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Abstract
Knowledge about the spatiotemporal tree growth variability and its associations with climate

provides key insights into forest dynamics under future scenarios of climate change. We

synthesized 17 tree-ring width chronologies from four tree species at the high-elevation

sites in the southeast Tibetan Plateau (SETP) to study the regional tree growth variability

and climate-growth relationships. Despite of diverse habitats and different physiological

characteristics of these species, these tree-ring chronologies shared a significant common

variance in SETP. An unprecedented increase in the shared variance is found along the lat-

ter half of the 20th century, coinciding with the enhancement of the frequency of extreme

rings among chronologies. It is found that minimum winter temperature tends to be the dom-

inant climate for trees in this region. The site-specific responses in cold (1965–1980) and

warm (1990–2005) intervals by means of Fuzzy Cmeans (FCM) clustering reveal that the

remarkable enhancement of growth synchrony among trees mainly occur in warm condi-

tions. This is different from previous findings indicating that increased consistence among

temperature sensitive tree rings in cold periods. This may be related to the reduced temper-

ature sensitivity of regional tree growth as winter minimum temperature is lower than a cer-

tain threshold, which is in agreement with the “principle of ecological amplitude”. In addition,

it is worth noting that precipitation in June have started to restrain the tree growth since the

beginning of the 1980s, which is possibly an important contributor for synchronized growth

among trees in SETP.

Introduction
Climate change exerts one of the major abiotic factors shaping the growth of the terrestrial for-
ests via directly modulating the metabolism of the individual trees and indirectly changing the
forest structures [1], which can again feedback the global climate change via modulating the
local climate and the global carbon cycle [2, 3, 4]. However, current monitoring studies on the
forest dynamics are often not sufficiently long to fully comprehend the response, sensitivity
and adaptation of forest growth to climate change. Tree-ring records from old growth forests
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are ideal for such investigations due to its long duration and its close relationships with the for-
est biomass. In addition, tree rings are easily to collect, allowing for investigations of tree
growth and climate-growth relationships across various habitats and species. Tree growth vari-
ability and its sensitivity to climate may vary across geographic areas [5, 6, 7], along altitudinal
gradients [8, 9], and among tree species [10, 11].

The southeast Tibetan Plateau (SETP), together with its vicinity, is one of the most studied
areas in China with a network of relatively densely distributed tree-ring chronologies devel-
oped from endemic tree species. Complex climate-growth relationships in the SETP are largely
due to its large climate gradients and complex topographic features. High altitude forests in
SETP are sensitive to climate variability due to harsh environment conditions that inhabit tree
establishment, growth and survival. Temperature-stress appears to be one limiting factor for
some coniferous forests in SETP [12, 13, 14, 15]. In addition, precipitation also tends to be one
of the dominant climate limitations for tree growth in a few sites over the region [16, 17, 18].
Although tremendous efforts have been made, less is conducted about a comprehensive inves-
tigation on the spatiotemporal variations of radial growth for various tree species and their
associations with changing climate in this region.

Increasing evidence has indicated that climate-growth associations are modified by a chang-
ing climate in recent decades over a variety of regions. For example, decreased sensitivity of
tree growth to temperature since the 1980s, e.g. the so-called “divergence” problem, has been
frequently reported from the circumpolar area in the Northern Hemisphere [19, 20, 21, 22, 23].
A change in tree-growth pattern and in the climatic response of the pine forest was found in
Iberian, which was highly linked to an increase in water stress caused by warming temperature
[24]. Changing relationships between tree growth and climate were observed in some sites over
the northeastern Tibetan Plateau due to the recent warming climate [25]. The semi-arid forests
were suffering a prolonged growth limitation accompanying accelerated spring warming in
Tienshan Mountains, northwest China [26].

In this context, we hypothesize that warming and climatic variability have produced
changes in tree-growth patterns, as well as in the response of alpine forests across SETP. To
test this assumption, a network of pine ring-width chronologies along SETP is collected. The
aims of this work are, 1) to detect temporal variability of radical growth and the possible cli-
mate determinants; 2) to investigate site-specific response to cold and warm conditions; 3) to
detect growth-climate associations and their stability across time.

Materials and Methods

Tree-ring network
Most of SETP is dominated by a highland continent climate with long, dry winter and cool,
wet summer and a large diurnal range of temperature. We synthesized a tree-ring network of
17 chronologies over SETP (Fig 1; S1 Data) from the International Tree Ring Data Bank
(ITRDB; http://www.ngdc.noaa.gov/paleo/ftp-treering.html). The tree-ring samples were col-
lected from four tree species in the climate stressed sites, mainly at open forests growing on
shallow soil. The dominant one is Abies forestii Rogers (8 chronologies), followed by Juniperus
tibetica Kom. (4), Tsuga dumosa Eichler (3) and Picea likiangensis (Franchet) Pritzel (2). The
mean segment length from chronologies of A. forestii is the longest (276.5 yr), and the average
chronology length of P. likiangensis is the shortest (243.2 yr).

Biological trends were removed from the raw data by fitting straight lines or negative expo-
nential curves to retain as much low-frequency variability as possible. Tree-ring series that
could not be well fitted by the two conservative curves were detrended by a relatively stiff cubic
smoothing spine curve with a 50% cutoff at around 67% of the mean segment length [27].
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Tree-ring chronologies were indexed as ratios between raw measurements and the fitted
growth values, which were averaged to produce a chronology based on a robust mean method-
ology using the program ARSTAN [28]. As the sample size generally declines in the early por-
tion of a chronology, the subsample signal strength (SSS) was used to evaluate the most reliable
time span [29]. The chronology was truncated at the year when the value of SSS became smaller
than 0.85. Descriptive information on the chronologies is shown in Table 1.

Climate data
In total, 19 gridded climate records around the sampling sites (27°N-31°N, 99°E -102°E, Fig 1)
are extracted from the CRU TS3.2 dataset, which have a spatial resolution of 1°× 1° and cover
the period from 1901 to 2013 [30]. We only used the climate data since 1951 when most of the
instrumental records are available for the generation of the dataset. Four climatic variables, i.e.
monthly average, maximum and minimum temperature, and monthly total precipitation, are
of particular interest in this study. The climate data from these grid points are significantly
homogeneous through the homogeneity test [31]. Therefore, the climate data averaged from
the gridded climate records were generated to represent the regional climate of the study area.

Methods
Principal component (PC) analysis based on the correlation matrix was calculated for the over-
lapping period 1825–2005 to evaluate the shared variance of the chronology network. Then the
first PC (PC1) with all chronologies was computed for the successive periods of 50 years lagged

Fig 1. Map showing the sites of selected tree-ring chronologies, gridded climate records andmajor
cities over SETP Picea likiangensis (Franchet) Pritzel chronologies are represented by green stars,
Abies forestii Rogers chronologies by blue squares, Juniperus tibetica Kom chronologies by purple
circles and Tsuga dumosa Eichler chronologies by red triangles.

doi:10.1371/journal.pone.0156126.g001
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by 10 years in order to evaluate the temporal changes of the shared variability. For evaluation
of the tree-growth variability, years with extreme wide and narrow rings (mean ± 1.5SD) were
identified for each chronology.

Correlation function analysis is employed to quantify the climate-growth relationships
between the regional chronology (PC1) and climate variables over a “dendroclimatic year”
from the start of the previous growing season (herein May) to the end of the current growing
season (September) during the period 1951–2005. Moving correlation functions (MCFs) were
further used to investigate the possibly changing relationships between regional tree growth
and climate data by adopting a fixed sliding window of 30 years.

To better investigate the responses of tree growth to relatively warm and cold winters
(November-December-January, see Results), the corresponding tree-ring indices from each
chronology under cold (1965–1980) and warm (1990–2005) conditions are extracted to create
a new dataset (N = 16). Then, the fuzzy Cmeans (FCM) clustering [32, 33] was used to check
for the potential partitions among these datasets. FCM is an extension of the classical K-means
clustering with a concept of fuzzy logical [34]. Unlike other hard clustering methods (e.g. K-
means clustering), a feature vector can belong to different groups with the degree of belonging-
ness specified by the membership degree between 0 and 1 in the FCM theory. As we know, it is
generally impossible to come out the exclusive partitions in ecology due to the unquantifiable dis-
turbances and the complex interactions among ecological patterns or processes [11]. Therefore,
we consider this clustering method is quite suitable for the investigations of growth response to
climate change.

Table 1. Descriptions of the geographic features and characteristics of the 17 tree-ring chronologies across SETP.

Site ID Longitude (°E) Latitude (°N) Altitude (m) Reliable time span (SSS>085) No cores Mean sensitivity Mean segment length

Abies forestii Rogers
ab01 100.08° 29.28° 4150 1825–2006 61 0.182 172.8

ab02 99.93° 29.15° 3530 1549–2006 56 0.321 282.9

ab03 99.93° 28.98° 3750 1697–2007 48 0.169 263.9

ab04 99.27° 27.37° 3050 1691–2007 27 0.216 308.2

ab05 99.80° 27.62° 3500 1593–2007 67 0.180 320.9

ab06 99.30° 27.33° 3040 1534–2007 41 0.244 366.1

ab07 99.30° 27.33° 3060 1791–2007 43 0.232 224.1

ab08 99.02° 28.04° 3200 1726–2005 19 0.242 273.4

Juniperus tibetica Kom

ju01 101.92° 31.78° 3500 1665–2007 40 0.344 209.1

ju02 99.75° 28.90° 3980 1649–2007 43 0.247 278.1

ju03 100.27° 30.23° 4050 1595–2007 44 0.205 331.8

ju04 99.03° 28.37° 4260 1715–2007 42 0.159 251.2

Tsuga dumosa Eichler

ts01 99.29° 27.59° 3150 1730–2005 49 0.249 222.1

ts02 98.98° 28.04° 3100 1707–2005 30 0.251 296.9

ts03 98.40° 27.88° 3150 1687–2005 35 0.226 286.6

Picea likiangensis (Franchet) Pritzel

pi01 99.35° 27.58° 3240 1568–2005 36 0.249 285.2

pi02 100.28° 30.87° 3300 1750–2007 41 0.248 201.3

doi:10.1371/journal.pone.0156126.t001
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Results

Spatiotemporal tree-growth pattern
The PC1 and PC2 of the chronology network represent 33.4% and 11% of the total variance,
respectively. As shown in Fig 2, the T. dumosa chronologies are mainly positively correlated
with the PC1, while most of the J. tibetica chronologies positively correlated with the PC2. The
A. forestii and P. likiangensis chronologies are relatively dispersive, part of them being the inter-
mediate position between J. tibetica and T. dumosa. Although the chronologies show different
loadings with the PC1, all of them have positive correlations with it. The evolution of the
explained variance of the PC1 is shown in Fig 3a. The most distinct feature of the common var-
iance of the chronologies is the dramatic increase along the 20th century, especially in the
“1955–2005” interval when the variance explained by PC1 reached the summit at 45.8%. The
number of chronologies with extremely wide (>1.5 SD) and narrow (<1.5 SD) rings has
increased towards recent as shown in Fig 3b.

Climate-growth relationships
No significant correlation is found between the regional tree growth (PC1) and monthly pre-
cipitation during the period from 1951 to 2005 (Fig 4a). The correlation patterns between the
regional tree growth and monthly average and minimum and maximum temperature are basi-
cally similar. We herein explore the climate-growth relationships with minimum temperature
that shows highest correlation coefficients (S1 Fig). As shown in Fig 4b, significant (P<0.01)
positive temperature-growth associations are observed in November (0.386), December
(0.464), January (0.486) during the pre-growing season. The highest correlation coefficient
(0.596) is observed with November-January average minimum temperature.

Fig 2. Scatter plot of the principal component (PC) loadings of the tree-ring chronology network for
the common period 1825–2005 Tree species symbols as in Fig 1.

doi:10.1371/journal.pone.0156126.g002
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Fig 3. a) temporal change of the variance explained by the PC1 using a running window of 50 years
lagged by 10 years; b) frequency of chronologies with extreme wide >1.5 SD, blue bar and narrow <1.5
SD, red bar during the period 1825–2005.

doi:10.1371/journal.pone.0156126.g003

Fig 4. Correlations performed between the regional chronology PC1 andmonthly a) mean temperature
and b) total precipitation from previous May to current September during the period 1951–2005. The
95% and 99% significance levels are indicated by dash and bold lines, respectively.

doi:10.1371/journal.pone.0156126.g004
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Site-specific partitions by FCM clustering
Considering the temperature-growth relationships in SETP, the results of FCM clustering are
computed with the indexed tree-ring widths for all the tree-ring sites under cold and warm
winter temperature conditions, respectively (Fig 5). As mentioned above, the membership of
each object from the FCM clustering can be spread to any groups with an intermediate value.
Under the cold intervals, the A. forestii woods at ab01, ab03, ab05, ab08 sites respond in a simi-
lar way with J. tibetica woods in ju01, ju03, ju04 sites and P. likiangensis woods in pi01, while
trees in ab06, ab07, ab08 sites react in a similar way with T. dumosa trees in ju02, ts01, ts02
sites and P. likiangensis trees in pi02 (Fig 5a). Under the warm conditions, the A. forestii woods
in ab01, ab03, ab04, ab06, ab07, ab08 have similar behaviors with J. tibetica woods in ju01 and
ju04 and T. dumosa woods in ts01, ts02, ts03 (Fig 5b). In addition, there are a few different
cases of a split membership shared equally (e.g. ts03 in cold conditions and pi02 in warm con-
ditions), which means that trees at these sites show no significant sensitivity to climate change.

Growth response to climate through time
The MCFs reveal that the climate-growth interactions in SETP have varied through time (Fig
6). It is notable that correlation values between radial growth and November-January mini-
mum temperature were positive, but lost its significance during the “1982–1990” period (Fig
6a). In addition, regional tree growth in this region has been significantly positively correlated
to precipitation in June since approximately the time interval of “1983–1990” (Fig 6b). These
marked temporal shifts in climate-growth interactions appear not be related to the effect of sto-
chastic processes, as revealed by the Gershunov test [35].

Fig 5. Partitions for all the indexed tree-ring widths occurring in relatively a) cold and b) warmwinter
years computed by the FCM clustering.

doi:10.1371/journal.pone.0156126.g005
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Discussion

Temporal variability of radial growth
The ring-width chronologies in this study were derived from a wide range of forests of four dif-
ferent species in high-elevation sites across SETP. Despite of this, the PC1 held a significant
percentage of common variance for these tree-ring chronologies (Fig 2), suggesting that these
tree rings contain a large-scale climatic signal that diluted in individual sites. The variance held
in common by these chronologies was not stable through time and increased remarkably along
the second half of 20th century (Fig 3a). Higher similarities among chronologies generally
increase under more limiting climatic conditions [24]. In addition, the frequency of extreme
rings also rose during the recent decades (Fig 3b), suggesting more years in which climatic con-
ditions impacted tree growth. It seems that climate may be the main cause for growth pattern
changes across species in the study area and the casual link between them can be observed via
the establishment of climate-growth relationships.

Limiting role of winter temperature on tree-growth
Temperature-stress in the pre-growing season appears to be the prevailing climate limitation
for tree growth at these sites in SETP as inferred from positive correlations with winter mini-
mum temperature (Fig 4). Warm winters can prevent chilling damage to tree roots and pro-
mote organic grains for the onset of cambial activities when tree leaves are not frozen [14].
Conversely, cold conditions may also lead to the thickening of forest frozen soils and thus
delay the start of the growing season [14, 36], causing the formation of narrow rings. Similar
climate-growth pattern during the pre-growing season was widely documented in many
regions, such as northeastern Tibetan Plateau [36], Changbai Mountains in the northeast

Fig 6. Temporal changes of the growth-climate relationships as shown bymoving correlations
between tree growth and a) November-January average temperature and b) June precipitation totals
using a sliding window of 30 years assigned to the center year of the window. The shaded areas are the
95% confidence limits.

doi:10.1371/journal.pone.0156126.g006
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China [14], Dabie Mountains in the lower reaches of Yangtze River [37] and several alpine
areas in South China [38].

Change in climatic response
The increase in consistent growth pattern among trees often occurs when the stress from cli-
mate is enhanced [27, 39, 40, 41]. For instance, more consistent tree growth is generally
observed for drought-sensitive tree rings in drought years [9, 10, 42, 43] and for the tempera-
ture-sensitive trees in cold years [5, 13, 44, 45]. However, this study gives us a different picture,
which reveals that more temperature-sensitive trees over SETP show higher synchronized
growth in warm conditions (Table 2 and Fig 5). This finding highlights that the increase in the
sensitivity of tree growth to climate may be driven by recent rapid warming, which could cause
the frequent extremes among these chronologies.

Low sensitivity to winter temperature for tree growth was observed during the cold 1960s-
1970s period (Fig 6a), indicating a potential nonlinearity in climate-growth relationships.
Although temperature has been experiencing significant warming at an unprecedented pace in
the past century over the most parts of the Northern Hemisphere [46], winter temperature in
SETP maintained a low level at this period based on the analysis of ensemble empirical mode
decomposition (EEMD) [47] (Fig 7a). Tree-ring-based temperature reconstruction from
nearby have also revealed that the 1960s-70s period was one of the coldest intervals since the
end of the Little Ice Age in SETP [48, 49]. In order to test the nonlinearity between trees and
climate, we employ the feed-forward backward-propagation artificial neural network (ANN)
method [50, 51, 52, 53] to examine the climate-growth relationships. Detailed introductions to
the ANN method and the design of the network are given in S1 Text. We herein trained the
ANNmodel by simulating regional tree growth under different combinations of previous
November-December average temperature and current January temperature. When winter
minimum temperature is roughly lower than -7°C, the strength of the linear temperature-
growth relationship decreases remarkably (Fig 8). The decreased linear temperature-growth
relationships in cold periods explain the reduced temperature sensitivity and thus less consis-
tency among tree growth in cold periods. The ANN modeling result is in agreement with the
“principle of the ecological amplitude” [53], i.e. temperature-stressed trees show limited ability
in recording extreme cold conditions.

In addition, it is not negligible that regional tree growth has elevated its sensitivity to precip-
itation in June since approximately the early 1980s (Fig 6b), indicating that moisture condi-
tions during the growing season started to play a limiting role on tree growth in SETP over the
recent decades. Previous studies have suggested that the radial increment of trees nearby the
study region generally reaches the peak in May and June [7, 54], thus a large amount of soil
water supply is of a necessity to maintain the high level of cell division and enlargement. How-
ever, the warmer conditions in June since 1970s without concurrent significant increase in pre-
cipitation (Fig 7b and 7c) could have made a large effect on water balance in SETP via
enhancing the evapotranspiration. In addition, regional tree growth could have benefited from

Table 2. Result statistics of the FCM clustering. Group 1 and Group 2 stand for the number of the number of objects within each cluster; p-F symbols
pseudo F statistic, the higher the value the better the partition. N is the number of years with significant differences between the clusters computed after the
partitions.

Temperature Cluster Distance Group 1 Group 2 p-F N

Cold intervals 0.0719 9.058 7.942 11.582 12

Warm intervals 0.2489 10.774 6.226 14.659 15

doi:10.1371/journal.pone.0156126.t002
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Fig 7. The instrumental record (black line) and EEMD-based nonlinear trend (red line) of a) November-
January temperature, b) June temperature, c) June precipitation and d) March-May temperature over
SETP during the period from 1951–2005.

doi:10.1371/journal.pone.0156126.g007

Fig 8. Artificial neural network (ANN) simulates tree-ring indices from January average temperature
increasing from -11°C to -65°C associated with previous November-December average temperature
increasing from -68°C to -4°C during the period 1951–2005.

doi:10.1371/journal.pone.0156126.g008
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the seasonal frozen soil when precipitation during the growing season is not available. Earlier
snowmelt and increased evaporation coupled with the warmer spring (Fig 7d), together with
the poor water-holding capacity of the thin soil, have possibly reduced the regional soil water
content remarkably. Therefore, precipitation availability in June tends to be increasingly more
crucial to tree growth. Similar warming-induced shifts of climate-growth associations have
been prevalent in the Northern Hemisphere circumpolar area and many mountainous regions
in the mid-latitudes [4, 22, 23, 25, 55].

Conclusions
We have developed 17 tree-ring width chronologies across SETP from four endemic tree spe-
cies. Despite of the diversity of species and habitats, these chronologies shared a significant
common variance (PC1) that can express the large-scale climatic signal in the study area. An
unprecedented increase in the shared variance is detected during the latter half of the 20th cen-
tury. Regional tree growth is mainly limited by winter temperature during the pre-growing sea-
son. However, consistence among tree-growth and the temperature-growth relationships
become strong (weak) in warm (cold) periods based on the FCM clustering analysis. This is dif-
ferent from previous findings that indicated increased (decreased) consistence among tempera-
ture sensitive tree rings in cold (warm) periods. This suggests the presence of nonlinear
climate-growth relationships. It is found that tree growths are less sensitive to minimum tem-
perature in freezing winters. Additionally, June precipitation shows significant correlations
with tree growth since the beginning of the 1980s, which is possibly related to elevated evapora-
tive demands and degradation of the seasonal frozen soil during the growing season due to the
recent warming. Both recent warming in winters and spring drought may induce the coherent
growth pattern among trees over SETP.

Supporting Information
S1 Data. Tree-ring data.
(ZIP)

S1 Fig. Climate-growth relationships. Correlations between the regional chronology PC1 and
monthly a) mean temperature (green), b) maximum temperature (red) and c) minimum tem-
perature (blue) from previous May to current September during the period 1951–2005. The
95% significance level is indicated by dash lines.
(TIF)

S1 Text. The design of artificial neural network.
(DOC)

Acknowledgments
The authors acknowledge the National Natural Science Foundation of China (No. 41471172,
No. U1405231 and No. 41404047), non-profit research funds of Fujian Province (2014R1034-
2), the Fellowship for Distinguished Young Scholars of Fujian Province (2015J06008) and the
fundamental research funds for the central universities (No. lzujbky-2014-114).

Author Contributions
Conceived and designed the experiments: KF FFZ. Performed the experiments: FZ ZD. Ana-
lyzed the data: FFZ DC. Wrote the paper: FFZ.

Synchronized Tree Growth in Southeast Tibetan Plateau

PLOS ONE | DOI:10.1371/journal.pone.0156126 June 3, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156126.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156126.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156126.s003


References
1. Liang E, Dawadi B, Pederson N, Eckstein D (2014) Is the growth of birch at the upper timberline in the

Himalayas limited by moisture or by temperature? Ecology 95: 2453–2465.

2. Braswell BH, Schimel DS, Linder E, Moore B (1997) The response of global terrestrial ecosystems to
interannual temperature variability. Science 386: 870–872.

3. van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin JF, Fulé PZ et al. (2009) Widespread
increase of tree mortality rates in theWestern United States. Science: 521–524.

4. Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M et al. (2010) A global
overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests.
Forest Ecol Manag 259: 660–684.

5. Fritts HC (1976) Tree rings and climate Academic Press, New York.

6. Cook ER, Glitzenstein JS, Krusic PJ, Harcombe PA (2001) Identifying functional groups of trees in west
Gulf Coast forests USA, a tree-ring approach. Ecol Appl 11: 883–903.

7. Fang K, Frank D, Zhao Y, Zhou F, Seppä H (2015) Moisture stress of a hydrological year on tree growth
in the Tibetan Plateau and surroundings. Environmental Research Letters 10: 34010.

8. Liang E, Shao X, Eckstein D, Liu X (2010) Spatial variability in tree growth along a latitudinal transect in
the Qilian Mountains. Canadian Journal of Forest Research 40: 200–211.

9. Fang K, Gou X, Levia DF, Li J, Zhang F, Liu X et al. (2009) Variation of radial growth patterns in trees
along three altitudinal transects in north central China. IAWA J 30: 443–457.

10. Fang K, Gou X, Chen F, Cook E, Li J, Li Y (2012) Spatiotemporal variability of tree growth and its asso-
ciation with climate over Northwest China. Trees 26: 1471–1481.

11. Carrer M, Motta R, Nola P (2013) Significant mean and extreme climate sensitivity of Norway Spruce
and Silver Fir at mid-elevation mesic sites in the Alps. PLoS ONE 7: e50755.

12. Liang E, Shao X, Qin N (2008) Tree-ring based summer temperature reconstruction for the source
region of the Yangtze River on the Tibetan Plateau. Global Planet Change 61: 313–320.

13. Liang E, Shao X, Xu Y (2009) Tree-ring evidence of recent abnormal warming on the southeast Tibetan
Plateau. Theor Appl Climatol 98: 9–18.

14. Zhu H, Fang X, Shao X, Yin Z (2009) Tree ring-based February–April temperature reconstruction for
Changbai Mountain in Northeast China and its implication for East Asian winter monsoon. Climate of
the Past 5: 661–666.

15. Deng Y, Gou X, Gao L, Yang T, Yang M (2014) Early-summer temperature variations over the past
563yr inferred from tree rings in the Shaluli Mountains, southeastern Tibet Plateau Quaternary Res 18:
513–519.

16. Fan Z, Bräuning A, Cao K (2008) Tree-ring based drought reconstruction in the central Hengduan
Mountains region China since AD 1655. Int J Climatol 28: 1879–1887.

17. Fang K, Gou X, Chen F, Li J, Arrigo RD, Cook ER et al. (2010) Reconstructed droughts for the south-
eastern Tibetan Plateau over the past 568 years and its linkages to the Pacific and Atlantic Ocean cli-
mate variability. Clim Dynam 35: 577–585.

18. Zhang Q, Evans M, Lyu L (2015) Moisture dipole over the Tibetan Plateau during the past five and a
half centuries. Nature Communications 6.

19. Briffa KR, Schweingruber FH, Jones PD, Osborn TJ, Shiyatov SG, Vaganov EA (1998) Reduced sensi-
tivity of recent tree-growth to temperature at high northern latitudes. Nature 391:678–682.

20. Solberg B, Hofgaard A, Hytteborn H (2002) Shifts in radial growth responses of coastal Picea abies
induced by climatic change during the 20th century, central Norway. Ecoscience 9: 79–88.

21. Wilmking M, Juday GP, Barber VA, Zald HSJ (2004) Recent climate warming forces contrasting growth
responses of white spruce at treeline in Alaska through temperature thresholds. Global Change Biol
10: 1724–1736.

22. Driscoll WW,Wiles GC, D'Arrigo RD, Wilmking M. (2005) Divergent tree growth response to recent cli-
matic warming, Lake Clark National Park and Preserve, Alaska. Geophys Res Lett 32: L20703.

23. Wilson R, D’Arrigo R, Buckley B, Büntgen U, Esper J, Frank D et al. (2007) A matter of divergence,
tracking recent warming at hemispheric scales using tree ring data Journal of Geophysical Research
112: D17103.

24. Andreu L, Gutiérrez E, Macias M, Ribas M, Bosch O, Camarero J (2007) Climate increases regional
tree-growth variability in Iberian pine forests. Global Change Biol: 804–815.

25. Zhang Y, Wilmking M, Gou X (2009) Changing relationships between tree growth and climate in North-
west China. Plant Ecol 201: 39–50.

Synchronized Tree Growth in Southeast Tibetan Plateau

PLOS ONE | DOI:10.1371/journal.pone.0156126 June 3, 2016 12 / 14



26. Wu X, Liu H, Wang Y, Deng M (2013) Prolonged limitation of tree growth due to warmer spring in semi-
arid mountain forests of Tianshan, northwest China. Environmental Research Letters 8: 024016.

27. Cook ER, Kairiukstis LA (1990) Methods of dendrochronology, applications in the environmental sci-
ences Kluwer Academic Print on Demand.

28. Cook ER (1985) A time series analysis approach to tree ring standardization The University of Arizona,
Tucson

29. Wigley TML, Briffa KR, Jones PD (1984) On the average value of correlated time series, with applica-
tions in dendroclimatology and hydrometeorology. Journal of Climate and Applied Meteorology 23:
201–213

30. Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate
observations and associated high-resolution grids. Int J Climatol: 693–712.

31. Holmes R (1994) Dendrochronology program library Diskette Laboratory of Tree-Ring Research, Uni-
versity of Arizona, Tucson.

32. Equihua M (1990) Fuzzy clustering of ecological data. Journal of Ecology 78: 519–534

33. Carrer M, Urbinati C (2004) Age-dependent tree-ring growth responses to climate in Larix decidua and
Pinus cembra. Ecology 85: 730–740.

34. Bezdek JC (1981) Pattern Recognition with Fuzzy Objective Function Algorithms Plenum Press, New
York.

35. Gershunov A, Schneider N, Barnett T (2001) Low-frequency modulation of the ENSO-Indian monsoon
rainfall relationship, signal or noise. J Clim 14: 2486–2492.

36. Gou X, Chen F, Jacoby G, Cook E, Yang M, Peng J et al. (2007) Rapid tree growth with respect to the
last 400 years in response to climate warming, northeastern Tibetan Plateau. Int J Climatol 27: 1497–
1503

37. Shi J, Cook E, Li J, Lu H (2013) Unprecedented January–July warming recorded in a 178-year tree-ring
width chronology in the Dabie Mountains, southeastern China. Palaeogeography, Palaeoclimatology,
Palaeoecology 381–382: 92–97.

38. Duan J, Zhang Q, Lv L, Zhang C 2012 Regional-scale winter-spring temperature variability and chilling
damage dynamics over the past two centuries in southeastern China. Clim Dynam 3: 919–928.

39. Easterlin DR (2000) Climate Extremes, Observations, Modeling, and Impacts. Science 289: 2068–
2074. PMID: 11000103

40. Tardif J, Camarero JJ, Ribas M, Gutiérrez E (2003) Spatiotemporal Variability in Tree Growth in the
Central Pyrenees, Climatic and Site Influences. Ecol Monogr 73: 241–257.

41. Ciais P, Reichstein M, Viovy N, Granier A, Ogée J, Allard V et al. (2005) Europe-wide reduction in pri-
mary productivity caused by the heat and drought in 2003. Nature: 529–533.

42. Liang E, Liu X, Yuan Y, Qin N, Fang X, Huang Let al. (2006) The 1920s drought recorded by tree rings
and historical documents in the semi-arid and arid areas of Northern China. Climatic Change 79: 403–
432.

43. Yang B, Qin C, Wang J, He M, Melvin TM, Osborn TJ et al. (2014) A 3,500-year tree-ring record of
annual precipitation on the northeastern Tibetan Plateau. Proceedings of the National Academy of Sci-
ences 111: 2903–2908.

44. Ettinger AK, Ford KR, HilleRisLambers J (2011) Climate determines upper, but not lower, altitudinal
range limits of Pacific Northwest conifers. Ecology 92: 1323–1331 PMID: 21797160

45. Salzer MW, Hughes MK, Bunn AG, Kipfmueller KF (2009) Recent unprecedented tree-ring growth in
bristlecone pine at the highest elevations and possible causes. Proceedings of the National Academy
of Sciences 106: 20348–20353.

46. Ji F, Wu Z, Huang J, Chassignet EP (2014) Evolution of land surface air temperature trend. Nature Cli-
mate Change 4: 462–466.

47. Wu Z, Huang NE (2009) Ensemble empirical mode decomposition: A noise-assisted data analysis
method. Advances in Adaptive Data Analysis 1: 1–41.

48. Shao X, Fan J (1999) Past climate on west Sichuan Plateau as reconstructed from ring-widths of
Dragon Spruce. Quaternary Science Research 1: 81–89 (in Chinese with English Abstract).

49. Liang E, Shao X, Xu Y (2009) Tree-ring evidence of recent abnormal warming on the southeast Tibetan
Plateau. Theor Appl Climatol 98: 9–18.

50. Zhang Q, Hebda J, Alfaro I (2000) Modeling tree-ring growth responses to climatic variables using artifi-
cial neural networks. For Sci 46: 229–239.

51. Woodhouse CA (2001) A tree-ring reconstruction of streamflow for Colorado Front Range. J AmWater
Resour Ass 37: 561–569.

Synchronized Tree Growth in Southeast Tibetan Plateau

PLOS ONE | DOI:10.1371/journal.pone.0156126 June 3, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/11000103
http://www.ncbi.nlm.nih.gov/pubmed/21797160


52. Ni F, Cavazos T, Hughes MK, Comrie AC, Funkhouser G (2002) Cool-season precipitation in the south-
western USA since AD 1000, comparison of linear and nonlinear techniques for reconstruction. Int J Cli-
matol 22: 1645–1662.

53. Fang K, Gou X, Chen F, Frank D, Liu C, Li J et al. (2012) Precipitation variability during the past 400
years in the Xiaolong Mountain central China inferred from tree rings. Clim Dynam 39:1697–1707.

54. Gou X, Zhou F, Zhang Y, Chen Q, Zhang J (2013) Forward modeling analysis of regional scale tree-
ring patterns around the northeastern Tibetan Plateau, Northwest China. Biogeosciences Discussions
10: 9969–9988.

55. Williams AP, Allem CD, Millar CI, Swetnam TW, Michaelsen J, Still CJ, Leavitt SW (2010) Forest
responses to increasing aridity and warmth in the southwestern United States. Proceedings of the
National Academy of Sciences 107: 21289–21294.

Synchronized Tree Growth in Southeast Tibetan Plateau

PLOS ONE | DOI:10.1371/journal.pone.0156126 June 3, 2016 14 / 14


