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Abstract Temporal changes in the relationship between
tree growth and climate have been observed in numerous
forests across the world. The patterns and the possible regu-
lators (e.g., forest community structure) of such changes
are, however, not well understood. A vegetation survey and
analyses of growth-climate relationships for Abies georgei
var. Smithii (Smith fir) forests were carried along an altitudi-
nal gradient from 3600 to 4200 m on Meili Snow Mountain,
southeastern Tibetan Plateau. The results showed that the
associations between growth and temperature have declined
since the 1970s over the whole transect, while response to
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standardized precipitation-evapotranspiration indices (SPEI)
strengthened in the mid- and lower-transect. Comparison
between growth and vegetation data showed that tree growth
was more sensitive to drought in stands with higher species
richness and greater shrub cover. Drought stress on growth
may be increased by heavy competition from shrub and
herb layers. These results show the non-stationary nature
of tree growth-climate associations and the linkage to for-
est community structures. Vegetation components should
be considered in future modeling and forecasting of forest
dynamics in relation to climate changes.

Keywords Climate change - Tree rings - Altitudinal
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Introduction

The relationship between radial growth of trees and climatic
factors has long been assumed to be stable over time in cli-
mate reconstruction studies (Fritts 1976), rendering it the
basis to predict forest carbon fluxes and sinks, or to assess
forest health risks in a changing environment (Braswell et al.
1997; Vaganov et al. 1999). However, shifts in tree growth
sensitivities from temperatures to moisture in the late twen-
tieth century (Jacoby and D’Arrigo 1995) and the instability
of growth-climate response has been widely reported from
boreal forest zone to mid- and low-latitude forests (Briffa
et al. 1998; Barber et al. 2000; Wilmking and Myers-Smith
2008). Characteristics of the instability and mechanisms
behind it differ from one region to the next (Briffa et al.
1998; D’Arrigo et al. 2008; Wilmking and Myers-Smith
2008). Nevertheless, there is a lack of information on how
forest community structures affect climate-growth relation-
ships despite the instability of growth-climate response and
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its causes have received increasing interest in forest ecology
and global climate change.

Declining temperature and increasing moisture sensitivi-
ties in tree growth are widely reported for high-latitude for-
ests, possibly due to rising temperatures in combination with
increased drought stress (Jacoby and D’Arrigo 1995; Briffa
et al. 1998; Driscoll et al. 2005). In addition to changes in
climate, nutrient availability and microsite conditions could
also change the sensitivity to temperature variations (Wilm-
king et al. 2004; Wilmking and Juday 2005). A recent study
showed that temporal variability in tree growth response
to climate is universal and relates to severe disturbances
or physiological states of trees (Peltier and Ogle 2020).
Similar changes in the relationships between growth and
climate were also reported for high-altitude forests such as
on the Tibetan Plateau. For example, growth of Picea cras-
sifolia Kom. on the northeastern Tibetan Plateau showed a
strengthening of correlations of annual radial growth with
summer temperatures but with a very high spatial hetero-
geneity, i.e., positive on some sites and negative on oth-
ers (Zhang and Wilmking 2010; Wang et al. 2020). In the
eastern and southeastern Tibetan Plateau, divergent tree
growth response to recent climate warming was observed
between Abies fargesii Franch and Larix kongboensis R.R.
Mill (Zhao et al. 2018; Yu et al. 2023). In contrast, studies
of tree-ring data in the European Alps showed no unusual
late twentieth century divergent growth responses (Biintgen
et al. 2008). An examination of the data handling procedure
suggested that divergent growth response would have been
prevented if the sites and trees were carefully selected and
appropriate techniques for tree-ring detrending and growth-
climate regression were used (Esper and Frank 2009). To
date, the causes and spatial scale of changing tree growth-
climate response are still debated.

Tree growth-climate relationships may exhibit significant
differences along an altitudinal gradient in the same region
(Kharal et al. 2017; Gaire et al. 2023). For example, previous
studies have reported that temperature is the limiting factor
at the treeline while tree growth is more sensitive to fluctua-
tions in precipitation at lower altitudes (Lv and Zhang 2012;
Kharal et al. 2017; Panthi et al. 2020). In addition to climate
conditions, forest community structure may vary at differ-
ent altitudes because decreasing temperatures could restrict
some plant species as altitude increases (Rahbek 1995; Ma
et al. 2010), resulting in communities at lower altitudes
that are more diverse and denser in composition than those
at higher altitudes (Kraft et al. 2011). Forest community
structure may affect tree growth in two alternative ways by
either exaggerating or buffering the climate change effects
on growth (Pretzsch and Dieler 2011; Clark et al. 2012,
2016). Despite the important role of vegetation communi-
ties on tree growth and its climate response, this has been
largely overlooked in previous studies. Therefore, clarifying
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the associations between vegetation communities and tree
growth-climate response remains an important objective.

In this study, the temporal characteristics of tree growth-
climate response of Abies georgei var. smithii (Viguiéigu-
Gaussen) W. C. Cheng & L. K. Fu (Smith fir) along an
altitudinal gradient in the Meili Snow Mountain on the
southeastern Tibetan Plateau were investigated. Differences
in hydrothermal mountain conditions provide a diversity
of vegetation communities along an altitudinal gradient.
However, the influence of vegetation structure on instabil-
ity about tree growth-climate associations is not well rec-
ognized (Zhang and Wilmking 2010; Yu et al. 2023). The
objectives of this study is to identify, along an altitudinal
gradient, spatial-temporal patterns of tree growth-climate
associations and the link to vegetation structures. It was
hypothesized that climate warming-induced changes in
tree growth-climate relationships would be exaggerated by
denser community structures at lower altitudes. Evidence
of such processes would provide insight into the feedback
between forest growth and climate changes and contribute to
the design of future research on forest dynamics.

Materials and methods
Study area and climate

We collected increment cores of Smith fir trees and forest
community structure data in 20 m X 20 m vegetation plots
from the treeline to the lower limit of the forest distribution
located on the southwest of Meili Snow Mountain, south-
eastern Tibetan Plateau (98.46-98.50°E, 28.528-28.555°N).
The regional climate is influenced by the southwest Asian
monsoon (Bird et al. 2014; Yu et al. 2016). Because the
meteorological station closest to the sampling site started
climate observations in 1958, climate data was obtained for
1958-2019 from Climate Unit (CRU) 4.05 dataset (http://
climexp.knmi.nl). Over the study area, mean annual air tem-
perature is 3.1 C and annual total precipitation 767 mm,
with 78% falling in the monsoon period from May to Sep-
tember (Fig. 1a).

Trends in mean annual air temperatures and total pre-
cipitation were investigated using the non-parametric
Mann—Kendall technique (Yue and Wang 2004). Kendall’s
tau (¢) was calculated to evaluate the nonparametric correla-
tion between climate factors and time. The absolute value
of t was used to evaluate the strength of the trend. A posi-
tive value implies an increasing trend and a negative one a
decreasing trend. Over the period 1958-2019, annual air
temperatures showed an increasing trend (r=0.51, p<0.01)
and annual total precipitation an insignificant decreasing
trend (t= —0.12, p=0.83) (Fig. 1b).
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Fig. 1 a climatic diagrams and b changes 1958-2019. MAT and MAP in (a) are mean annual temperature and mean annual total precipitation,
respectively. The solid line is significance (p <0.05) while the dashed line is an insignificant (p >0.05) trend

Vegetation survey and tree-ring data

Forests growing between 3600 and 4200 m a.s.l. are domi-
nated by Smith fir, which is gradually replaced upwards by
Rhododendron shrubs and by Pinus yunnanensis Franch. at
lower elevations. Plots 20 m X 20 m were established every
100 m between 3600 and 4200 m a.s.l. Four 10 mx 10 m
shrub quadrats and four 1 mx 1 m herb quadrats were set
out in each plot in a diagonal direction. In each quadrat
or plot, the plant species were identified, and their abun-
dance, height and cover recorded. For trees, individual
DBH (diameter at breast height) and crown width were
recorded, and seedlings of each tree species were also
recorded. In forest plot, increment cores were taken from
Smith fir trees with DBH > 15 cm.

In the laboratory, increment cores were mounted, pol-
ished and measured according to standard dendrochrono-
logical techniques. The sequences of tree-ring widths were
crossdated and the quality of crossdating was validated
using the program COFFCHA (Holmes 1983) to ensure
each ring was assigned the calendar year of its forma-
tion (Schweingruber 1988). To obtain well-replicated
chronologies, the tree-ring samples were grouped into
three altitudes, treeline (4200 m a.s.l.), middle elevation
(3900-4100 m a.s.l.) and lower elevation (3600-3800 m
a.s.l.). A standard tree-ring chronology was developed
for each elevation group by fitting a negative exponential
curve or a straight line of negative slope to the tree-ring
sequences to remove any biological growth trends and
computing bi-weight robust means of the resulting ring-
width indices (Cook 1985).

Statistical analysis

Climate data covering the study area for 1958-2019 was
obtained from Climate Research Unit dataset CRU TS v4.05
(Harris et al. 2020). The climate variables were monthly mean
temperature, monthly mean diurnal temperature range, total
monthly precipitation, and 6-month scale standardized precip-
itation-evapotranspiration index (SPEI). The climate-growth
relationships were investigated using Pearson correlations with
a monthly window from September of the previous year to
September of the following year over 1958-2019. In addition,
temporal variability of the growth-climate relationships was
analyzed using correlations between the tree-ring chronologies
and the most correlated climatic variables over a 30-year slid-
ing window. The analyses were carried out using the package
cor (Best and Roberts 1975) in the R-4.2.2 program (R Core
Team 2022).

To characterize the vegetation structure, species informa-
tion was compiled for each plot, including name, frequency
of occurrence, density, coverage, species richness and num-
ber of seedlings. The importance value for each plant was
obtained by averaging its values of relative frequency, density
and coverage.

To evaluate the possible linkages of community structure
with tree growth, the mean sensitivity of interannual change
of tree-ring widths were calculated for each sample using the
following (Lyu et al. 2016a):

n—1
2|R,, —R
S = 1 Z | wn wn—1 |

n-14& R,+R

6]

wn—1
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where, S is mean tree-ring sensitivity; Rw, is the raw ring
width for year n; Rw,,_; is the ring-width before year n. The
mean sensitivity ranges from 0 to 2; if it is O, there is no
difference among the annual rings, and if it is 2, the tree
grows in one year and stops growth in the next. Finally, lin-
ear regression analysis was applied to assess the relationship
between the percentage of tree growth reduction and forest
community structure (Montgomery et al. 2021).

Results
Development of tree-ring chronology

Tree-ring sequences, with years ranging from 50 to 314,
were cross-dated and subjected to analyses (Table 1). With
increasing altitude, the average sensitivity of tree rings
decreased from 0.21 to 0.14, and the mean standard devia-
tion from 0.51 to 0.15, indicating a reduced sensitivity and
variation in tree rings with increasing altitude. There were
no significant differences in the mean auto-correlation and
mean inter-series correlations at different altitudes. Values
of the expressed population signal (EPS) > 0.85 started from
1860, 1905 and 1920 in the chronologies for upper, middle
and lower altitude trees, indicating that chronologies after
these years contained strong common signals for the sam-
pling sites (Fig. 2).

Relationship between tree-ring chronologies
and climatic factors

Analyses of growth-climate relationships showed that
ring widths were positively correlated with November
temperatures of the previous growth year for all altitudes.
Positive correlations between ring width and April and
July temperatures of the following year were observed at
the treeline (Fig. 3a). At middle and lower altitudes, ring
widths were positively correlated to SPEI from the previ-
ous September to the following September (Fig. 3b). How-
ever, there were no significant correlations with monthly
SPEI for trees at the treeline. For monthly precipitation
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Fig. 2 Standard tree-ring width chronologies of Smith fir for a upper,
b middle, and ¢ lower altitudes on Meili Snow Mountain; dotted lines
indicate year from which the values of expressed population signal
were greater than 0.85

and diurnal temperature differences, tree-ring indices had
no significant correlations with total monthly precipitation
(Fig. 3c), but a significant correlation with monthly diur-
nal temperature range in March and April of the following
year at middle and lower altitudes (Fig. 3d).

The moving correlation analyses using a 30-year sliding
window showed a significant positive correlation between
tree rings and November temperatures of the previous year
starting in the late-1950s to the mid-1970s for the upper
altitude, in the early half of the 1970s for the middle alti-
tude, and in the early 1970s to mid-1980s for the lower
altitude (Fig. 4a). Annual growth was significantly posi-
tively correlated with annual SPEI from the early 1970s
for the lower and middle altitudes, and showed an increas-
ing trend. Tree rings at the treeline were not correlated
with SPEI in any window of the analysis (Fig. 4b).

Table 1 Information and

o . Sites Altitude (m) No. of trees  SD MS ARI1 Rbar Year when
statistics of tree-ring sequences (ind.) EPS > 0.85
for upper, middle and lower : .
altitudes on the Meili Snow Upper 4200 9 0.15 0.14 0.88 0.43 1920
Mountain Middle 3900, 4000, 4100 31 0.42 0.156 0.87 0.47 1905

Lower 3600, 3700, 3800 44 0.51 0.213 0.85 0.43 1860

SD, standard deviation; MS, mean sensitivity; ARI, first-order autocorrelation; Rbar, mean inter-series cor-
relation; EPS, expressed population signal
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Characteristics of forest community structure
along the altitudinal gradient

Along the altitudinal gradient, there were 130 plant species.

Year

195919621965 196819711974 19771980 1983 1986 1989
Year

For the upper, middle and lower altitudes, the number of
tree species were 3, 5 and 6, the number of shrub species
3, 6 and 10, and the number of herb species 13, 13 and O,
respectively. Rhododendron spp. are common in the shrub
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layer at all altitudes, and their importance increases with
altitude. Species composition became simpler with altitude
(Table. S1). The species richness (SR) and shrub cover (SC)
lessened with altitude (Fig. S1). In addition, the number of
Smith fir seedlings decreased significantly with increased
shrub cover and species richness (r= —0.82, p <0.01;
r=-0.83, p<0.01) (Fig. 5).

Relationship between annual rings and forest
community structure

The mean interannual tree-ring sensitivity in different com-
munities decreased with increasing altitude from 1970 to
2019, consistent with the changes in shrub cover and spe-
cies richness (Fig. S1). Correlation analysis showed that this
growth sensitivity was positively correlated with shrub cover
and species richness (r=0.82, p<0.01; »=0.83, p=0.005)
(Fig. 6).

Discussion

In this study, there were significant differences in climate-
growth relationships at different altitudes. Growth at the
treeline was regulated by temperature (Fig. 3a), which is
in agreement with the ‘temperature limitation hypothesis’
(Korner 1998; Korner and Paulsen 2004). Specifically,
the positive effects from previous November temperatures
on growth may be related to higher temperatures would
prolong the growing season and enhance photosynthe-
sis (Esper et al. 2007). In contrast, drought stress was a

key factor limiting tree growth at middle and lower alti-
tudes (Fig. 3b). The pattern that temperature limitation
at the treeline with moisture limitation at middle and low
altitudes has been reported elsewhere (Di Filippo et al.
2007; Lv and Zhang 2012; Loehle et al. 2016). Because
the May—September rain in the Meili Snow Mountain
area accounts for 78% of the annual amount (Fig. 1a), the
positive correlation between ring widths and SPEI were
strongest before the growing season (Fig. 3b). Pre-growing
season climate effects on growth have also been reported
in previous studies on the Tibetan Plateau (Liang et al.
2008; Zhang and Wilmking 2010; Gao et al. 2022).

The best correlated drought stress on tree growth (as
indicated by the correlation) was not stable over time. Our
results show that variations in ring widths were mainly con-
trolled by temperatures at the treeline, but have gradually
weakened since the 1970 (Fig. 4a). The diminished tem-
perature effects on tree growth may be related to tempera-
ture increase (Kuang and Jiao 2016; Thakuri et al. 2019).
Rising temperatures alleviated the low-temperature limi-
tation on tree growth and thus accelerated photosynthesis
(Salerno et al. 2015; Thakuri et al. 2019) and ultimately
growth (Korner et al. 2016; Sigdel et al. 2018; Anderson
et al. 2020). At the same time, associations between SPEI
and tree growth were strengthened in middle and lower alti-
tude forests (Fig. 4b), indicating that the drought limitation
on tree growth have been strengthened by accelerated warm-
ing over past decades (Koerner 2015; Ren et al. 2018; Gao
et al. 2020). Similarly, intensified drought on growth was
also observed in other parts of the Tibetan plateau (Liang
et al. 2016a; Zhang et al. 2017; Yang et al. 2022).
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In addition to climatic forcing, other factors such as
community structure also affect tree growth and modify
growth sensitivity to environmental changes (Pretzsch
et al. 2013; Primicia et al. 2015). In this study, tree
growth was more sensitive to climate changes in denser
forest communities with higher species richness (Fig. 4
and Fig. S1), indicating that community structure may
have exaggerated the sensitivity of tree growth to climate
changes. Higher stand density may enhance growth sensi-
tivity to moisture variations at lower altitude forests (Gros-
siord et al. 2014; Primicia et al. 2015), because the com-
petition for water would further exaggerate drought stress,
leading to increased growth variability (Brown et al. 2005;
Barbier et al. 2008; Raz-Yaseef et al. 2010). The effects
of competition from shrubs on tree growth has also been
reported for the Tibetan Plateau (Liang et al. 2016b; Lyu
et al. 2016b; Wang et al. 2016). Similarly, the importance
of stand characteristics was found to be three times greater
than that of climate variables to forest growth in some
forests of northeastern China (Dong et al. 2024).

Our results disclose that fewer Smith fir seedlings occur
in lower altitude than upper altitude forests (Fig. 5). Intense
competition from shrubs would make establishment of seed-
lings difficult (Keeling and Phillips 2007; Luo and Chen
2015; Poorter et al. 2017). Besides, fewer Smith fir seedlings
also may be related to restricted sunlight (Szefer et al. 2020;
Royo and Carson 2022), so that seeds cannot geminate when
shrub cover is high (Robson et al. 2009; Annighofer 2018).

T T T T T
0.20 0.25 0.30

Mean tree-ring sensitivity

Therefore, future climate change may alter forest structure
through competitive disturbance and inhibition of stand
regeneration.

It should be acknowledged that an altitude gradient is
largely corresponding to a temperature gradient, which could
directly remove some species and thus change species com-
position along (Rahbek 1995; Rahman et al. 2020). There-
fore, the effect of altitude and community on growth-climate
response cannot be separated, leading to a lack of evidence to
support how tree growth patterns are modified by community
structure. Although both forest community and tree growth
will respond to climate changes, community structure can-
not adjust immediately to climate warming like tree growth
because the formation of a new community structure requires
a relatively long period of time (Littell et al. 2008; Zhu et al.
2012). Therefore, tree growth-climate relationships are con-
trolled by inter-annual climate variations directly and modified
by forest community structure through competition or simul-
taneously facilitated indirectly. Given the limited understand-
ing on the effects of community structure on forest dynamics,
more research is needed to explore the effects of community
structure on tree growth-climate relationships in forests with
diverse geographic, climatic, taxonomic and ontogenetic back-
grounds to obtain a reliable understanding of forest dynamics.
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Conclusions

In this study, changes in the relationship between tree growth
and climate and its link to forest community structure along
an altitudinal gradient were investigated. Accelerated cli-
mate warming had alleviated the low-temperature limitation
on tree growth at the treeline and enhanced drought stress on
the middle and lower altitudes after 1970. The higher shrub
cover and species richness may have further exaggerated
growth sensitivity to drought. Our findings shed new light
on the linkage of tree-growth response to climate and veg-
etation structure and reveal the instability of growth-climate
relationships.

Acknowledgements
and lab helps.

We thank Q.B Zhang’s team for field sampling

Author contributions Conceptualization and methodology, QBZ,
LL, JCZ; formal analysis, JCZ; writing—original draft preparation,
JCZ; writing—review and editing, QBZ, LL; funding acquisition, QBZ,
LL. All authors have read and agreed to the published version of the
manuscript.

References

Anderson K, Fawcett D, Cugulliere A, Benford S, Jones D, Leng R
(2020) Vegetation expansion in the subnival Hindu Kush Hima-
laya. Global Change Biol 26(3):1608-1625. https://doi.org/10.
1111/gcb.14919

Annighofer P (2018) Stress relief through gap creation? Growth
response of a shade tolerant species (Fagus sylvatica L.) to a
changed light environment. For Ecol Manage 415:139-147.
https://doi.org/10.1016/j.foreco.2018.02.027

Barber VA, Juday GP, Finney BP (2000) Reduced growth of Alaskan
white spruce in the twentieth century from temperature-induced
drought stress. Nature 405(6787):668—673. https://doi.org/10.
1038/35015049

Barbier S, Gosselin F, Balandier P (2008) Influence of tree species
on understory vegetation diversity and mechanisms involved—a
critical review for temperate and boreal forests. For Ecol Manage
254(1):1-15. https://doi.org/10.1016/j.foreco.2007.09.038

Best DJ, Roberts DE (1975) The upper tail probabilities of Spearman’s
rho. J R Stat Soc Ser C Appl Stat 24(3):377-379. https://doi.org/
10.2307/2347111

Bird BW, Pratigya JP, Lei YB, Thompson LG, Yao TD, Finney BP,
Bain DJ, Pompeani DP, Steinman BA (2014) A Tibetan lake sed-
iment record of Holocene Indian summer monsoon variability.
Earth Planet Sci Lett 399:92—102. https://doi.org/10.1016/j.epsl.
2016.09.004

Braswell BH, Schimel DS, Linder E, Moore lii B (1997) The response
of global terrestrial ecosystems to interannual temperature vari-
ability. Science 278(5339):870-873. https://doi.org/10.1126/scien
ce.278.5339.870

Briffa KR, Schweingruber FH, Jones PD, Osborn TJ, Shiyatov SG,
Vaganov EA (1998) Reduced sensitivity of recent tree-growth to
temperature at high northern latitudes. Nature 391(6668):678—
682. https://doi.org/10.1038/35596

@ Springer

Brown AE, Zhang L, McMahon TA, Western AW, Vertessy RA (2005)
A review of paired catchment studies for determining changes
in water yield resulting from alterations in vegetation. J Hydrol
310(1-4):28-61. https://doi.org/10.1016/j.jhydrol.2004.12.010

Biintgen ULF, Frank D, Wilson ROB, Carrer M, Urbinati C, Esper
JAN (2008) Testing for tree-ring divergence in the European Alps.
Global Change Biol 14(10):2443-2453. https://doi.org/10.1111/j.
1365-2486.2008.01640.x

Clark JS, Bell DM, Kwit M, Stine A, Vierra B, Zhu K (2012) Individ-
ual-scale inference to anticipate climate-change vulnerability of
biodiversity. Philos Trans R Soc Lond B Biol Sci 367(1586):236—
246. https://doi.org/10.1098/rstb.2011.0183

Clark JS, Iverson L, Woodall CW, Allen CD, Bell DM, Bragg DC,
D’Amato AW, Davis FW, Hersh MH, Ibanez I, Jackson ST, Mat-
thews S, Pederson N, Peters M, Schwartz MW, Waring KM, Zim-
mermann NE (2016) The impacts of increasing drought on forest
dynamics, structure, and biodiversity in the United States. Global
Change Biol 22(7):2329-2352. https://doi.org/10.1111/gcb.13160

Cook ER (1985) A time series analysis approach to tree ring standardi-
zation. Dissertation, University of Arizona, Tucson, AZ, USA.
pp 60—80.

D’Arrigo R, Wilson R, Liepert B, Cherubini P (2008) On the ‘Diver-
gence Problem’ in northern forests: a review of the tree-ring evi-
dence and possible causes. Glob Planet Change 60(3—4):289-305.
https://doi.org/10.1016/j.gloplacha.2007.03.004

Di Filippo A, Biondi F, Cufar K, De Luis M, Grabner M, Maugeri
M, Saba EP, Schirone B, Piovesan G (2007) Bioclimatology of
beech (Fagus sylvatica L.) in the Eastern Alps: spatial and alti-
tudinal climatic signals identified through a tree-ring network. J
Biogeogr 34(11):1873-1892. https://doi.org/10.1111/1.1365-2699.
2007.01747.x

Dong LB, Lin XY, Bettinger P, Liu ZG (2024) The contributions of
stand characteristics on carbon sequestration potential are triple
that of climate variables for Larix spp. plantations in northeast
China. Sci Total Environ 911:168726-168726. https://doi.org/10.
1016/j.scitotenv.2023.168726

Driscoll WW, Wiles GC, D’Arrigo RD, Wilmking M (2005) Diver-
gent tree growth response to recent climatic warming, Lake Clark
National Park and Preserve, Alaska. Geophys Res Lett. https://doi.
org/10.1029/2005GL024258

Esper J, Frank D (2009) Divergence pitfalls in tree-ring research.
Clim Change 94(3-4):261-266. https://doi.org/10.1007/
$10584-009-9594-2

Esper J, Frank DC, Wilson RJS, Biintgen U, Treydte K (2007) Uni-
form growth trends among central Asian low-and high-elevation
juniper tree sites. Trees 21:141-150. https://doi.org/10.1007/
500468-006-0104-0

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

Gaire NP, Zaw ZZ, Briuning A, GrieBinger J, Sharma B, Rana P,
Bhandari S, Basnet S, Fan ZX (2023) The impact of warming
climate on Himalayan silver fir growth along an elevation gradient
in the Mt. Everest Region Agric for Meteorol 339:109575. https://
doi.org/10.1016/j.agrformet.2023.109575

Gao SS, Wang YL, Yu S, Huang YQ, Liu HC, Chen W, He XY (2020)
Effects of drought stress on growth, physiology and secondary
metabolites of Two Adonis species in Northeast China. Sci Hortic.
https://doi.org/10.1016/j.scienta.2019.108795

Gao S, Liang EY, Liu RS, Babst F, Camarero JJ, Fu YH, Piao SL,
Rossi S, Shen MG, Wang T (2022) An earlier start of the thermal
growing season enhances tree growth in cold humid areas but not
in dry areas. Nat Ecol Evol 6:397-404. https://doi.org/10.1038/
$41559-022-01668-4

Grossiord C, Granier A, Ratcliffe S, Bouriaud O, Bruelheide
H, Cheéko E, Forrester DI, Dawud SM, Finér L, Pollastrini
M, Scherer-Lorenzen M, Valladares F, Bonal D, Gessler A
(2014) Tree diversity does not always improve resistance


https://doi.org/10.1111/gcb.14919
https://doi.org/10.1111/gcb.14919
https://doi.org/10.1016/j.foreco.2018.02.027
https://doi.org/10.1038/35015049
https://doi.org/10.1038/35015049
https://doi.org/10.1016/j.foreco.2007.09.038
https://doi.org/10.2307/2347111
https://doi.org/10.2307/2347111
https://doi.org/10.1016/j.epsl.2016.09.004
https://doi.org/10.1016/j.epsl.2016.09.004
https://doi.org/10.1126/science.278.5339.870
https://doi.org/10.1126/science.278.5339.870
https://doi.org/10.1038/35596
https://doi.org/10.1016/j.jhydrol.2004.12.010
https://doi.org/10.1111/j.1365-2486.2008.01640.x
https://doi.org/10.1111/j.1365-2486.2008.01640.x
https://doi.org/10.1098/rstb.2011.0183
https://doi.org/10.1111/gcb.13160
https://doi.org/10.1016/j.gloplacha.2007.03.004
https://doi.org/10.1111/j.1365-2699.2007.01747.x
https://doi.org/10.1111/j.1365-2699.2007.01747.x
https://doi.org/10.1016/j.scitotenv.2023.168726
https://doi.org/10.1016/j.scitotenv.2023.168726
https://doi.org/10.1029/2005GL024258
https://doi.org/10.1029/2005GL024258
https://doi.org/10.1007/s10584-009-9594-2
https://doi.org/10.1007/s10584-009-9594-2
https://doi.org/10.1007/s00468-006-0104-0
https://doi.org/10.1007/s00468-006-0104-0
https://doi.org/10.1016/j.agrformet.2023.109575
https://doi.org/10.1016/j.agrformet.2023.109575
https://doi.org/10.1016/j.scienta.2019.108795
https://doi.org/10.1038/s41559-022-01668-4
https://doi.org/10.1038/s41559-022-01668-4

Changes of growth-climate relationships of Smith fir forests along an altitudinal gradient

Page90of 10 76

of forest ecosystems to drought. Proc Natl Acad Sci USA
111(41):14812-14815. https://doi.org/10.1073/pnas.14119
70111

Harris I, Osborn TJ, Jones P, Lister D (2020) Version 4 of the CRU TS
monthly high-resolution gridded multivariate climate dataset. Sci
Data 7(1):109. https://doi.org/10.1038/s41597-020-0453-3

Holmes RL (1983) Computer-assisted quality control in tree-ring dat-
ing and measurement. Tree-Ring Bull 43:69-78

Jacoby GC, D’Arrigo RD (1995) Tree ring width and density evidence
of climatic and potential forest change in Alaska. Global Biogeo-
chem Cycles 9(2):227-234. https://doi.org/10.1029/95GB00321

Keeling HC, Phillips OL (2007) The global relationship between forest
productivity and biomass. Global Ecol Biogeogr 16(5):618-631.
https://doi.org/10.1111/j.1466-8238.2007.00314.x

Kharal DK, Thapa UK, George SS, Meilby H, Rayamajhi S, Bhuju
DR (2017) Tree-climate relations along an elevational transect
in Manang Valley, central Nepal. Dendrochronologia 41:57-64.
https://doi.org/10.1016/j.dendro.2016.04.004

Koerner C (2015) Paradigm shift in plant growth control. Curr Opin
Plant Biol 25:107-114. https://doi.org/10.1016/j.pbi.2015.05.003

Korner C (1998) A re-assessment of high elevation treeline positions
and their explanation. Oecologia 115(4):445-459. https://doi.org/
10.1007/s004420050540

Korner C, Paulsen J (2004) A world-wide study of high altitude tree-
line temperatures. J Biogeogr 31(5):713-732. https://doi.org/10.
1111/5.1365-2699.2003.01043.x

Korner C, Basler D, Hoch G, Kollas C, Lenz A, Randin CF, Vitasse
Y, Zimmermann NE (2016) Where, why and how? Explaining
the low-temperature range limits of temperate tree species. J Ecol
104(4):1076-1088. https://doi.org/10.1111/1365-2745.12574

Kraft NJ, Comita LS, Chase JM, Sanders NJ, Swenson NG, Crist
TO, Stegen JC, Vellend M, Boyle B, Anderson MJ, Cornell HC,
Davies KF, Freestone AL, Inouye BD, Harrison SP, Myers J
(2011) Disentangling the drivers of beta diversity along latitudinal
and elevational gradients. Science 333(6050):1755—1758. https://
doi.org/10.1126/science.1208584

Kuang XX, Jiao JJ (2016) Review on climate change on the Tibetan
Plateau during the last half century. J Geophys Res Atmos
121(8):3979-4007. https://doi.org/10.1002/2015JD024728

Liang EY, Shao XM, Qin NS (2008) Tree-ring based summer tem-
perature reconstruction for the source region of the Yangtze River
on the Tibetan Plateau. Global Planet Change 61(3—4):313-320.
https://doi.org/10.1016/j.gloplacha.2007.10.008

Liang EY, Leuschner C, Dulamsuren C, Wagner B, Hauck M (2016a)
Global warming-related tree growth decline and mortality on the
north-eastern Tibetan plateau. Clim Change 134(1):163-176.
https://doi.org/10.1007/s10584-015-1531-y

Liang EY, Wang YF, Piao SL, Lu XM, Camarero JJ, Zhu HF, Zhu
LP, Ellison AM, Ciais P, Pefiuelas J (2016b) Species interactions
slow warming-induced upward shifts of treelines on the Tibetan
Plateau. Proc Natl Acad Sci USA 113(16):4380-4385. https://doi.
org/10.1073/pnas.1520582113

Littell JS, Peterson DL, Tjoelker M (2008) Douglas-fir growth in
mountain ecosystems: water limits tree growth from stand to
region. Ecol Monogr 78(3):349-368. https://doi.org/10.1890/
07-0712.1

Loehle C, Idso C, Wigley TB (2016) Physiological and ecological
factors influencing recent trends in United States forest health
responses to climate change. For Ecol Manage 363:179-189.
https://doi.org/10.1016/j.foreco.2015.12.042

Luo Y, Chen HYH (2015) Climate change-associated tree mortal-
ity increases without decreasing water availability. Ecol Lett
18(11):1207-1215. https://doi.org/10.1111/ele.12500

Lv LX, Zhang QB (2012) Asynchronous recruitment history of Abies
spectabilis along an altitudinal gradient in the Mt. Everest Region
J Plant Ecol 5(2):147-156. https://doi.org/10.1093/jpe/rtr016

Lyu LX, Deng X, Zhang QB (2016a) Elevation pattern in growth
coherency on the southeastern Tibetan Plateau. PLoS ONE
11(9):e0163201. https://doi.org/10.1371/journal.pone.0163201

Lyu LX, Zhang QB, Deng X, Mékinen H (2016b) Fine-scale distribu-
tion of treeline trees and the nurse plant facilitation on the eastern
Tibetan Plateau. Ecol Indic 66:251-258. https://doi.org/10.1016/].
ecolind.2016.01.041

Ma WL, Shi PL, Li WH, He YT, Zhang XZ, Shen ZX, Chai SY (2010)
Changes in individual plant traits and biomass allocation in alpine
meadow with elevation variation on the Qinghai-Tibetan Plateau.
Sci China Life Sci 53(9):1142-1151. https://doi.org/10.1007/
s11427-010-4054-9

Montgomery DC, Peck EA, Vining GG (2021) Introduction to linear
regression analysis: John Wiley & Sons. Wiley, New Jersey

Panthi S, Fan ZX, van der Sleen P, Zuidema PA (2020) Long-term
physiological and growth responses of Himalayan fir to environ-
mental change are mediated by mean climate. Global Change Biol
26(3):1778-1794. https://doi.org/10.1111/gcb.14910

Peltier DMP, Ogle K (2020) Tree growth sensitivity to climate is tem-
porally variable. Ecol Lett 23(11):1561-1572. https://doi.org/10.
1111/ele.13575

Poorter L, van der Sande MT, Arets EJ, Ascarrunz N, Enquist BJ,
Finegan B, Licona JC, Martinez-Ramos M, Mazzei L, Meave JA,
Muiioz R, Nytch CJ, de Oliveira AA, Pérez-Garcia EA, Prado-
Junior J, Rodriguez-Velazques J, Ruschel AR, Salgado-Negret B,
Schiavini I, Swenson NG, Tenorio EA, Thompson J, Toledo M,
Uriarte M, van der Hout P, Zimmerman JK, Pefia-Claros M (2017)
Biodiversity and climate determine the functioning of Neotropical
forests. Global Ecol Biogeogr 26(12):1423-1434. https://doi.org/
10.1111/geb.12668

Pretzsch H, Dieler J (2011) The dependency of the size-growth rela-
tionship of Norway spruce (Picea abies L. Karst.) and European
beech (Fagus sylvatica L.) in forest stands on long-term site con-
ditions drought events, and ozone stress. Trees 25(3):355-369.
https://doi.org/10.1007/s00468-010-0510-1

Pretzsch H, Schiitze G, Uhl E (2013) Resistance of European tree spe-
cies to drought stress in mixed versus pure forests: evidence of
stress release by inter-specific facilitation. Plant Biol 15(3):483—
495. https://doi.org/10.1111/§.1438-8677.2012.00670.x

Primicia I, Camarero JJ, Janda P, Cada V, Morrissey RC, Trotsiuk V,
Bace R, Teodosiu M, Svoboda M (2015) Age, competition, distur-
bance and elevation effects on tree and stand growth response of
primary Picea abies forest to climate. For Ecol Manage 354:77—
86. https://doi.org/10.1016/j.foreco.2015.06.034

R Core Team (2022) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. URL https://www.R-project.org/

Rahbek C (1995) The elevational gradient of species richness: a uni-
form pattern? Ecography 18(2):200-205

Rahman IU, Afzal A, Igbal Z, Hart R, Abd Allah EF, Alqarawi AA,
Alsubeie MS, Calixto ES, Tjaz F, Ali N (2020) Response of plant
physiological attributes to altitudinal gradient: plant adaptation to
temperature variation in the Himalayan region. Sci Total Environ
706:135714. https://doi.org/10.1016/j.scitotenv.2019.135714

Raz-Yaseef N, Rotenberg E, Yakir D (2010) Effects of spatial variations
in soil evaporation caused by tree shading on water flux partition-
ing in a semi-arid pine forest. Agric for Meteorol 150(3):454-462.
https://doi.org/10.1016/j.agrformet.2010.01.010

Ren P, Rossi S, Camarero JJ, Ellison AM, Liang EY, Penuelas J (2018)
Critical temperature and precipitation thresholds for the onset of
xylogenesis of Juniperus przewalskii in a semi-arid area of the
north-eastern Tibetan Plateau. Ann Bot 121(4):617-624. https://
doi.org/10.1093/aob/mex 188

Robson TM, Rodriguez-Calcerrada J, Sanchez-Gomez D, Aranda I
(2009) Summer drought impedes beech seedling performance
more in a sub-Mediterranean forest understory than in small

@ Springer


https://doi.org/10.1073/pnas.1411970111
https://doi.org/10.1073/pnas.1411970111
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1029/95GB00321
https://doi.org/10.1111/j.1466-8238.2007.00314.x
https://doi.org/10.1016/j.dendro.2016.04.004
https://doi.org/10.1016/j.pbi.2015.05.003
https://doi.org/10.1007/s004420050540
https://doi.org/10.1007/s004420050540
https://doi.org/10.1111/j.1365-2699.2003.01043.x
https://doi.org/10.1111/j.1365-2699.2003.01043.x
https://doi.org/10.1111/1365-2745.12574
https://doi.org/10.1126/science.1208584
https://doi.org/10.1126/science.1208584
https://doi.org/10.1002/2015JD024728
https://doi.org/10.1016/j.gloplacha.2007.10.008
https://doi.org/10.1007/s10584-015-1531-y
https://doi.org/10.1073/pnas.1520582113
https://doi.org/10.1073/pnas.1520582113
https://doi.org/10.1890/07-0712.1
https://doi.org/10.1890/07-0712.1
https://doi.org/10.1016/j.foreco.2015.12.042
https://doi.org/10.1111/ele.12500
https://doi.org/10.1093/jpe/rtr016
https://doi.org/10.1371/journal.pone.0163201
https://doi.org/10.1016/j.ecolind.2016.01.041
https://doi.org/10.1016/j.ecolind.2016.01.041
https://doi.org/10.1007/s11427-010-4054-9
https://doi.org/10.1007/s11427-010-4054-9
https://doi.org/10.1111/gcb.14910
https://doi.org/10.1111/ele.13575
https://doi.org/10.1111/ele.13575
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/geb.12668
https://doi.org/10.1007/s00468-010-0510-1
https://doi.org/10.1111/j.1438-8677.2012.00670.x
https://doi.org/10.1016/j.foreco.2015.06.034
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2019.135714
https://doi.org/10.1016/j.agrformet.2010.01.010
https://doi.org/10.1093/aob/mcx188
https://doi.org/10.1093/aob/mcx188

76 Page 10 of 10

J. Zheng et al.

gaps. Tree Physiol 29(2):249-259. https://doi.org/10.1093/treep
hys/tpn023

Royo AA, Carson WP (2022) Stasis in forest regeneration following
deer exclusion and understory gap creation: a 10-year experiment.
Ecol Appl. https://doi.org/10.1002/eap.2569

Salerno F, Guyennon N, Thakuri S, Viviano G, Romano E, Vuillermoz
E, Cristofanelli P, Stocchi P, Agrillo G, Ma Y, Tartari G (2015)
Weak precipitation, warm winters and springs impact glaciers of
south slopes of Mt. Everest (central Himalaya) in the last 2 dec-
ades (1994-2013). Cryosphere 9(3):1229-1247

Schweingruber FH (1988) Tree rings: basics and applications of den-
drochronology. Kluwer Academic Publishers

Sigdel SR, Wang YF, Camarero JJ, Zhu HF, Liang EY, Penuelas J
(2018) Moisture-mediated responsiveness of treeline shifts
to global warming in the Himalayas. Global Change Biol
24(11):5549-5559. https://doi.org/10.1111/gcb.14428

Szefer P, Molem K, Sau A, Novotny V (2020) Impact of pathogenic
fungi, herbivores and predators on secondary succession of tropi-
cal rainforest vegetation. J Ecol 108(5):1978-1988. https://doi.
org/10.1111/1365-2745.13374

Thakuri S, Dahal S, Shrestha D, Guyennon N, Romano E, Colombo
N, Salerno F (2019) Elevation-dependent warming of maximum
air temperature in Nepal during 1976-2015. Atmos Res 228:261-
269. https://doi.org/10.1016/j.atmosres.2019.06.006

Vaganov EA, Hughes MK, Kirdyanov AV, Schweingruber FH, Silkin
PP (1999) Influence of snowfall and melt timing on tree growth
in subarctic Eurasia. Nature 400(6740):149-151. https://doi.org/
10.1038/22087

Wang Y, Pederson N, Ellison AM, Buckley HL, Case BS, Liang EY,
Camarero JJ (2016) Increased stem density and competition may
diminish the positive effects of warming at alpine treeline. Ecol-
ogy 97(7):1668-1679. https://doi.org/10.1890/15-1264.1

Wang B, Chen T, Li CJ, Xu GB, Wu GJ, Liu GX (2020) Radial growth
of Qinghai spruce (Picea crassifolia Kom.) and its leading influ-
encing climate factor varied along a moisture gradient. For Ecol
Manage 476:118474. https://doi.org/10.1016/j.foreco.2020.
118474

Wilmking M, Juday GP (2005) Longitudinal variation of radial growth
at Alaska’s northern treeline—recent changes and possible scenar-
ios for the 21st century. Global Planet Change 47(2—4):282-300.
https://doi.org/10.1016/j.gloplacha.2004.10.017

Wilmking M, Myers-Smith I (2008) Changing climate sensitivity of
black spruce (Picea mariana Mill.) in a peatland—forest landscape
in Interior Alaska. Dendrochronologia 25(3):167-175. https://doi.
org/10.1016/j.dendro.2007.04.003

Wilmking M, Juday GP, Barber VA, Zald HS (2004) Recent climate
warming forces contrasting growth responses of white spruce at
treeline in Alaska through temperature thresholds. Global Change
Biol 10(10):1724-1736. https://doi.org/10.1111/j.1365-2486.
2004.00826.x

@ Springer

Yang RQ, Zhao F, Fan ZX, Panthi S, Fu PL, Braeuning A, Griessinger
J, Li ZS (2022) Long-term growth trends of Abies delavayi and
its physiological responses to a warming climate in the Cangshan
Mountains, southwestern China. For Ecol Manage 505:119943.
https://doi.org/10.1016/j.foreco.2021.119943

Yu WS, Wei FL, Ma YM, Liu WJ, Zhang YY, Luo L, Tian LD, Xu
BQ, Qu D (2016) Stable isotope variations in precipitation over
Deqin on the southeastern margin of the Tibetan Plateau during
different seasons related to various meteorological factors and
moisture sources. Atmos Res 170:123-130. https://doi.org/10.
1016/j.atmosres.2015.11.013

Yu DS, Lu J, Zhang XS, Zhang M, Wang XL, Yang L, Tian Y (2023)
Exploring the differentiation effect between Larix Kongboensis
and temperature and precipitation in the southeastern Tibetan Pla-
teau of China. Appl Ecol Environ Res 21(2):1199-1217

Yue S, Wang CY (2004) The Mann-Kendall test modified by effec-
tive sample size to detect trend in serially correlated hydrological
series. Water Resour Manage 18(3):201-218. https://doi.org/10.
1023/B:WARM.0000043140.61082.60

Zhang YX, Wilmking M (2010) Divergent growth responses and
increasing temperature limitation of Qinghai spruce growth along
an elevation gradient at the northeast Tibet Plateau. For Ecol Man-
age 260(6):1076-1082. https://doi.org/10.1016/j.foreco.2010.06.
034

Zhang YX, Guo MM, Wang XC, Gu FX, Liu SR (2017) Divergent
tree growth response to recent climate warming of Abies faxoni-
ana at alpine treelines in east edge of Tibetan Plateau. Ecol Res
33(2):303-311. https://doi.org/10.1007/s11284-017-1538-0

Zhao YC, Wang MY, Hu SJ, Zhang XD, Ouyang Z, Zhang GL, Huang
B, Zhao SW, Wu JS, Xie DT, Zhu B, Yu DS, Pan XZ, Xu SX, Shi
XZ (2018) Economics- and policy-driven organic carbon input
enhancement dominates soil organic carbon accumulation in
Chinese croplands. Proc Natl Acad Sci USA 115(16):4045-4050.
https://doi.org/10.1073/pnas.1700292114

Zhu K, Woodall CW, Clark JS (2012) Failure to migrate: lack of tree
range expansion in response to climate change. Global Change
Biol 18(3):1042-1052. https://doi.org/10.1111/j.1365-2486.2011.
02571.x

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1093/treephys/tpn023
https://doi.org/10.1093/treephys/tpn023
https://doi.org/10.1002/eap.2569
https://doi.org/10.1111/gcb.14428
https://doi.org/10.1111/1365-2745.13374
https://doi.org/10.1111/1365-2745.13374
https://doi.org/10.1016/j.atmosres.2019.06.006
https://doi.org/10.1038/22087
https://doi.org/10.1038/22087
https://doi.org/10.1890/15-1264.1
https://doi.org/10.1016/j.foreco.2020.118474
https://doi.org/10.1016/j.foreco.2020.118474
https://doi.org/10.1016/j.gloplacha.2004.10.017
https://doi.org/10.1016/j.dendro.2007.04.003
https://doi.org/10.1016/j.dendro.2007.04.003
https://doi.org/10.1111/j.1365-2486.2004.00826.x
https://doi.org/10.1111/j.1365-2486.2004.00826.x
https://doi.org/10.1016/j.foreco.2021.119943
https://doi.org/10.1016/j.atmosres.2015.11.013
https://doi.org/10.1016/j.atmosres.2015.11.013
https://doi.org/10.1023/B:WARM.0000043140.61082.60
https://doi.org/10.1023/B:WARM.0000043140.61082.60
https://doi.org/10.1016/j.foreco.2010.06.034
https://doi.org/10.1016/j.foreco.2010.06.034
https://doi.org/10.1007/s11284-017-1538-0
https://doi.org/10.1073/pnas.1700292114
https://doi.org/10.1111/j.1365-2486.2011.02571.x
https://doi.org/10.1111/j.1365-2486.2011.02571.x

	Changes of growth-climate relationships of Smith fir forests along an altitudinal gradient
	Abstract 
	Introduction
	Materials and methods
	Study area and climate
	Vegetation survey and tree-ring data
	Statistical analysis

	Results
	Development of tree-ring chronology
	Relationship between tree-ring chronologies and climatic factors
	Characteristics of forest community structure along the altitudinal gradient
	Relationship between annual rings and forest community structure

	Discussion
	Conclusions
	Acknowledgements 
	References


