2011; Yu et al. 2016) in the Pinus taiwanensis forest.
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3.3 PT 4 reconstruction and characteristics

On the basis of the above consideration, we reconstructed
PT,¢ instead of PT,;. The regression model was designed
as: PT,;s=2.045xSTD,+19.28 (r=0.68, r*=46.80%,
r’.j=45.70%, F=43.86). STD, in the function refers
to the tree-ring index in the year t. The reconstruction
can explain 46.80% variance of the observation dur-
ing 1960-2011, 45.7% after adjustment for the loss of
degrees of freedom. F value, a parameter that indicates
the ratio of the variance of the regression model and
residual error, was 43.86. Generally, the bigger the F
value is, the smaller the residual error is, the better the
accuracy of the simulation. Figure 5a illustrated that the
reconstructed temperature had good skill in simulating
the observed temperature. Moreover, the statistical results
in Table 2 proved high skill of the regression model in
imitating the observation.

The prior April-June mean temperature was there-
fore reconstructed back to 1847. The reconstructed tem-
perature varied between 20.33 and 22.95 °C, with a mean
value of 21.31°C. The standard deviation (c) of the
reconstructed temperature was 0.48 °C. To facilitate the
following discussion, we adjusted the time scale of the
reconstruction with t — 1 to indicate the mean April-June
temperature in the study area. Namely, we reconstructed
the April-June mean temperature of Dabie Mountains
from 1846 to 2010 (Fig. 5b).
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Fig.5 a Prior April-June temperature comparison between the
reconstruction (gray dashed line) and observation (black line) dur-
ing 1960-2011. b The reconstructed April-June mean temperature
in the Dabie Mountains during 18462010 (thin grey curve). The
thick curve is the 11-year running mean. The horizontal dashed lines
indicate mean + 1c. The long horizontal line represents 21.31 °C, the
mean value of 1846-2010. The short red lines indicate mean values
of each decade, except that the first short red line indicates the aver-
age value of 1846-1850
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Table 2 Statistics of the reconstruction model 225 ~
L (a
Calibration (1960 Verification (1960-2011 AD) 220 |- (@ py
2011 AD) 21.5
Bootstrap (100 itera- Jackknife, mean (range) 210 L 4 - 19.0
tions), mean (range) ' 71185
205 - (b) o4 )
r 0.68 0.68 (0.50-0.87) 0.68 (0.62-0.71) 77 1180
R 0.47 0.47 (0.25-0.75) 0.47 (0.39-0.51) o 125 11755
Ry 0.46 0.46 (0.23-0.74) 0.46 (0.38-0.50) Y 1152 170y
Standard error  0.59 0.58 (0.44-0.73) 0.59 (0.55-0.59) 2 11:0 L - 4.0 %
of estimate g 105 L 20 o
o 7 _(d) R
F 43.86 44.10 (16.61-148.48)  43.06 (31.03-50.04) IS “Loo E
P 0.0001  0.0001 (0.0001-0.0001) 0.0001 (0.0001-0.0001) A 13.0 — R
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12,5 - N 2
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The reconstructed temperature indicated obvious . 30
.. . 11.5 -12.5
annual- and decadal-scale cold/warm variation. Continu- 1o L 1120
ous multi-year high (low) temperatures generally influ- )] 111 '5
ence the high mountain tree growth more significantly \ , | . | . |
than that of single years. When we defined year with value 1850 1900 1950 2000
Year

that exceeded mean+ lo as extreme warm/cold year, the
extremely cold events lasting over 3 consecutive years
were found in 1861-1865, 18961898, 1937-1940 and
1967-1971, while there was only one extremely warm
event lasting over 3 years during 2000-2005. The 11-year
running mean of the reconstructed temperature further
disclosed five cold periods (1861-1869, 1889-1899,
1913-1920, 1936-1942, 1952-1990) and three warm peri-
ods (1870-1888, 1922-1934, 2000-2005) in the recon-
struction. Among them, 1952-1990 was the longest and
coldest period and 2000-2005 was the warmest period. In
addition, we calculated the mean temperature value of each
decade (Fig. 5a), and found that 1960s and 2000s were the
coldest and warmest decade since 1846, respectively.
Global warming has been a hot topic during recent dec-
ades. The past millennium temperature reconstruction of
the Northern Hemisphere revealed evident warming since
around 1600, at least since 1850 which has been confirmed
by the observation (Christiansen and Ljungqvist 2012;
Moberg et al. 2005). However, no secular trend was found
in our reconstruction. The distinguishing feature of the
reconstruction was the evident warming since 1970, and
the rate of warming was about 0.064 °C/year. This warm-
ing rate in the Dabie Montains was close to that of the
national warming rate since 1984 (0.058 °C/year) (Wang
et al. 2010). This recent warming was also captured by
other temperature reconstructions in central EC (Fig. 6).
Before the instrumental period, 1865 was recorded as
the coldest year in the reconstruction, and 1861-1865 was a
5-year consecutive extremely cold period. According to the
historical documents of the last 500 years climate records
of Hubei province (Wuhan Central Meteorological Obser-
vatory of Hubei Province 1978), Macheng experienced
heavy spring snow in 1865. In the same year, rain fell on
trees and then froze into ice because the weather was too

Fig. 6 Temperature comparisons derived from different area of cen-
tral EC and nearby area. a This reconstruction, b the mean tempera-
ture from February to July by Zheng et al. (2012) and ¢ the minimum
mean temperature from January to July by Shi et al. (2013) in the
Dabie Mountains (DBS), d the mean temperature from June to Sep-
tember in Daowushan (DWS), Hunan province by Shi et al. (2015b);
e the mean temperature from February to June in the eastern Qinling
Mountains (EQM) by Chen et al. (2015) and f the mean temperature
from February to May in the Shennongjia area (SNJ) in central China
by Zheng et al. (2016). The dotted oblique lines indicate the warming
trends. All these records except DWS (d) are from the central part of
eastern China

cold in the nearby Huanggang region. It convincingly con-
firmed the reliability of our reconstruction.

3.4 Comparison of different temperature series
in central EC and the spatial correlation maps

The reconstructed April-June temperature agreed well
with two previous temperature reconstructions in the
Dabie Mountains (Fig. 6a—c). At annual scale, the r value
between our reconstruction and the February—July mean
temperature by Zheng et al. (2012) was 0.68 (1869-2008,
p<0.01), r was 0.51 (1846-2010, p<0.01) for the Janu-
ary—July minimum mean temperature by Shi et al. (2013).
For the 11-year running mean series, r was 0.85 and 0.72
at the 99% confidence level, respectively. Moreover, the
reconstructed temperature in the Daibie Mountains also
indicated synchronous variation with the Daowushan
temperature in Hunan province before 1970 (Fig. 6d, Shi
et al. 2015b) and the February—June mean temperature in
the neighboring eastern Qinling Mountains (Fig. 6e, Chen
et al. 2015). Our reconstruction also intermittently agreed
with the February—May mean temperature reconstruction
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in the Shenongjia area (Fig. 6f, Zheng et al. 2016) at the
decadal scale.

The recent warming in all the temperature series of
central EC (Fig. 6a—c, e, f) began almost synchronously
since 1970 AD. However, it started much later in the
Daowushan (DWS) temperature record (Fig. 6d, Shi et al.
2015b). In addition, the warm periods around 1870-1888
and 2000-2005, and the cold periods around 1889-1899
and 1952-1990 in the Daibie Mountains simultaneously
appeared in all the other temperature reconstructions in
central EC. It is worth noting that the temperature during
1900-1970 in Shennongjia was very stable (Zheng et al.
2016), and no fluctuations of warm or cold periods hap-
pened. However, in the Dabie Mountains, the Daowushan
and the eastern Qinling Mountains, temperatures were vari-
able and the temperatures were consistently warm around
1922-1934.

Spatial correlation maps demonstrated that the observed
temperature showed significantly positive correlations with
the homochronous temperatures in most area of China
(Fig. 7a), especially significant in the saddle-shaped area
between 25-52°N and 82-120°E. The reconstructed tem-
perature also indicated similar correlation pattern, while
the most significant areas extended from the study area to
its northwest region (Fig. 7b). Moreover, all the r values
between the observed/reconstructed temperature in the
Dabie Mountains and the April-June mean temperatures
from nine other meteorological stations within this signifi-
cant correlation field (Fig. 7) were statistically significant
(p<0.01) (Table 3). r value for the observed temperature
ranged from 0.71 to 0.97, and r value for the reconstructed
temperature ranged from 0.59 to 0.74 (Table 3), convinc-
ingly supported the spatial representativeness of our tem-
perature reconstruction.

(a) =

55N

Ir\/‘/\l

85 90r= 95M= 100r= 105M= 110r= 115 = 120 = 125 =

70E  75E 80

Table 3 Correlation coefficient (r) between the observed/recon-
structed April-June mean temperature in the Dabie Mountains and
the homochronous temperature of each of the nine meteorological
stations around the sampling sites over 1951-2010

Stations Latitude (N) Longitude Observation Reconstruc-
(E) tion
Wuhan 30°37' 114°08’ 0.97 (n=52) 0.74 (n=60)
Xi’an 34°18' 108°56’ 0.82 (n=52) 0.66 (n=359)
Changsha 28°12' 113°05’ 0.71 (n=52) 0.59 (n=60)
Hefei 31°47' 117°18’ 0.93 (n=52) 0.70 (n=358)
Gushi 32°10 115°37 0.92 (n=52) 0.62 (n=58)
Lushan 29°35' 115°59’ 0.86 (n=52) 0.61 (n=56)
Liuvan 31°45' 116°30’ 0.93 (n=52) 0.67 (n=55)
Yuncheng 35°03' 111°03’ 0.75 (n=52) 0.62 (n=55)
Yichang  30°42’ 111°18’ 0.89 (n=52) 0.60 (n=59)

The temperature record of each station started from different year
while ended at 2010 consistently. All the r values are significant at
the 99% confidence level

3.5 The regional difference of start time of the recent
warming in Eastern China

Figure 6a—c, e, f revealed that recent warming in differ-
ent area of central EC began almost synchronously since
1970 AD. This phenomenon triggered our further thinking
about the timing of recent warming in the whole EC. Ide-
ally, it is preferable to compare the same-season or quasi-
same season temperature series from EC with the same
resolution and evenly geographical distribution. Unfortu-
nately, trees generally response to different climatic factor
of different season due to the specific location. This led
to the result that the annually resolved temperature recon-
structions in EC were comparatively scarce and seasonally

(b) wy,
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50N

40N
35N
30N

25N

I}A;/\I
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Fig. 7 Correlation of the April-June mean temperature in the Dabie Mountains with the April-June averaged CRU TS3.23 land temperatures
through http://climexp.knmi.nl website during 1959-2010. a Observation; b reconstruction. The black dot shows the position of TTZ
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Fig. 8 Comparison of different temperature sequences from the north
(>35°N), central (31-35°N) and south (<30°N) part of eastern China
(EC). All these temperatures are derived from tree rings. a The mean
temperature from May to September in the Great Xing’an Mountain
(GXA) by Zhang et al. (2011); b the mean temperature from Febru-
ary to April in the Changbai Mountain (CBM) by Zhu et al. (2009); ¢
the mean temperature from January to August in the Helan Mountain
(HLM) by Cai and Liu (2007); d the mean temperature from May to
July in the Lvliang Mountains (LLM) by Cai et al. (2010); e the mean

and regionally uneven. Although previous researches (Cai
and Liu 2007; Zheng et al. 2012) believed that different sea-
sonal temperature reconstruction could be used to identify
the variability of the annual mean temperature at decadal
scale, and the winter-half year temperature has good agree-
ment with the summer time (June—September) temperature
variation at decadal scale in EC (Cai et al. 2016). Liu et al.
(2009b) found that the winter-half year temperature showed
opposite variation with the summer time (May—July) tem-
perature at decadal scale in central China, though both
records showed similarly increasing trends since the mid-
twentieth century. All in all, there are certain difference
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temperature from April to September in the Huanglong Mountain
(Hlong) by Cai et al. (2008); f this reconstruction; g the maximum
mean temperature from March to October in the Sanqingshan Moun-
tains (SQS) by Cai and Liu (2017); h the mean temperature from
June to September in the Daowushan Mountain (DWS) by Shi et al.
(2015b); i a tree-ring network based January—April temperature over
a large spatial scale in southeastern China (SEC: SEC1-SEC5, Duan
et al. 2012). More temperature reconstructions from the central part
of eastern China please refer to Fig. 6

for seasonal temperature variations at different time scale
(Zhang et al. 2015), we should be cautious about using dif-
ferent seasonal temperature records to represent the same
season or annual mean temperature variation, even at the
same timescales. Here we could only have a visual com-
parison of limited tree-ring derived temperature series from
EC (Fig. 8).

Although all the temperature series from EC in Fig. 8
were 11-year average smoothed, they demonstrated cer-
tain difference, as we discussed above. Neglecting the
seasons they represented and the temperatures fluc-
tuations in the early periods of each reconstruction, the
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spatial pattern (Fig. 8) indicated that all regions in EC
experienced evident warming during recent decades.
However, the start time of recent warming in EC was
regionally different. It showed an evident north-to-south
delay. It started around 1940 AD in the north part of EC
(roughly >35°N) (Fig. 8a—e, Chen et al. 2013) or even
earlier (Li and Wang 2013; Lyu et al. 2016). In the central
part of EC (roughly 31-35°N)), it started around 1970 AD
(Figs. 6a—c, e, f, 8f). However, it started relatively late in
the south part of EC (<30°N), roughly around the 1980s
(Fig. 8g—1; Chen et al. 2012b). The result indicated that
different regions in EC may have different sensitivity to
global warming.

Our result had certain difference with previous
researches. Lu et al. (2004) thought that temperature
changes occurred almost simultaneously in EC. Chen
et al. (2004) and Wang et al. (2010) reported the simi-
lar result as ours that the recent warming in EC started
earlier in the north part than in the south part. However,
Wang et al. (2010) thought it started since the 1970s in
the north part (>40°N), while it started since the 1980s in
most areas of the south part (<40°N). Chen et al. (2004)
found that warming in areas north of 35°N started since
the early 1980s, while it started since the late 1980s in
areas south of 35°N. The difference of the definitions of
the start times and the geographic demarcation of recent
warming between our study and previous works (Chen
et al. 2004; Wang et al. 2010) was attributable at least in
part to the data length used. Our conclusion was based
on more than 100 years temperature reconstructions,
while their conclusions were based on the short instru-
mental temperature data (Chen et al. 2004; Wang et al.
2010). Similar researches were reported in other regions
of the world. A remarkably northward and north east-
ward warming was identified in Bangladesh based on the
1971-2010 data (Rahman and Lateh 2016). Majorowicz
et al. (2002) found that the start time of recent warming
in Canada indicated a systematic delay from east to west.
Because of the long-data used, the onset of recent warm-
ing in western Canada started with the industrialization,
while it was at least one century earlier in eastern Can-
ada. It indicated that data length had important influence
on the results of such study.

This work is only the beginning of the discussion about
such issue. We should point out that our study was based
on very limited temperature series, so we can not rule out
other possibilities. We failed to discuss the regional differ-
ence of warming intensity in EC for lacking enough same-
season temperature reconstructions, not to mention the
mechanism. To obtain a robust conclusion about the start
time and warming intensity of the recent warming in EC,
more temperature data with enough spatial and temporal
coverage are needed.

@ Springer

4 Conclusions

We reconstructed the April-June mean temperature in
the Dabie Mountains, subtropical eastern China since
1846. The reconstructed temperature had good skill in
simulating the observed temperature over the observation
period with an explained variance of 46.80%. Five cold
(1861-1869, 1889-1899, 1913-1920, 1936-1942 and
1952-1990) and three warm (1870-1888, 1922-1934 and
2000-2005) periods were identified in the reconstruction.
We found that the warming trend since 1970 was evident
not only in the Dabie Mountains (0.064 °C/year), but also
in other areas of eastern China. The spatial and temporal
representativeness of our temperature reconstruction was
well tested by both the significant spatial correlation pat-
terns and the comparisons with other temperature records
in the Dabie Mountains and nearby areas. Based on the
tree-ring reconstructed temperatures in eastern China, we
found that the start time of the recent warming in eastern
China was regional different. It delayed gradually from
north to south, starting around 1940 or even earlier in
the north part, around 1970 AD in the central part and
roughly since the 1980s in the south part.
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