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Identifying which trees are more vulnerable to extreme climatic events is a challenging
problem in our understanding of forest and even ecosystem dynamics under climate
change scenarios. As one of the most widely distributed tree species across the arid
and semi-arid northeastern Tibetan Plateau, Qilian juniper (Juniperus przewalskii Kom.),
is the main component of the local forest ecosystem, providing critical insurance for
the ecological security of the surrounding areas. However, this species’s ability to cope
with climate extremes (especially drought) has not been adequately assessed. Here, we
apply a dendroecological approach that considers indices of resistance and resilience to
quantify the vulnerability of Qilian junipers to the extreme drought events of 1957, 1966,
1979, and 1995. A total of 532 Qilian juniper trees from different age stages (100-1,100
years) and altitudes [3,500-4,000 m above sea level (a.s.l.)] were studied to assess their
response characteristics during these four drought extremes. We conclude that drought
extremes have a significant negative impact on the growth of Qilian juniper. The oldest
Qilian junipers at the lower altitudes constituted the most vulnerable populations across
the northeastern Tibetan Plateau and were characterized by the lowest resistance values,
the narrowest annual rings, and the highest proportion of missing rings during the four
drought years. Tree resilience after droughts was strongly related to the intensity of the
drought event and did not change with tree age or elevation. A threshold of tree tolerance
to drought may exist, with the more vulnerable tree individuals (e.g., the oldest Qilian
junipers from lower altitudes) being exposed to the highest mortality risk when drought
intensity exceeds the threshold value. Such a threshold needs further consideration,
through the study of trees that have died (or are about to die) due to extreme droughts.

Keywords: Qilian juniper, vulnerability, drought, age effect, elevation, global warming

INTRODUCTION

Droughts can reduce tree growth and forest productivity through changes in photosynthesis rate
(Grassi and Magnani, 2005; Hinckley et al., 1979), carbon assimilation (Chaves, 1991; Lawlor and
Cornic, 2002), phenology (Misson et al., 2011), tree morphology (Abrams et al., 1992; Aspelmeier
and Leuschner, 2006), and others, with adverse impacts on ecosystem stability. Severe droughts may
push tree growth decline beyond its biological thresholds (Folke et al., 2004), triggering widespread
tree dieback (Camarero et al., 2015; Hoffmann et al., 2011) and even tree mortality (Allen et al.,
2010; Anderegg et al., 2013). However, tree growth performance during extreme drought episodes is
complicated and varies with species, age, size, population features, and the geographical distribution
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of the trees (Gazol and Camarero, 2016; Lebourgeois et al.,
2013; Merlin et al., 2015; Vitali et al., 2017), which limits our
understanding of the mechanism of tree response to drought.
Research is increasingly focusing on areas threatened by severe
droughts and heat waves to investigate drought damage based on
the diverse physiological and distribution characteristics of trees
(Brouwers et al.,, 2013; Rennenberg et al., 2006; Tyree et al., 1994)
with the aim of assessing the reaction of these trees to drought
events. Nonetheless, our knowledge of tree response to drought
extremes is still limited, especially in some long-standing
vulnerable and sensitive environments such as the northeastern
Tibetan Plateau (NETP).

Qilian juniper (Juniperus przewalskii Kom.) is the main
component of natural forests on the NETP and is widely
distributed up to elevations of 3,500-4,100 m above sea level
(a.s.l.) on the sunny and partly sunny slopes (Shao et al., 2005) of
the Gobi Desert margins. Although their distribution is relatively
scattered, it is one of the most critical components of the local
fragile terrestrial ecosystem due to its wide distribution and the
high number of trees, which play a crucial role in maintaining
ecological stability and preventing desert expansion or erosion.
However, these trees are threatened by insufficient water supply.
Many dendrochronological studies conducted in this region have
consistently found that radial growth of Qilian juniper is primarily
limited by water shortage (Gou et al., 2013; Gou et al., 2015; Qin
etal,, 2015), and growth decline and mortality related to droughts
have also occurred recently (Fang et al.,, 2015; Yu et al., 2015;
Liang et al., 2016a), despite slight increases in annual precipitation
during the past few decades (Li et al., 2008; Shi et al., 2007). When
the wetting trend terminates, or if a transition to drier conditions
occurs due to rising global temperatures (similar to other parts of
inner Asia), the forests in this region will immediately be exposed
to more severe water deficits than at present, exposing those
trees with low drought resistance and resilience to a greater risk.
Although many studies have considered the relationships between
radial growth of Qilian juniper and the climate conditions on the
NETP (Liu et al., 2009; Shao et al., 2005; Shao et al., 2009; Shao
et al,, 2010; Yang et al., 2013; Yang et al., 2014; Yang et al., 2017a;
Yang et al., 2017b; Yang et al., 2019; Zhang et al., 2003), most
focus on the reconstruction of paleoclimatic conditions. Fang
and Zhang (2018) explored the resilience of Qilian juniper after
four extreme drought events on the NETP and concluded that
tree resilience to drought has increased over the past few decades.
Unfortunately, their study did not involve the differentiated
response of tree individuals to drought extremes, and the ability of
trees to cope with drought remains insufficiently known. We now
need to compare how the responses to hydraulic deficits of trees
under different site conditions (e.g., altitude) and within different
age bands vary, and identify which trees are more resistant and
resilient to water shortage, making them more likely than other
trees to survive after drought extremes.

To answer these questions, we studied 532 Qilian juniper
trees from diverse age stages (100-1,100 years) and altitudes
(3,500-4,000 m a.s.l.) to explore the variance in tree vulnerability
to extreme droughts and to assess the main factors influencing
the ability of trees to resist drought events. More specifically,
the resilience indices presented by Lloret et al. (2011), which

measure tree resilience, resistance, and recovery using ring
width data from individual trees, were adopted to quantify the
vulnerability characteristics of trees suffering from drought
extremes in 1957, 1966, 1979, and 1995. The generalized linear
model and superposed epoch analysis (SEA; Chree, 1913; Chree,
1914; Lough and Fritts, 1987) are used to verify the reliability of
the initial results obtained in our study.

MATERIALS AND METHODS

Tree-Ring Data and Dendroecological
Analysis

In order to investigate the possible disparate responses among
different Qilian juniper individuals under drought stress, we
re-examined published data from the NETP and classified tree-
ring width series according to the following tree age criteria:
age class 1 (AC1), 100-300 years; age class 2 (AC2), 301-500
years; age class 3 (AC3), 501-700 years; age class 4 (AC4),
701-900 years; and age class 5 (AC5), 901-1,100 years. We
divided each age class into high altitude (3,800-4,000 m a.s.l.)
and low altitude (3,500-3,700 m a.s.l.). Data from a total of 532
trees of Qilian juniper were assimilated from reported studies
(Shao et al., 2009; Yang et al., 2014), distributed across 18 sites
in Wulan, Delingha, Tianjun, and Dulan (Figure 1; Table 1).
To maintain consistency among all tree samples, we used only
one increment core per tree; thus, the mean ring width sequence
was used for trees having two cores. Due to the high altitude,
the cold and dry climate, and the barren soil, other tree species
generally do not thrive, such that almost all of the trees growing
on the NETP are Qilian junipers. These scattered trees, together
with alpine meadows and shrubs distributed between the bare
rocks or in the lower valleys, constitute the local plant cover
(Figure 2). From the perspective of ecosystem stability, the
species composition in the NETP is relatively simple and has
little ability to buffer external disturbance. Further detailed
information on the topography, climate, and hydrology can be
found in previous dendrochronological works (Shao et al., 2009;
Yang et al., 2014).

Each tree-ring width series was detrended with a 10-year cubic
smoothing spline in the R-environment (R Core Team, 2017)
using the function “detrend” in the “dpIR” package (Bunn, 2008)
to eliminate non-climatic trends and preserve higher interannual
variability (Cook and Peters, 1981). This step transforms the raw
tree-ring width sequence into a standard and dimensionless ring
width index. A mean standard chronology (STD) was established
using the biweight robust mean of the detrended ring widths of each
age class (Cook, 1985) with the function “chron” for the overlapping
period 1950-2000. The chronologies were characterized by
mean ring widths, Gleichldufigkeit (GLK), mean sensitivity
(MS), and first-order autocorrelation (AR1) (Fritts, 1976).
GLK represents the similarity in signals between chronologies
(Schweingruber, 1988). MS measures the mean percentage
change in year-to-year growth variations. AR1 represents the
influence of the previous year’s growth on the current year. MS
and AR1 were calculated using ring width series, while GLK was
based on the STD chronology.
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FIGURE 1 | The location of the study area and sampling sites. The Qilian juniper site names and other geographic information refer to Shao et al. (2009) and
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TABLE 1 | Descriptive statistics for the Qilian juniper chronologies developed in this study. The sample sites of DLH1-6, WL1-4, and TJ1 were obtained from Shao

et al. (2009) and MNT, XDC, XHC, SBP, ZHG, SGX, and NDC from Yang et al. (2014). R, pps refers to the correlation coefficient between tree-ring chronologies and
June scPDSl(the self-calibrated Palmer Drought Severity Index (1850-2012 scPDSI dataset, http://www.cgd.ucar.edu/cas/catalog/climind/pdsi.html); Dai, 2011) during
the study period. PMR refers to the percent of missing rings during drought years compared to all tree-ring width data for the four selected drought years. MS and AR1

represent mean sensitivity and first-order autocorrelation, respectively. AC, age class.

Elevation  Age class No. of Mean ring Retron-posi MS AR1 PMR (%)  Site codes

(year) trees —

width (mm)

High AC1 (100-300) 41 0.46 0.64 0.35 0.37 2.44 DLH3, DLH4, MNT, XDC, XHC
High AC2 (301-500) 56 0.35 0.61 0.35 0.27 1.32 DLH4, MNT, XDC, XHC
High AC3 (501-700) 42 0.29 0.62 0.38 0.26 2.84 DLH3, DLH4, MNT, SBP, ZHG, XDC, XHC
High AC4 (700-900) 35 0.27 0.5 0.38 0.29 6.25 DLHS, DLH4, MNT, SBP, ZHG, SGX
High AC5 (901-1,100) 43 0.27 0.62 0.41 0.16 5.43 DLH3, DLH4, SBP, ZHG, SGX, XDC
Low AC1 (100-300) 31 0.35 0.64 0.43 0.26 14.5 DLH1, DLH2, DLH6, TJ1, WL1, WL2, WL4, NDC
Low AC2 (301-500) 68 0.36 0.6 0.4 0.3 6.84 DLH1, DLH2, DLH5, DLH6, NDC, TJ1, WL1, WL3, WL4
Low AC3 (5601-700) 53 0.29 0.66 0.42 0.29 10.33 DLH1, DLH2, DLH5, DLHB, TJ1, WL1, WL2, WL3, WL4, NDC
Low AC4 (701-900) 53 0.26 0.62 0.52 0.24 15.84 DLH1, DLH2, DLH5, DLH6, TJ1, WL1, WL3, WL4
Low AC5 (901-1,100) 48 0.23 0.7 0.53 0.28 16.8 DLH1, DLH2, DLH5, TJ1, WL1, WL2, WL3, WL4
Selection of Extreme Drought Years 1) Many previous dendrochronological studies in the adjacent

Corresponding to Tree Growth Decline
Drought triggered by anomalously low precipitation and/or
high temperature might yield exceptionally narrow tree rings
over a large area in moisture-limited environments (He et al,,
2018; Wang et al., 2015). The following two steps were applied
to identify extreme drought years and ensure that they were
primarily responsible for the sharp decline of tree growth (rather
than other growth disturbances such as fire or insect pests).

area indicated that tree growth is primary restricted by the
water shortage in June (Qin et al., 2013; Shao et al., 2005;
Shao et al., 2010; Yang et al., 2014). Higher temperatures will
enhance potential evapotranspiration, resulting in a further
increase of moisture deficit during the same period (Figure
3B). Hence, we adopted the scPDSI sequence, which includes
precipitation and surface air temperature (Dai, 2011), to
identify drought episodes associated with tree growth decline.
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growth environment and dotted distribution (B, C, D).

FIGURE 2 | An overview of the distribution characteristics of Qilian junipers in the study area. The typical Qilian juniper individuals on the NETP (A) and their barren

Firstly, we performed correlation analysis between the tree-
ring chronology of each age class and scPDSI sequence, using
the DendroClim2002 software (Biondi and Waikul, 2004), to
assess drought responses of tree growth. Next, considering
that the fastest radial growth period and main contribution
to the annual ring width occurred in June (Gou et al., 2013;
Zhang et al,, 2018), we examined the scPDSI of each June
during the study period and considered those years with
values below 1.5 standard deviations from the mean as
alternative drought years for subsequent analysis.

2) The “pointer year” (Schweingruber et al., 1990), referring to
a year with notable growth variance occurring at the stand
level, was calculated from the ring width index chronology
of each age class. In this study, we only focused on growth
declines associated with drought events. The pointer years
were calculated using the R package “pointRes” (van der
Maaten-Theunissen et al., 2015), with a threshold defined
as 60% of tree-ring series showing a growth decrease of
at least 30% compared to the average growth during the 2
preceding years.

We employed the drought years obtained from the first step
to check the growth characteristics of tree-ring width series

during these drought episodes and used the years with significant
tree growth decline identified by the second step to control the
number of extreme drought years ultimately adopted. Moreover,
we ranked the intensity of the four drought years selected above
based on precipitation and temperature anomalies during June,
and ranking the driest year as fourth, the second driest year as
third, and so forth, for further analysis.

Quantification of Tree Vulnerability

to Drought

The vulnerability of individual trees to drought events was
quantified through the resistance (Rt), recovery (Rc), and
resilience (Rs) indices adopted from Lloret et al. (2011).
Resistance describes the magnitude of the growth reduction
during a drought year compared to the pre-drought years
and measures the ability of trees to “buffer” drought impacts.
Recovery measures the growth difference between the post-
drought period and the drought year and quantifies the
capability of the tree to recover from drought disturbance.
Resilience measures the difference in tree growth before and
after a drought year and quantifies the capacity to reach pre-
disturbance performance levels.
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B Climatic anomalies (wrt. 1961-1990)
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FIGURE 3 | (A) Comparison of the mean tree-ring width series among five age classes and two altitudes. The yellow stars represent the four drought years selected
in this study. (B) Climatic conditions during the four extreme drought years over the “annual water year” (here, July of the previous year to July of the current year).
Months of the previous years are in lowercase and those of the current year in uppercase. “wrt”, with respect to.

These three indices were calculated using the following
equations:

Resistance (Rt) = Dr / PreDr

Recovery (Rc) = PostDr / Dr

Resilience (Rs) = PostDr / PreDr

The “PreDr” and “PostDr” values were calculated with the
average tree-ring width during the 2 years before and after a
drought event. The “Dr” variable refers to the tree-ring width for
the drought year. All calculations follow the algorithm described
above and were conducted using the raw ring width sequence on
each individual tree. We used the 2-year period as the reference
time interval for two reasons: first, we found that the growth of
trees generally returns to its previous level within 2 years after the
drought event, and second, this time scale allows full consideration
of the lag effects of drought while avoiding interference with other
disturbance factors (such as the next drought event). Considering
that the relationship among these resilience indices is relatively
intuitive (resilience = resistance x recovery), we only used the
resistance and resilience indices for further analyses.

SEA was also utilized to evaluate tree growth response to
drought extremes and, more importantly, to verify the results
that we obtained above. SEA was applied to each age class by
generating composites of tree-ring width indices from lag -2 to
lag +2 years relative to the average of the previous 2 years before
each drought event, to obtain the range of growth decline. A
bootstrap resampling procedure (using 1,000 random sets) was
applied to estimate whether tree growth in these drought years
was statistically significantly different from the random sets of
other years (lag +1 year). All the analyses were performed using
R version 3.4.3 (R Core Team, 2017).

Data Analysis

To facilitate the analysis, we performed cyclic elimination on the
calculated resistance and resilience values by using the mean plus/
minus 3 standard deviations rule (Limpert et al., 2001) to remove
the presence of a very few outliers (less than five data points for each
index), which we found to have no significant effect on the results.
The differences in each index between three age classes and between
two elevation gradients were assessed by the non-parametric
Kruskal-Wallis analysis of variance (ANOVA) test (Kruskal and
Wallis, 1952; unlike other regression methods, this one does not
require the original data to be normally distributed) and the Dunn-
Bonferroni test (Dunn, 1961) for post hoc comparisons.
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The importance of age and elevation to resistance and
resilience was assessed through a generalized linear model. In
order to more accurately assess possible controlling factors of
resistance and resilience, the sorted drought levels, latitude, and
longitude, as well as tree age and elevation, were all added to our
model. Ultimately, we operated the model with the data groups
AC1, AC3, and ACS5, and verified the accuracy of the model with
the actual values from groups AC2 and AC4.

RESULTS

Radial Growth and Tree-Ring
Chronologies

Parallel radial growth patterns were detected among all age
classes of Qilian juniper over the period 1950-2000 (Figure 3A).
Whether at higher or lower sites, nearly all younger trees showed
wider ring widths compared to older trees throughout the study
period (mean ring width ranges from 0.46 to 0.27 mm for high
altitude and 0.36 to 0.23 mm for low altitude). Moreover, trees
growing at higher elevations showed wider ring widths compared
to those of the same age at lower elevations. In particular, trees
growing at lower altitudes or/and belonging to older age classes
exhibited a greater proportion of missing rings during drought
years than that of other tree individuals (Table 1). The mean
AR1 of tree-ring width series was 0.27, showing that, during the
study period, the growth conditions of the previous year had
no significant effect on the tree-ring width of the current year.
The MS of all trees exceeded 0.4, indicating a higher interannual
variability of radial growth. The high GLK (0.87) among all
chronologies suggests that the growth of trees within our study
was highly consistent and that the chronologies are suitable for
climate-growth analysis.

Extreme Drought Years

Based on the selection methods described above, the drought
years associated with notably slow growth of Qilian junipers are
1957, 1966, 1979, and 1995. It should be noted that rapid growth
decline has also occurred in 1998, but it was probably due to other
factors than drought and thus not included in the subsequent
analysis as a drought event. These four drought years were ranked
according to the precipitation and temperature anomalies in June
(with respect to 1961-1990). Of these, the most severe drought
year was 1995, followed in descending order by 1966, 1979, and
1957 (Figure 3B). Moreover, the correlation analysis results of
tree-ring chronologies and scPDSI showed that the correlation
coefficient in June was the highest during the whole hydrological
year (Table 1); therefore, using the scPDSI value of June to identify
extreme drought years is a reasonable approach.

Changes of Resistance and Resilience
Over Time

The resistance of Qilian juniper to extreme drought for all age
classes showed a gradually declining tendency, with the resistance
in 1995 being the lowest among the four extreme drought years
(~13%, -44%, and -6% for low-latitude trees and -21%, -43%,
and -9% for high-altitude trees compared to 1957, 1966, 1979,

respectively, based on the algorithm (Rt,y;;, — Rt ge5)/Rt o5
Figures 4A, C). Regardless of the age and elevation, the resilience
of almost all trees remained nearly constant during the three
drought years of 1957, 1966, and 1979. However, a sudden drop
in 1995 is evident (Rs decreased by 38% compared to the average
of the previous three drought years; Figures 4B, D and 5B), with
90% of all sample trees showing resilience values less than 1 and
65% less than 0.75. Thus, both resistance and resilience values in
1995 were the lowest among the four drought years.

Comparison of the Radial Growth
Responses in Different Age Classes

The resistance of Qilian juniper to extreme drought events
showed a descending trend with increasing tree age (Figures 4A,
C; Table 2). The oldest trees showed the lowest resistance during
nearly all drought years (the average resistance of trees in AC5
was 11%/54% lower than in ACI1 for high/low altitude; these
differences were statistically significant in 1957 and 1995 for high
altitude and in 1966 and 1979 for low altitude, with p < 0.05).
Consistent results were obtained with the generalized linear
model (Figure 5A). Likewise, the results from the SEA indicated
that superposed tree-ring width indices during drought years
were strongly reduced compared to the average of the previous 2
years and that the magnitude of the decrease was proportional to
the age of the trees (Figures 6A, C). Furthermore, the proportion
of missing rings during drought years in older Qilian junipers
was higher than that of younger trees (Figures 6B, D), indicating
that the older trees react more strongly to drought events. The
resilience of Qilian juniper to drought events was somewhat less
clear and did not change with increasing tree age (Table 2).

Effect of Altitude on Resistance and
Resilience Variability

Qilian junipers from lower-altitude sites showed smaller resistance
values than those from higher-altitude sites within the same age
class (Figures 7A, C, E; Table 2), which is especially evident in
AC5 (Figure 7E). We note that the age structures of the sampled
trees were similar at high and low altitudes (Figure 6E) and that
comparison of resistance at different altitudes was performed
within the same age group: hence, the difference in resistance
between trees at different altitudes was not directly caused by the
age effect. Furthermore, results of the SEA and the number of
detected missing rings indicated that the magnitude of growth
decline during drought events was greater at lower elevation
(Figures 6B, D). Changes in resilience with altitude did not follow
a distinct pattern (Figures 7B, D, F) for Qilian juniper, but trees
with resilience > 1 accounted for 69% at higher altitude and 64% at
lower altitude. The location (latitude and longitude) cannot explain
the variations of resilience; while latitude did have an effect on
resistance, its effect was much weaker than tree age and altitude.

DISCUSSION
Age Effect on Drought Responses

Our results revealed varying resistance levels among the
different age groups of Qilian junipers subjected to extreme
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TABLE 2 | The impacts of age, elevation, drought intensity, and latitude for the
resistance and resilience of Qilian juniper to extreme drought events, calculated
using the generalized linear models (GLMs), where DI = drought intensity, b =
regression coefficient, SE = standard error, T = corresponding T statistic (for the
partial test of HO: b(j) = 0), and p(T) = corresponding significance value.

Resilience b SE T p (T)

indices

Resistance

Intercept 0.55 0.58 1.04 0.30

Age -0.0002 0.000027 -7.36 <0.001
Elev 0.00031 0.000057 5.44 <0.001
DI -0.014 0.006 -2.28 0.02

Lat -0.038 0.013 -2.33 0.02

Resilience

Intercept 3.73 1.32 2.84 0.005
DI -0.13 0.0066 -18.97 <0.001

drought events. These changes may be primarily associated
with physiological characteristics as well as diverse drought
influences on water/nutrient supply and demand relationships
at different age stages. From the perspective of demand, older

trees possess a more complex structure and much greater
volume of aboveground woody tissues, with a thicker trunk
and more abundant foliage, which increases the autotrophic
respiration and consumes more carbon to meet the demand
of normal life activities (Granda et al., 2017; Lucas-Borja and
Vacchiano, 2018; Ryan and Yoder, 1997).

Regarding the supply, the lower hydraulic conductivity
within the trunks and branches, coupled with the low level of
photosynthetic capacity and stomatal conductance in older trees,
may mainly explain their lower resistance to extreme drought
events. In particular, the hydraulic resistance increases with tree
age/height (Dawson et al, 1990; Ryan et al., 2006). For older
Qilian junipers, their greater size means xylem fluid needs to be
transported upward for a longer distance to reach the top/lateral
branches and leaves, which requires higher tension in the xylem
water column (Ryan and Yoder, 1997) compared to younger
trees. When severe drought occurs during the growing season,
this hydraulic architecture increases the risk of cavitation or
embolism in the xylem of older trees (Hacke et al., 2001; Johnson
et al., 2012; Savi et al,, 2015; Tyree and Sperry, 1989), further
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impeding xylem hydraulic function and exacerbating the water
stress. In response, blade stomata of these trees close earlier to
prevent further loss of xylem water. This, in turn, prevents carbon
dioxide uptake and causes a decrease in the photosynthesis
capacity, thus limiting the carbon assimilation in older trees.
These factors reduce the competitiveness of older trees under
drought conditions and ultimately trigger carbon starvation and
growth decline or even tree mortality (Dulamsuren et al., 2019;
McDowell et al., 2008; Sevanto et al., 2014). Many studies have
suggested that photosynthesis and stomatal conductance of old
trees are lower than those of younger individuals (Grulke and
Miller, 1994; Kull and Koppel, 1987; Schoettle, 1994), consistent
with the above arguments. Therefore, older trees in moisture-
limited environments with less water and nutrient supply are
already closer to a critical point during normal years, and thus
less resistant to extreme drought events.

Contrary to our results, a few studies have shown that older
trees, with their well-developed root systems, can more easily
absorb inorganic salts and water from a deeper and broader
extent of the soil; this helps to buffer water stress during drought
(Fritts, 1976; Kramer, 1996; Rozas et al., 2009; Wu et al., 2013).
However, this effect was not observed in Qilian juniper at our
study sites. Although root depth and lateral root extension
increased with aboveground canopy size, root architectural
traits are more closely related to water infiltration depth to allow
more effective absorption of soil water in arid environments
(Schenk and Jackson, 2002). Evidence supporting this view is
the characteristic of Qilian juniper as a shallow-rooted species,

with rooting depths ranging from 40 to 100 cm below the ground
surface (Gou et al., 2013; Xu et al., 2011). Thus, while older Qilian
junipers possess well-developed rooting systems compared to
younger trees, their greater extent is mainly lateral and is not
significantly deeper. Those well-developed roots of older Qilian
junipers are produced to absorb water more effectively under
normal hydrological conditions. However, based on the theory
that smaller roots are more vulnerable to cavitation than stems
(Sperry and Ikeda, 1997), it is these trees that are more exposed
to the danger of cavitation during the dry periods, intensifying
the poor water availability of older trees.

The Influence of Altitude on Radial Growth
Reactions
The change in altitude theoretically affects the distribution
of heat and moisture resources. In general, thermal stress
increases, whereas water stress decreases with altitudes in alpine
environments (Cavieres et al., 2006; Gao et al., 2017; Wilson
et al., 2005). Greater water availability at higher altitudes than
at lower altitudes allows trees at higher altitudes not only to
grow more rapidly under normal hydrological years but also
to more effectively buffer the adverse effects of water deficits
during drought years. Our results showed that the average tree-
ring width at lower altitudes was invariably narrower, and that
resistance to drought was significantly lower, than those at higher
altitudes, consistent with the results discussed above.

The percentage of missing rings, which can reveal the severity
of drought stress on tree growth and which is inevitably linked to
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tree mortality (Liang et al., 2016a), was higher at lower elevations
in our study. The radial growth of all tree samples used in this
study was mainly limited by water deficit. Given that trees at
different elevations will suffer different degrees of drought, due to
changes in the distribution of precipitation and temperature along
the altitudinal gradient during the same drought event, this may
indicate that environmental conditions at lower altitudes are less
favorable (lower water availability) than those at higher altitudes,
prompting the trees in these areas to react more strongly to the
extreme drought events. It is worth noting that the relatively
higher temperatures at lower elevations could theoretically
deepen the seasonal thaw depth of the permafrost in summer,
thus alleviating the water deficit in these areas to some extent.
However, the maximum thaw depth of the permafrost in this
region is beyond 1.5 m (Huang et al., 2011), while the soil layer
and the roots of Qilian juniper are mainly concentrated within
the uppermost 1 m (Gou et al., 2013; Xu et al., 2011). Therefore,
the changing contribution of summer permafrost melting to soil
moisture along the elevation gradient does not ultimately change
the pattern of lower-elevation sites facing greater moisture deficits.

The slightly increasing precipitation during the study period
might have promoted tree growth at higher elevations, leading
to increasing canopy cover and stem density; this could have
intensified the competition among trees for soil moisture,
causing a higher frequency of missing rings as observed by Liang
et al. (2016a) in the central Qilian Mountains. However, this
effect was not seen in our study, presumably because the canopy
density of Qilian juniper within our study sites (Figure 2) is far
less than that in the Qilian Mountains (0.3 vs. 0.6-0.8) (Qin et al.,
2013; Liang et al., 2016a), and there is no distinct intraspecific
competition among trees at higher altitudes.

Climate Threshold-Related Growth
Decline

Our results demonstrated that the resilience of Qilian juniper
to extreme drought is not directly related to the elevation, age,
latitude, or longitude of trees, but instead showed a significant
negative correlation with the intensity of drought events. The
mean resilience value fluctuated around 1, as shown in 1957,
1966, and 1979, indicating that these droughts did not seriously
injure the Qilian juniper; indeed, the trees showed rapid recovery
to pre-drought growth levels after the droughts. Resilience values
significantly lower than 1 (e.g., in 1995) suggested that drought
intensity was particularly high, with a strongly adverse impact on
these trees, such that the majority of trees had not yet returned
to their pre-drought growth status within 1 to 2 years following
the drought episodes. Some of the above variability may also be
attributed to patterns of water deficit at regional scales.

The average anomalies of precipitation and temperature
(Figure 3B) showed that a strong negative precipitation anomaly
was superposed on a positive temperature anomaly during June
1995 at both Delingha and Chaka meteorological stations (-29.3
and -23.3 mm for June precipitation anomaly and +2.3°C and
+1.7°C for June temperature anomaly in Delingha and Chaka,
respectively), far exceeding the magnitude of temperature and
precipitation anomalies in 1957, 1966, and 1979. Therefore, the

1995 growing season was the driest for Qilian juniper during the
study period. Indeed, 1995 was documented as one of the driest
years on the NETP in other studies (Fang et al., 2012; Tian et
al., 2007; Liang et al., 2016a). Thus, the Qilian juniper samples
suffered from more severe water shortage in 1995 than during
any of the other three drought years. The 1995 drought was
associated with significant growth decline and longer recovery
period. Our results indicate that almost all trees used in our study
survived all four extreme drought events. However, in making
this interpretation, we may have overlooked the important aspect
that all tree samples we used were from living trees; consequently,
those trees that had died after a specific drought event were
not included in subsequent samples. There are precedents for
tree mortality due to high-intensity droughts in many parts of
the world (Allen et al., 2010; Anderegg et al., 2013; McDowell
et al., 2008). Therefore, we can infer from our results that if a
very severe drought event occurs during the growing season (like
that in June 1995), and if it exceeds a level for some trees, then
those trees will die first, while the other more drought-tolerant
individuals may survive after the drought.

Unfortunately, such thresholds are rarely studied through
dendrochronology, and it is difficult to obtain robust estimates.
Theoretically, it is possible for resilience to equal zero; this can be
interpreted as the failure of some trees to form a radial increment
during the 2 or more years after the extreme drought (i.e., missing
rings) and includes the possibility that the tree died. A resilience
of zero was not observed in our study, which may be due to the
inherent weakness of the evaluation method that we adopted
(Lloret et al., 2011). Therefore, a priority for future work will be
to seek these dead/dying tree samples that are most vulnerable to
drought events and compare their data with surviving trees to
analyze their growth status before and after drought, with the
aim of better understanding tree resilience to drought and the
threshold of tree mortality.

Considerations of Future Forest Variability

Under Global Warming

The increasing temperature and precipitation associated with
global warming in our study region during recent decades, coupled
with a possible carbon dioxide fertilization effect (Piao et al., 2012),
have been beneficial to the radial growth of Qilian juniper on the
NETP. This has been demonstrated by the slightly upward trend
in tree-ring width sequences during the study period. However,
the slight rise in precipitation has not changed the overall status
of water shortage on the NETP. Furthermore, a growing number
of studies have shown that greater variability of precipitation
under global warming will enhance the intensity and frequency
of extreme drought events (Kim and Byun, 2009; Trenberth et al.,
2014). This will undoubtedly be a greater test for Qilian junipers
growing in the arid Tibetan Plateau of inner Asia, since our results
showed that the recovery ability of Qilian juniper after drought
events is closely related to the drought intensity.

In addition, there is general consensus that the growth of
Qilian juniper over broad areas of the lower/middle altitudes is
mainly limited by water availability. However, Zhang et al. (2015)
directly addressed this issue by collecting Qilian juniper samples
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in the uppermost 20% of the forest belt and concluded that
low temperature rather than drought limits the radial growth
of Qilian juniper at the upper tree-line (~4,250 m a.s.l,, higher
than in all of the other related studies). With continued global
warming, trees growing near the upper tree-line may benefit
from increasing temperatures as thermal conditions become
less restrictive on tree growth, thereby leading to an upward
migration of the upper tree-line (Liang et al., 2016b). According
to our results, the younger Qilian junipers at lower altitudes are
the most vulnerable groups to drought events, while the younger
individuals at higher altitude are more resistant. Ongoing global
warming and associated expansion of the forest belt to higher
elevations will have two main consequences: one is that the
warming process is equivalent to expanding the range of low-
elevation Qilian junipers, causing the older trees in these areas
to be exposed to more severe water stress conditions; the other
is to increase the rate of forest recruitment at high altitudes,
where younger trees are more resistant to drought and are under
less severe drought stress. However, if this trend continues, the
upper tree-line will eventually be constrained by other factors
(e.g., terrain, or the height at which precipitation no longer
increases with elevation). From that time onward, the forest
belt will no longer be able to expand upward, yet the intensity of
water shortage would continue increasing under ongoing global
warming, which is equivalent to placing a larger number of trees
into the “lower-altitude environment” (warmer and drier), which
would have an adverse effect on local forest ecological security.

CONCLUSIONS

We studied Qilian junipers that are widely distributed across the
NETP to explore the vulnerability of different tree individuals
to severe drought events. In conclusion, we found that drought
extremes have a significant adverse impact on the radial growth
of Qilian juniper. The effects of age and elevation both strongly
affect the ability of Qilian junipers to cope with drought extremes:
specifically, older trees from lower elevations are more vulnerable
to drought and may even be exposed to a higher risk of mortality
should water shortages become aggravated in the future. Meanwhile,
the resilience of Qilian junipers to extreme drought showed no
connection with tree age, elevation, latitude, or longitude, but was
closely correlated with drought intensity. Thus, we can reasonably

REFERENCES

Abrams, M. D,, Kloeppel, B. D., and Kubiske, M. E. (1992). Ecophysiological and
morphological responses to shade and drought in two contrasting ecotypes
of Prunus serotina. Tree Physiol. 10, 343-355. doi: 10.1093/treephys/10.4.343

Allen, C. D., Macalady, A. K., 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. For. Ecol. Manage.
259, 660-684. doi: 10.1016/j.foreco.2009.09.001

Anderegg, W. R., Kane, J. M., and Anderegg, L. D. (2013). Consequences of
widespread tree mortality triggered by drought and temperature stress. Nat.
Clim. Chang. 3, 30-36. doi: 10.1038/nclimate1635

speculate that, although all the Qilian juniper samples used in this
study had successfully recovered from the four selected drought
events, there are some very vulnerable tree individuals (e.g., some
of the oldest trees at lower altitudes) that may already be dead if the
intensity of one of those drought episodes exceeded their endurance
limit; these individuals will not have been included in our samples.
This is important in the context of global warming, since increased
precipitation variability may enhance the intensity and frequency of
extreme drought events. Our study revealed which tree individuals
are more vulnerable to drought extremes, enabling identification of
those trees most seriously affected by drought so that their growth
and even death processes can be monitored. This would not only
provide the possibility of estimating threshold conditions for tree
mortality but also enable us to better understand the dynamics of
forests and even ecosystems across the NETP under the background
of climate warming.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

BY and XW designed the study. XW analyzed the data and
wrote the first version of manuscript. XW, BY, and FL revised the
manuscript and approved the submitted version.

FUNDING

This study is supported by the National Nature Science Foundation
of China (NSFC grant nos. 41520104005 and 41325008), and by
the Belmont Forum and JPI-Climate Collaborative Research
Action “INTEGRATE” (NSFC grant no. 41661144008). FL is
supported by the Swedish Research Council (Vetenskapsradet,
grant no. 2018-01272).

ACKNOWLEDGMENTS

We are grateful to Prof. Sergio Rossi for his guidance in data
analysis and to Linzhou Xia for his excellent fieldwork.

Aspelmeier, S., and Leuschner, C. (2006). Genotypic variation in drought response
of silver birch (Betula pendula Roth): leaf and root morphology and carbon
partitioning. Trees 20, 42-52. doi: 10.1007/s00468-005-0011-9

Biondi, E, and Waikul, K. (2004). DENDROCLIM2002: A C++ program for
statistical calibration of climate signals in tree-ring chronologies. Comput.
Geosci. 30, 303-311. doi: 10.1016/j.cageo.2003.11.004

Brouwers, N., Matusick, G., Ruthrof, K., Lyons, T., and Hardy, G. (2013).
Landscape-scale assessment of tree crown dieback following extreme drought
and heat in a Mediterranean eucalypt forest ecosystem. Landsc. Ecol. 28, 69-80.
doi: 10.1007/s10980-012-9815-3

Bunn, A. G. (2008). A dendrochronology program library in R (dplR).
Dendrochronologia 26, 115-124. doi: 10.1016/j.dendro.2008.01.002

Frontiers in Plant Science | www.frontiersin.org

11

September 2019 | Volume 10 | Article 1191


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1093/treephys/10.4.343
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1007/s00468-005-0011-9
http://doi.org/10.1016/j.cageo.2003.11.004
https://doi.org/10.1007/s10980-012-9815-3
https://doi.org/10.1016/j.dendro.2008.01.002

Wang et al.

Tree Vulnerability to Extreme Drought

Camarero, J. ]., Gazol, A., Sangiiesa-Barreda, G., Oliva, J., and Vicente-Serrano, S.
M. (2015). To die or not to die: early warnings of tree dieback in response to a
severe drought. J. Ecol. 103, 44-57. doi: 10.1111/1365-2745.12295

Cavieres, L. A., Badano, E. I, Sierra-Almeida, A., Gémez-Gonzilez, S., and
Molina-Montenegro, M. A. (2006). Positive interactions between alpine
plant species and the nurse cushion plant Laretia acaulis do not increase
with elevation in the Andes of central Chile. New Phytol. 169, 59-69. doi:
10.1111/j.1469-8137.2005.01573.x

Chaves, M. M. (1991). Effects of water deficits on carbon assimilation. J. Exp. Bot.
42, 1-16. doi: 10.1093/jxb/42.1.1

Chree, C. (1913). Some phenomena of sunspots and of terrestrial magnetism
at Kew Observatory. Phil. Trans. Roy. Soc. Lond. 212, 75-116. doi: 10.1098/
rsta.1913.0003

Chree, C. (1914). Some phenomena of sunspots and of terrestrial magnetism. Part
I1. Phil. Trans. Roy. Soc. Lond. 213, 245-277. doi: 10.1098/rsta.1914.0006

Cook, E. R. (1985). A time series analysis approach to tree-ring standardization.
PhD dissertation. University of Arizona, 1985.

Cook, E. R,, and Peters, K. (1981). The smoothing spline: a new approach to
standardizing forest interior tree-ring width series for dendroclimatic studies.
Tree-Ring Bull. 41, 45-53.

Dai, A. (2011). Characteristics and trends in various forms of the Palmer Drought
Severity Index during 1900-2008. J. Geophys. Res.-Atmos. 116, D12115. doi:
10.1029/2010JD015541

Dawson, T. E., King, E. ], and Ehleringer, J. R. (1990). Age structure of
Phoradendron juniperinum (Viscaceae), a xylem-tapping mistletoe: inferences
from a non-destructive morphological index of age. Am. J. Bot. 77, 573-583.
doi: 10.1002/j.1537-2197.1990.tb14444.x

Dulamsuren, C., Abilova, S. B., Bektayeva, M., Eldarov, M., Schuldt, B., Leuschner, C.,
et al. (2019). Hydraulic architecture and vulnerability to drought-induced
embolism in southern boreal tree species of Inner Asia. Tree Physiol. 39, 463—
473. doi: 10.1093/treephys/tpy116

Dunn, O. J. (1961). Multiple comparisons among means. . Am. Stat. Assoc. 56,
52-64. doi: 10.1080/01621459.1961.10482090

Fang, K., Frank, D., Zhao, Y., Zhou, F, and Seppi, H. (2015). Moisture stress of
a hydrological year on tree growth in the Tibetan Plateau and surroundings.
Environ. Res. Lett. 10, 034010. doi: 10.1088/1748-9326/10/3/034010

Fang, K., Gou, X., Chen, E, Liu, C., Davi, N,, Li, J., et al. (2012). Tree-ring based
reconstruction of drought variability (1615-2009) in the Kongtong Mountain
area, Northern China. Glob. Planet. Change 80, 190-197. doi: 10.1016/j.
gloplacha.2011.10.009

Fang, O., and Zhang, Q. B. (2018). Tree resilience to drought increases in the
Tibetan Plateau. Glob. Change Biol. 25, 245-253. doi: 10.1111/gcb.14470

Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L.,
et al. (2004). Regime shifts, resilience, and biodiversity in ecosystem
management. Annu. Rev. Ecol. Evol. Syst. 35, 557-581. doi: 10.1146/annurev.
ecolsys.35.021103.105711

Fritts, H. C. (1976). Tree rings and climate. New York: Academic Press,
London, 567.

Gao, L., Gou, X,, Deng, Y., Yang, M., and Zhang, E (2017). Assessing the
influences of tree species, elevation and climate on tree-ring growth in the
Qilian Mountains of northwest China. Trees 31, 393-404. doi: 10.1007/
500468-015-1294-0

Gazol, A., and Camarero, J. J. (2016). Functional diversity enhances silver
fir growth resilience to an extreme drought. J. Ecol. 104, 1063-1075. doi:
10.1111/1365-2745.12575

Gou, X., Deng, Y., Gao, L., Chen, F, Cook, E., Yang, M., et al. (2015). Millennium
tree-ring reconstruction of drought variability in the eastern Qilian
Mountains, northwest China. Clim. Dyn. 45, 1761-1770. doi: 10.1007/
$00382-014-2431-y

Gou, X,, Zhou, F, Zhang, Y., Chen, Q., and Zhang, J. (2013). Forward modeling
analysis of regional scale tree-ring patterns around the Northeastern Tibetan
Plateau, Northwest China. Biogeosciences 10, 9969-9988. doi: 10.5194/
bgd-10-9969-2013

Granda, E., Camarero, J. J., Galvan, J. D., Sangiiesa-Barreda, G., Alla, A. Q,
Gutierrez, E., et al. (2017). Aged but withstanding: maintenance of growth rates
in old pines is not related to enhanced water-use efficiency. Agric. For. Meteorol.
243, 43-54. doi: 10.1016/j.agrformet.2017.05.005

Grassi, G., and Magnani, F. (2005). Stomatal, mesophyll conductance and
biochemical limitations to photosynthesis as affected by drought and
leaf ontogeny in ash and oak trees. Plant Cell Environ. 28, 834-849. doi:
10.1111/j.1365-3040.2005.01333.x

Grulke, N. E., and Miller, P. R. (1994). Changes in gas exchange characteristics
during the life span of giant sequoia: implications for response to current and
future concentrations of atmospheric ozone. Tree Physiol. 14, 659-668. doi:
10.1093/treephys/14.7-8-9.659

Hacke, U. G., Stiller, V., Sperry, J. S., Pittermann, J., and McCulloh, K. A.
(2001). Cavitation fatigue. Embolism and refilling cycles can weaken the
cavitation resistance of xylem. Plant Physiol. 125, 779-786. doi: 10.1104/
pp.125.2.779

He, M., Brauning, A., Grieflinger, J., Hochreuther, P., and Wernicke, J. (2018).
May-June drought reconstruction over the past 821 years on the south-central
Tibetan Plateau derived from tree-ring width series. Dendrochronologia 47,
48-57. doi: 10.1016/j.dendro.2017.12.006

Hinckley, T. M., Dougherty, P. M., Lassoie, J. P., Roberts, J. E., and Teskey,
R. O. (1979). A severe drought: impact on tree growth, phenology, net
photosynthetic rate and water relations. Am. Midl. Nat. 102, 307-316.
doi: 10.2307/2424658

Hoffmann, W. A., Marchin, R. M., Abit, P, and Lau, O. L. (2011). Hydraulic
failure and tree dieback are associated with high wood density in a temperate
forest under extreme drought. Glob. Change Biol. 17, 2731-2742. doi:
10.1111/j.1365-2486.2011.02401.x

Huang, L., Liu, J., Shao, Q., and Liu, R. (2011). Changing inland lakes responding
to climate warming in Northeastern Tibetan Plateau. Clim. Change 109, 479-
502. doi: 10.1007/s10584-011-0032-x

Johnson, D. M., Mcculloh, K. A., Woodruff, D. R., and Meinzer, F. C. (2012).
Evidence for xylem embolism as a primary factor in dehydration-induced
declines in leaf hydraulic conductance. Plant Cell Environ. 35, 760-769. doi:
10.1111/j.1365-3040.2011.02449.x

Kim, D. W,, and Byun, H. R. (2009). Future pattern of Asian drought under
global warming scenario. Theor. Appl. Climatol. 98, 137-150. doi: 10.1007/
s00704-008-0100-y

Kréamer, S., Miller, P. M., and Eddleman, L. E. (1996). Root system morphology
and development of seedling and juvenile Juniperus occidentalis. For. Ecol.
Manage. 86, 229-240. doi: 10.1016/S0378-1127(96)03769-3

Kruskal, W. H., and Wallis, W. A. (1952). Use of ranks in one-criterion variance
analysis. J. Am. Stat. Assoc. 47, 583-621. doi: 10.1080/01621459.1952.10483441

Kull, O., and Koppel, A. (1987). Net photosynthetic response to light intensity of
shoots from different crown positions and age in Picea abies (L.) Karst. Scand.
J. Forest Res. 2, 157-166. doi: 10.1080/02827588709382454

Lawlor, D. W,, and Cornic, G. (2002). Photosynthetic carbon assimilation and
associated metabolism in relation to water deficits in higher plants. Plant Cell
Environ. 25, 275-294. doi: 10.1046/j.0016-8025.2001.00814.x

Lebourgeois, F, Gomez, N., Pinto, P, and Mérian, P. (2013). Mixed stands
reduce Abies alba tree-ring sensitivity to summer drought in the Vosges
mountains, western Europe. For. Ecol. Manage. 303, 61-71. doi: 10.1016/j.
foreco.2013.04.003

Li, J., Cook, E. R., D’Arrigo, R., Chen, F, Gou, X., Peng, J., et al. (2008). Common
tree growth anomalies over the northeastern Tibetan Plateau during the last
six centuries: implications for regional moisture change. Glob. Change Biol. 14,
2096-2107. doi: 10.1111/j.1365-2486.2008.01603.x

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

Liang, E., Wang, Y., Piao, S., Lu, X., Camarero, J. J., Zhu, H., et al. (2016b).
Species interactions slow warming-induced upward shifts of treelines on the
Tibetan Plateau. Proc. Natl. Acad. Sci. US.A. 113, 4380-4385. doi: 10.1073/
pnas.1520582113

Limpert, E., Stahel, W. A., and Abbt, M. (2001). Log-normal distributions across
the sciences: keys and clues: on the charms of statistics, and how mechanical
models resembling gambling machines offer a link to a handy way to
characterize log-normal distributions, which can provide deeper insight
into variability and probability—normal or log-normal: that is the question.
Bioscience 51, 341-352. doi: 10.1641/0006-3568(2001)051[0341:LNDATS]2.0
.CO;2

Frontiers in Plant Science | www.frontiersin.org

12

September 2019 | Volume 10 | Article 1191


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1111/1365-2745.12295
https://doi.org/10.1111/j.1469-8137.2005.01573.x
https://doi.org/10.1093/jxb/42.1.1
https://doi.org/10.1098/rsta.1913.0003
https://doi.org/10.1098/rsta.1913.0003
https://doi.org/10.1098/rsta.1914.0006
https://doi.org/10.1029/2010JD015541
https://doi.org/10.1002/j.1537-2197.1990.tb14444.x
https://doi.org/10.1093/treephys/tpy116
https://doi.org/10.1080/01621459.1961.10482090
https://doi.org/10.1088/1748-9326/10/3/034010
https://doi.org/10.1016/j.gloplacha.2011.10.009
https://doi.org/10.1016/j.gloplacha.2011.10.009
https://doi.org/10.1111/gcb.14470
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711
https://doi.org/10.1007/s00468-015-1294-0
https://doi.org/10.1007/s00468-015-1294-0
https://doi.org/10.1111/1365-2745.12575
https://doi.org/10.1007/s00382-014-2431-y
https://doi.org/10.1007/s00382-014-2431-y
https://doi.org/10.5194/bgd-10-9969-2013
https://doi.org/10.5194/bgd-10-9969-2013
https://doi.org/10.1016/j.agrformet.2017.05.005
https://doi.org/10.1111/j.1365-3040.2005.01333.x
https://doi.org/10.1093/treephys/14.7-8-9.659
https://doi.org/10.1104/pp.125.2.779
https://doi.org/10.1104/pp.125.2.779
https://doi.org/10.1016/j.dendro.2017.12.006
https://doi.org/10.2307/2424658
https://doi.org/10.1111/j.1365-2486.2011.02401.x
https://doi.org/10.1007/s10584-011-0032-x
https://doi.org/10.1111/j.1365-3040.2011.02449.x
https://doi.org/10.1007/s00704-008-0100-y
https://doi.org/10.1007/s00704-008-0100-y
https://doi.org/10.1016/S0378-1127(96)03769-3
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/02827588709382454
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1016/j.foreco.2013.04.003
https://doi.org/10.1016/j.foreco.2013.04.003
https://doi.org/10.1111/j.1365-2486.2008.01603.x
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/10.1641/0006-3568(2001)051[0341:LNDATS]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0341:LNDATS]2.0.CO;2

Wang et al.

Tree Vulnerability to Extreme Drought

Liu, W,, Gou, X., Yang, M., Zhang, Y., Fang, K., Yang, T., et al. (2009). Drought
reconstruction in the Qilian Mountains over the last two centuries and its
implications for large-scale moisture patterns. Adv. Atmos. Sci. 26, 621-629.
doi: 10.1007/s00376-009-9028-0

Lloret, E, Keeling, E. G., and Sala, A. (2011). Components of tree resilience: effects
of successive low-growth episodes in old ponderosa pine forests. Oikos 120,
1909-1920. doi: 10.1111/j.1600-0706.2011.19372.x

Lough, J. M., and Fritts, H. C. (1987). An assessment of the possible effects of
volcanic eruptions on North American climate using tree-ring data, 1602 to
1900 AD. Clim. Change 10, 219-239. doi: 10.1007/BF00143903

Lucas-Borja, M. E., and Vacchiano, G. (2018). Interactions between climate,
growth and seed production in Spanish black pine (Pinus nigra Arn. ssp.
salzmannii) forests in Cuenca Mountains (Spain). New For. 49, 399-414. doi:
10.1007/s11056-018-9626-8

McDowell, N., Pockman, W. T., Allen, C. D,, Breshears, D. D., Cobb, N., Kolb, T.,
et al. (2008). Mechanisms of plant survival and mortality during drought: why
do some plants survive while others succumb to drought? New Phytol. 178,
719-739. doi: 10.1111/.1469-8137.2008.02436.x

Merlin, M., Perot, T., Perret, S., Korboulewsky, N., and Vallet, P. (2015). Effects
of stand composition and tree size on resistance and resilience to drought
in sessile oak and Scots pine. For. Ecol. Manage. 339, 22-33. doi: 10.1016/j.
foreco.2014.11.032

Misson, L., Degueldre, D., Collin, C., Rodriguez, R., Rocheteau, A., Ourcival,
J. M., et al. (2011). Phenological responses to extreme droughts in a
Mediterranean forest. Glob. Change Biol. 17, 1036-1048. doi: 10.1111/
j.1365-2486.2010.02348.x

Piao, S., Tan, K., Nan, H., Ciais, P, Fang, J., Wang, T, et al. (2012). Impacts of
climate and CO, changes on the vegetation growth and carbon balance of
Qinghai-Tibetan grasslands over the past five decades. Glob. Planet. Change
98, 73-80. doi: 10.1016/j.gloplacha.2012.08.009

Qin, C,, Yang, B., Brauning, A., Grief3inger, J., and Wernicke, J. (2015). Drought
signals in tree-ring stable oxygen isotope series of Qilian juniper from the arid
Northeastern Tibetan Plateau. Glob. Planet. Change 125, 48-59. doi: 10.1016/j.
gloplacha.2014.12.002

Qin, C,, Yang, B., Melvin, T. M., Fan, Z., Zhao, Y., and Briffa, K. R. (2013). Radial
growth of Qilian juniper on the northeast Tibetan Plateau and potential climate
associations. PloS One 8, €79362. doi: 10.1371/journal.pone.0079362

R Core Team. (2017). R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Rennenberg, H., Loreto, E, Polle, A., Brilli, F, Fares, S., Beniwal, R. S, et al. (2006).
Physiological responses of forest trees to heat and drought. Plant Biol. 8, 556
571. doi: 10.1055/s-2006-924084

Rozas, V., DeSoto, L., and Olano, J. M. (2009). Sex-specific, age-
dependent sensitivity of tree-ring growth to climate in the dioecious
tree Juniperus thurifera. New Phytol. 182, 687-697. doi: 10.1111/
j.1469-8137.2009.02770.x

Ryan, M. G., Phillips, N.,and Bond, B.]. (2006). The hydraulic limitation hypothesis
revisited. Plant Cell Environ.29,367-381.doi: 10.1111/j.1365-3040.2005.01478.x

Ryan, M. G., and Yoder, B. J. (1997). Hydraulic limits to tree height and tree
growth. Bioscience 47, 235-242. doi: 10.2307/1313077

Savi, T., Bertuzzi, S., Branca, S., Tretiach, M., and Nardini, A. (2015). Drought-
induced xylem cavitation and hydraulic deterioration: risk factors for urban
trees under climate change? New Phytol. 205, 1106-1116. doi: 10.1111/
nph.13112

Schenk, H. ], and Jackson, R. B. (2002). Rooting depths, lateral root spreads and
below-ground/above-ground allometries of plants in water-limited ecosystems.
J. Ecol. 90, 480-494. doi: 10.1046/j.1365-2745.2002.00682.x

Schoettle, A. W. (1994). Influence of tree size on shoot structure and physiology
of Pinus contorta and Pinus aristata. Tree Physiol. 14, 1055-1068. doi: 10.1093/
treephys/14.7-8-9.1055

Schweingruber, E H. (1988). Tree rings-Basics and applications
dendrochronology. Dordrecht, Netherlands: Kluwer Academic Publishers.

Schweingruber, E. H., Eckstein, D., Serre-Bachet, E, and Briker, O. U. (1990).
Identification, presentation and interpretation of event years and pointer years
in dendrochronology. Dendrochronologia 8, 9-38.

Sevanto, S., McDowell, N. G., Dickman, L. T., Pangle, R., and Pockman, W. T.
(2014). How do trees die? A test of the hydraulic failure and carbon starvation
hypotheses. Plant Cell Environ. 37, 153-161. doi: 10.1111/pce.12141

of

Shao, X., Huang, L., Liu, H., Liang, E. Y., Fang, X. Q., and Wang, L. L. (2005).
Reconstruction of precipitation variation from tree rings in recent 1000
years in Delingha, Qinghai. Sci. China-Earth Sci. 48, 939-949. doi: 10.
1360/03yd0146

Shao, X., Wang, S., Zhu, H., Xu, Y,, Liang, E., Yin, Z. Y,, et al. (2009). A 3585-year
ring width dating chronology of Qilian juniper from the Northeastern Qinghai-
Tibetan Plateau. JAWA J. 30, 379-394. doi: 10.1163/22941932-90000226

Shao, X., Xu, Y., Yin, Z. Y., Liang, E., Zhu, H., and Wang, S. (2010). Climatic
implications of a 3585-year tree-ring width chronology from the Northeastern
Qinghai-Tibetan Plateau. Quat. Sci. Rev. 29, 2111-2122. doi: 10.1016/j.
quascirev.2010.05.005

Shi, Y., Shen, Y., Kang, E., Li, D., Ding, Y., Zhang, G., et al. (2007). Recent and
future climate change in Northwest China. Clim. Change 80, 379-393. doi:
10.1007/510584-006-9121-7

Sperry, J. S., and Ikeda, T. (1997). Xylem cavitation in roots and stems of Douglas-
fir and white fir. Tree Physiol. 17, 275-280. doi: 10.1093/treephys/17.4.275

Tian, Q., Gou, X., Zhang, Y., Peng, J., Wang, J., and Chen, T. (2007). Tree-
ring based drought reconstruction (AD 1855-2001) for the Qilian
Mountains, Northwestern China. Tree-Ring Res. 63, 27-36. doi:
10.3959/1536-1098-63.1.27

Trenberth, K. E., Dai, A., Van Der Schrier, G., Jones, P. D., Barichivich, J., Briffa, K. R.,
et al. (2014). Global warming and changes in drought. Nat. Clim. Chang. 4,
17-22. doi: 10.1038/nclimate2067

Tyree, M. T., and Sperry, J. S. (1989). Vulnerability of xylem to cavitation
and embolism. Annu. Rev. Plant Biol. 40, 19-36. doi: 10.1146/annurev.
pp-40.060189.000315

Tyree, M. T., Kolb, K. J,, Rood, S. B., and Patifio, S. (1994). Vulnerability to
drought-induced cavitation of riparian cottonwoods in Alberta: a possible
factor in the decline of the ecosystem? Tree Physiol. 14, 455-466. doi: 10.1093/
treephys/14.5.455

van der Maaten-Theunissen, M., van der Maaten, E., and Bouriaud, O. (2015).
pointRes: an R package to analyze pointer years and components of resilience.
Dendrochronologia 35, 34-38. doi: 10.1016/j.dendro.2015.05.006

Vitali, V., Biintgen, U., and Bauhus, J. (2017). Silver fir and Douglas fir are more
tolerant to extreme droughts than Norway spruce in South-Western Germany.
Glob. Change Biol. 23, 5108-5119. doi: 10.1111/gcb.13774

Wang, Z., Yang, B., Deslauriers, A., and Briuning, A. (2015). Intra-annual stem
radial increment response of Qilian juniper to temperature and precipitation
along an altitudinal gradient in Northwestern China. Trees 29, 25-34. doi:
10.1007/s00468-014-1037-7

Wilson, R. ], Gutiérrez, D., Gutiérrez, J., Martinez, D., Agudo, R., and
Monserrat, V. J. (2005). Changes to the elevational limits and extent of
species ranges associated with climate change. Ecol. Lett. 8, 1138-1146. doi:
10.1111/j.1461-0248.2005.00824.x

Wu, G, Xu, G., Chen, T, Liu, X., Zhang, Y., An, W,, et al. (2013). Age-dependent
tree-ring growth responses of Schrenk spruce (Picea schrenkiana) to climate—a
case study in the Tianshan Mountain, China. Dendrochronologia 31, 318-326.
doi: 10.1016/j.dendro.2013.01.001

Xu, G., Chen, T, Liu, X., An, W., Wang, W., and Yun, H. (2011). Potential linkages
between the moisture variability in the northeastern Qaidam Basin, China,
since 1800 and the East Asian summer monsoon as reflected by tree ring §'*O.
J. Geophys. Res.-Atmos. 116, D09111. doi: 10.1029/2010JD015053

Yang, B., He, M., Melvin, T. M., Zhao, Y., and Briffa, K. R. (2013). Climate
control on tree growth at the upper and lower treelines: a case study in the
Qilian Mountains, Tibetan Plateau. PLoS One 8, €69065. doi: 10.1371/journal.
pone.0069065

Yang, B., He, M., Shishov, V., Tychkov, I., Vaganov, E., Rossi, S., et al. (2017a). New
perspective on spring vegetation phenology and global climate change based
on Tibetan Plateau tree-ring data. Proc. Natl. Acad. Sci. U.S.A. 114, 6966-6971.
doi: 10.1073/pnas.1616608114

Yang, B., Qin, C., Wang, J., He, M., Melvin, T. M., Osborn, T. ], et al. (2014). A
3,500-year tree-ring record of annual precipitation on the Northeastern
Tibetan Plateau. Proc. Natl. Acad. Sci. US.A. 111, 2903-2908. doi: 10.1073/
pnas.1319238111

Yang, B., Sonechkin, D. M., Datsenko, N. M., Liu, J., and Qin, C. (2017b).
Establishment of a 4650-year-long eigenvalue chronology based on tree-ring
cores from Qilian junipers (Juniperus przewalskii Kom.) in Western China.
Dendrochronologia 46, 56-66. doi: 10.1016/j.dendro.2017.10.002

Frontiers in Plant Science | www.frontiersin.org

13

September 2019 | Volume 10 | Article 1191


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1007/s00376-009-9028-0
https://doi.org/10.1111/j.1600-0706.2011.19372.x
https://doi.org/10.1007/BF00143903
https://doi.org/10.1007/s11056-018-9626-8
https://doi.org/10.1111/j.1469-8137.2008.02436.x
http://doi.org/10.1016/j.foreco.2014.11.032
http://doi.org/10.1016/j.foreco.2014.11.032
https://doi.org/10.1111/j.1365-2486.2010.02348.x
https://doi.org/10.1111/j.1365-2486.2010.02348.x
https://doi.org/10.1016/j.gloplacha.2012.08.009
https://doi.org/10.1016/j.gloplacha.2014.12.002
https://doi.org/10.1016/j.gloplacha.2014.12.002
https://doi.org/10.1371/journal.pone.0079362
https://doi.org/10.1055/s-2006-924084
https://doi.org/10.1111/j.1469-8137.2009.02770.x
https://doi.org/10.1111/j.1469-8137.2009.02770.x
https://doi.org/10.1111/j.1365-3040.2005.01478.x
https://doi.org/10.2307/1313077
https://doi.org/10.1111/nph.13112
https://doi.org/10.1111/nph.13112
https://doi.org/10.1046/j.1365-2745.2002.00682.x
https://doi.org/10.1093/treephys/14.7-8-9.1055
https://doi.org/10.1093/treephys/14.7-8-9.1055
https://doi.org/10.1111/pce.12141
https://doi.org/10.1360/03yd0146
https://doi.org/10.1360/03yd0146
https://doi.org/10.1163/22941932-90000226
https://doi.org/10.1016/j.quascirev.2010.05.005
https://doi.org/10.1016/j.quascirev.2010.05.005
https://doi.org/10.1007/s10584-006-9121-7
https://doi.org/10.1093/treephys/17.4.275
https://doi.org/10.3959/1536-1098-63.1.27
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1146/annurev.pp.40.060189.000315
https://doi.org/10.1146/annurev.pp.40.060189.000315
https://doi.org/10.1093/treephys/14.5.455
https://doi.org/10.1093/treephys/14.5.455
https://doi.org/10.1016/j.dendro.2015.05.006
https://doi.org/10.1111/gcb.13774
https://doi.org/10.1007/s00468-014-1037-7
https://doi.org/10.1111/j.1461-0248.2005.00824.x
https://doi.org/10.1016/j.dendro.2013.01.001
https://doi.org/10.1029/2010JD015053
https://doi.org/10.1371/journal.pone.0069065
https://doi.org/10.1371/journal.pone.0069065
https://doi.org/10.1073/pnas.1616608114
https://doi.org/10.1073/pnas.1319238111
https://doi.org/10.1073/pnas.1319238111
https://doi.org/10.1016/j.dendro.2017.10.002

Wang et al.

Tree Vulnerability to Extreme Drought

Yang, B., Wang, ], and Liu, J. (2019). A 1556-year-long early summer moisture
reconstruction for the Hexi Corridor, Northwestern China. Sci. China-Earth
Sci. 62, 953-963. doi: 10.1007/s11430-018-9327-1

Yu, L., Huang, L., Shao, X., Xiao, F, Wilmking, M., and Zhang, Y. (2015).
Warming-induced decline of Picea crassifolia growth in the Qilian
Mountains in recent decades. PloS One 10, €0129959. doi: 10.1371/journal.
pone.0129959

Zhang, H., Shao, X., and Zhang, Y. (2015). Which climatic factors
limit radial growth of Qilian juniper at the upper treeline on the
Northeastern Tibetan Plateau? J. Geogr. Sci. 25, 1173-1182. doi: 10.1007/
511442-015-1226-3

Zhang, J., Gou, X., Pederson, N., Zhang, E, Niu, H., Zhao, S., et al. (2018).
Cambial phenology in Juniperus przewalskii along different altitudinal
gradients in a cold and arid region. Tree Physiol. 38, 840-852. doi: 10.1093/
treephys/tpx160

Zhang, Q. B., Cheng, G., Yao, T., Kang, X., and Huang, J. (2003). A 2,326-year
tree-ring record of climate variability on the Northeastern Qinghai-Tibetan
Plateau. Geophys. Res. Lett. 30, 1739-1742. doi: 10.1029/2003GL017425

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Wang, Yang and Ljungqvist. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

September 2019 | Volume 10 | Article 1191


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1007/s11430-018-9327-1
https://doi.org/10.1371/journal.pone.0129959
https://doi.org/10.1371/journal.pone.0129959
https://doi.org/10.1007/s11442-015-1226-3
https://doi.org/10.1007/s11442-015-1226-3
https://doi.org/10.1093/treephys/tpx160
https://doi.org/10.1093/treephys/tpx160
https://doi.org/10.1029/2003GL017425
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Vulnerability of Qilian Juniper to Extreme Drought Events

	Introduction

	Materials and Methods

	Tree-Ring Data and Dendroecological Analysis

	Selection of Extreme Drought Years Corresponding to Tree Growth Decline

	Quantification of Tree Vulnerability 
to Drought

	Data Analysis


	Results

	Radial Growth and Tree-Ring Chronologies

	Extreme Drought Years

	Changes of Resistance and Resilience Over Time

	Comparison of the Radial Growth Responses in Different Age Classes

	Effect of Altitude on Resistance and Resilience Variability


	Discussion

	Age Effect on Drought Responses

	The Influence of Altitude on Radial Growth Reactions

	Climate Threshold–Related Growth Decline

	Considerations of Future Forest Variability Under Global Warming


	Conclusions

	Data Availability Statement

	Author Contributions

	Funding

	Acknowledgments

	References



