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Abstract: Climate variability can exert a powerful impact on biotic competition, but past studies
have focused largely on short-lived species, with a lack of attention to long-lived species such as trees.
Therefore, there is a need to evaluate how competition regulates the climate-growth relationship in
mature trees. We sampled the dominant tree species, Picea wilsonii Mast., on Xinglong Mountain,
China, and studied the above issues by analyzing the relationship between tree radial growth,
precipitation, and competition. In relatively wet years (precipitation > average), there was no
significant difference in climate sensitivity between different competition classes. However, trees
suffering from highly competitive stress were more sensitive to climate variability in all years, and
particularly in the subset of years that was relatively drought (precipitation < average). These results
suggest that competition enhances its ability to regulate tree growth response to climate variability
in adverse weather conditions. Competition for resources between trees was asymmetrical, and an
increase in height could give trees a disproportionate benefit. Thus, at trunk-level, both basal area
incremental growth and intrinsic water-use efficiency of trees subjected to low competitive stress
were significantly higher than trees that are subjected to highly competitive stress. Although the
intrinsic water-use efficiency of trees under highly competitive stress increased more rapidly as the
drought level increases, this did not change the fact that the radial growth of them declined more.
Our research is valuable for the development of individual-tree growth models and advances our
understanding for forest management under global climate change.
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1. Introduction

Climate variability has a relevant impact on biotic interactions [1–3]. This is supported by the
dominant conceptual models like the stress-gradient hypothesis (SGH) [4] and competition-stress-ruderal
(CSR) plant strategy theory [5]. The processes of these models indicate that competitive interactions
will strongly affect plant growth under beneficial climatic conditions, but that the overall effect of
competition, in adverse weather conditions, should be less significant. That is because, under beneficial
climatic conditions, plants are able to acquire resources quickly, and the preferential possession of
resources gives plants an advantage for subsequent survival [5,6]. In contrast, under adverse weather
conditions (e.g., drought years), a plant’s rapid access to resources is limited and stress tolerance is
more important than competition for resources [7]. The initial application of SGH was mainly in an
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interspecific level, but later studies have shown that this theory is equally applicable to the intraspecific
level [8,9].

Carnwath and Nelson (2016) reviewed studies addressing the relative importance of competition
along a gradient of abiotic stress [10]. They concluded that previous studies have mainly focused on
short-lived species, such as herbs, rather than long-lived species, such as trees. However, an extended
lifespan may confer different characteristics (e.g., strong phenotypic plasticity) on plant species, such
that they can significantly alter their resource acquisition and stress tolerance capability in response to
environmental changes [11,12]. These changes can affect the relationships between climate sensitivity
and competition among mature trees [13,14]. Given that trees that die as a result of environmental
stress (e.g., drought) are more sensitive to climate changes (i.e., a higher degree of coupling of stem
growth to climate) [15–18], understanding how competition mediate the climate-growth relationship is
important in order to predict the response of tree growth under climate change.

Some studies have suggested that trees subjected to low levels of competitive stress are more
sensitive to climate variability [19–21]. However, other studies support that trees subjected to high
level of competitive stress have a more sensitive response to climate variability [22–24]. No consistent
conclusions have been drawn about this issue. We believe that the sensitivity of tree growth to
precipitation may vary at different precipitation levels. The difference in the above results is probably
due to the large differences in precipitation conditions at the study sites (from the continental
Mediterranean climate to the tropical rainy climate). In addition, all of the above studies only analyzed
the response of tree growth to stress changes in all years, and did not further explore its subsets (e.g.,
relatively dry and wet years). Therefore, it is impossible to discuss the sensitivity of trees under
different precipitation levels on the same research site. However, we maintain that the analysis of
different precipitation levels in the same location contributes to an in-depth understanding of the
competition-regulating growth-precipitation relationships.

Trees compete fiercely for limited resources [25]. An increase in height can provide trees
disproportionately greater benefits; taller trees (usually large trees, low competitive stress) can
restrict the light of shorter trees (usually small trees, high competitive stress) with their advantage of
height, so the amount of resources obtainable by shorter trees is far less than the proportion of their
biomass [26,27]. However, the lower canopy is sheltered by the higher canopy and is less affected by
external environmental stress. Hence, the rate of water transpiration by shorter trees is much lower
than that of the taller trees, enabling shorter trees to grow better than taller trees under water stress in
drought years [28]. Additionally, as tree height increases, the upward transportation of water is highly
restricted and thus taller trees are at a disadvantage compared with shorter trees [29,30]. Therefore, the
response of trees with different competitive ability (shorter and taller trees) to climate depends on the
trade-off between carbon fixation and water use.

To quantify carbon-fixation ability, the sum of photosynthesis by all leaves is generally expected
to be the dominant process. Although the overall photosynthetic capacity is difficult to measure
directly, the trunk, as a secondary indicator of tree growth, can provide a good indication of it [31].
For plant water-use efficiency of whole trees, data can be obtained by measuring carbon stable
isotopes in stems [32]. In addition, the stem records information on the response of tree growth
to environmental factors on a longer time scale [33] and also preserves the information of biotic
interactions [34,35]. Accordingly, tree rings are ideal materials for studying the competition-regulating
climate-growth relationships.

In semi-arid regions of northwest China, relatively constant precipitation is accompanied by an
increase in temperature [36,37]. Therefore, the limitations of drought on tree growth are more obvious.
Water shortage provides a good experimental environment, as precipitation becomes a major factor
limiting tree growth, simplifying the analysis of the complex response of tree growth to varied climatic
factors [38]. In this study, we sampled the dominant species, Picea wilsonii Mast., in a natural stand on
Xinglong Mountain, China, and assessed the relationships between tree growth, climate variability
and intraspecific competition. At the levels of stems, we compared the tree radial growth and intrinsic
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water use efficiency of different competition-level trees to reveal some of the physiological mechanisms
behind the relationships. We hypothesized that, in adverse conditions, the ability of competition in
mediating the climate-growth relationship is important and there should have a significant difference
in climate sensitivity between trees of different competition classes.

2. Materials and Methods

2.1. Study Site and Climatic Data

The National Nature Reserve of Xinglong Mountain (longitude: 103◦50′ W to 104◦10′ W; latitude:
35◦38′ N to 35◦58′ N; elevation: 2000 m to 3600 m), is in a semi-arid region of northwest China.
The region has a continental climate, with precipitation and high temperatures occurring during the
same season. In the last 60 years, the mean annual temperature of the reserve has increased from
6.81 ◦C to 7.39 ◦C, mean annual precipitation has decreased from 421 mm to 378 mm. This aggravated
the negative impact of drought on tree growth. We evaluated the climate factors (such as temperature,
precipitation, or the Palmer Drought Severity Index) affecting trees and found that precipitation is the
main climate factor that influences the growth of P. wilsonii [38]. Therefore, in the following analysis,
we only studied the response of tree growth to precipitation.

Precipitation data were derived from the China meteorological data-sharing service. We selected
the Meteorological Station (latitude: 35◦52′ N; longitude: 104◦09′ E; elevation: 1917 m) in the county
of Yuzhong, which is 5 km away from the reserve, as the source of the data. Data of atmospheric
carbon dioxide concentration after 1997 were acquired from the Earth System Research Laboratory
(ftp://aftp.cmdl.noaa.gov/data/trace_gases/). Data of atmospheric carbon dioxide concentration before
1997 were obtained from McCarroll and Loader (2004) [39].

2.2. Field Survey and Individual Tree Competition Index

Sampling site has an average elevation of 2372 m, and the vegetation type is P. wilsonii pure forest.
We selected nine plots in the area, in shady slopes. The size of the plots was 900 m2 (30 m by 30 m)
except for one that was 800 m2 (20 m by 40 m). In order to measure the distance between the subject
tree and the competitor tree, a total station was used to locate all the trees in the plot to generate a
spatial distribution map. Tree diameter at breast height (DBH)( at a height of 1.3 m) was measured
with a tapeline. Tree height and crown width were measured using a Vertex Laser 5 (Haglöf Sweden,
Långsele, Sweden). Here, the assessment of the canopy was simplified to the length of the horizontal
projection along the north-south direction and the east-west direction.

Under the site of uneven age, individual trees undergo a great difference in competition, which
depends not only on the size of the subject tree, but also on the size and distance of the competitor trees
around it. Considering these situations, we chose an individual tree competition model that depends
on the size of the subject tree and competitor tree and the distance between them [40]:

CIi =
n∑

j=1

(
D j/Di

)
/(DIST)i j (1)

where CIi is the individual tree competition index (CI) of the subject tree i. The larger the CI value,
the greater the competitive stress of the subject tree. Di is the DBH of the subject tree i, and Dj refers
to the DBH of the jth competitor tree around the subject tree (j = 1, 2, ..., n). DISTij is the spatial
distance between the ith subject tree and the jth competitor tree around it, and n is the total number of
individuals of all competitor trees around a certain subject tree.

Crown size and shade of the trees were taken into account in the selection of competitor trees
around the subject tree. We considered influencing radius from 3 m to 10 m and found that the
change of CI after 5 m is less pronounced. Therefore, we used the trees within the radius of 5 m
around the subject tree as the competitor trees. To prevent misleading of the research results due to
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underestimation of the CI value of the trees on the boundary, we only considered the trees within 5 m
from the plot boundary as the competitor trees and did not regard them as the subject tree to calculate
its CI.

2.3. Field Sampling and Dendrochronological Methods

Tree core sampling (5 mm in diameter at a height of 1.3 m) was carried out with an increment
borer, and tree ring width was measured using a Lintab 5 tree-ring measurement station (RINNTECH,
Heidelberg, Germany). For a tree with multiple tree cores, we used the weighted average method to
calculate its average series. This method can remove the impact of extreme singular values on the
analysis results. We also did not further consider trees that did not pass the cross-dating. Given that
the trees we studied here should not only pass the cross-dating (to ensure the study can be analyzed
on long-term scales), but also have a competitive index (to evaluate the level of competitive stress the
trees are experiencing), 82 tree-ring series, ultimately, were thought suitable for subsequent analysis.
We conducted field sampling in the autumn of 2015 and completed the analysis in 2016 [38].

Tree-ring width shows a prominent trend to change with both the tree size and tree age, therefore,
to more accurately evaluate the climate-growth relationship, it is essential to detrend the raw data. We
processed the original sequence of tree-ring widths with a spline function to obtain a standardized tree
growth index (ring width index (RWI)). RWI was used to calculate the correlation between tree growth
and climate (precipitation). Basal area increment (BAI) eliminates the tendency of tree radial growth to
vary with the size and age of the tree while reserves the information of climatic factors [34]. It can
better reflect the growth of trees than unprocessed tree-ring width series [41]. Thus, we also used BAI
to represent tree growth. The transformation forms from raw data to RWI and BAI were as follows.

RWI = Woriginal/Wspline (2)

where Woriginal is the original tree ring width and Wspline is the detrended width processed by
spline function.

BAI = π(Rn −Rn−1)
2(n = 1, 2, 3 . . .) (3)

R represents the inner tree-ring radius. Subscript n denotes the year that the tree ring grows.
All data processing was undertaken using R version 3.3.1 [42]. The bi-weight method used

to calculate the mean values, cross-dating, and the calculation of RWI were completed using the
Dendrochronology Program Library in R [43].

2.4. Intrinsic Water-Use Efficiency

2.4.1. Tree-Ring Carbon Isotopes

We sampled nine tree cores (10 mm in diameter at a height of 1.3 m) for carbon isotope measurement
and divided them into three groups according to the following standards: Low competition-level trees
(CI obviously larger than average, dominant individuals with little competitors around it), medium
competition-level trees (CI approximately equal to average, with a moderate number of competitors
around it), and high competition-level trees (CI obviously less than average, inferior individuals with
many competitors around it). After cross-dating, three low competition-level trees, three medium
competition-level trees, and three high competition-level trees were obtained for further analysis.
Under a stereoscope, we used a scalpel to separate the tree rings of different years. Samples of the
same year within one group were then mixed and comminuted. Pulverized samples were used
for the extraction of alpha-cellulose (Please refer to Brendel et al. (2000), Evans and Schrag (2004),
and Gaudinski et al. (2005) for the extraction method in details) [44–46]. Finally, determination of
carbon stable isotope (δ13C, the reference standard is Vienna Pee Dee Belemnite) was completed in a
carbon dioxide isotope analyzer connected with a Vario TOC elemental analyzer (Los Gatos Research,
San Francisco, CA, USA; Elementar Analysensysteme GmbH, Hanau, Germany). We performed six
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measurements on each mixed sample and then used the bi-weight method to calculate the average of
these six values. The sampling work was completed in 2016, while the measurement and data analysis
were completed in 2017 [38].

2.4.2. Conversion of Carbon Isotope to Intrinsic Water-Use Efficiency

Tree-ring δ13C reserved the trend of atmospheric δ13C over the last 60 years [47]. Therefore, the
data was detrended [48]:

∆13C =
(
δ13Catmosphere − δ

13Cplant
)
/
[
1 +

(
δ13Cplant/1000

)]
, (4)

where δ13Catmosphere and δ13Cplant represent the carbon isotope values of the carbon dioxide in the
atmosphere and the untreated carbon isotopes for the trees. Data of δ13Catmosphere after 1997 were
obtained from the Earth System Research Laboratory (ftp://aftp.cmdl.noaa.gov/data/trace_gases/). Data
of δ13Catmosphere before 1997 were acquired from McCarroll and Loader (2004) [39]. We then used the
following two formulas to calculate intrinsic water-use efficiency (iWUE) [49]:

∆13C = m + (n−m)/(Cintercellular/Catmosphere) (5)

where m (4.4%�) indicates the fractionation coefficient of carbon isotopes during stomatal diffusion, and
n (27.0%�) denotes the fractionation coefficient of carbon isotopes related to carboxylation by Rubisco.
Cintercellular represents the intercellular carbon dioxide concentration, while Catmosphere represents the
carbon dioxide concentration in atmosphere.

iWUE = A/gstomatal =
(
Catmosphere −Cintercellular

)
/1.6 (6)

where 1.6 represents the rate that carbon dioxide and water diffuse through the atmosphere. A indicates
the photosynthesis, and gstomatal means the stomatal conductance.

2.5. Data Analysis

To evaluate the effects of competition and precipitation on tree growth more accurately, we
developed a linear mixed-effects model (LMM) (n = 5002; 82 subject trees with 61 observations each).
We added tree identity and year as random effect to the model to minimize the effects of irrelevant
variables on the results of the analysis. Only CI, precipitation, and their interaction were preserved
in the fixed effect. Additionally, the temporal correlation of model residuals was explained by the
first-order autocorrelation structure. To analyze how competition affects the sensitivity of tree growth to
climate response, we performed a regression analysis between CI and correlation coefficients (Pearson
correlation coefficient between RWI and precipitation during the last 61 years). In addition, we divided
competition into groups to further analyze the reasons why competition regulates tree growth in
response to climate sensitivity. We sorted all the trees by CI value and then divided them into three
groups on average. There were 27 low competition-level trees, 28 medium competition-level trees, and
27 high competition-level trees. We first calculated the Pearson correlation coefficient between RWI
and precipitation during the last 61 years for low, medium, and high competition-level trees. Then,
depending on the amount of precipitation during the time period, the years were divided into relatively
“dry” (precipitation < average value of 387 mm) and “wet” (precipitation > average value of 387 mm)
years. For the dry and wet years, the Pearson correlations between RWI and precipitation of low,
medium, and high competition-level trees were calculated separately. Similarly, we also performed a
regression analysis on the relationship between CI and correlation coefficients in dry and wet years.
The sensitivity of tree growth response to climate was judged according to the correlation coefficients.
A higher coefficient meant tree growth was more sensitive to climate variability. Considering the
hysteresis of tree growth response to climate [38], both the LMM and the correlation analysis used
precipitation of the previous year and tree growth of the current year. These analyses were carried out
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in the R environment [42]; the construction of the LMM used the nlme package, and the difference
comparison used the Tukey HSD method with the anova function.

The comparison of tree radial growth and water use efficiency was performed at the trunk-level.
We used the BAI to indicate tree radial growth. The difference in water use efficiency was compared
using iWUE. We not only compared the BAI and iWUE of different competition-level trees in all years,
but also in dry and wet years. The significance of any difference was determined using the Tukey HSD
method with the anova function in R [42].

We found that tree height is closely related to the competitiveness of trees. Consequently, we also
analyzed the allometric growth between tree height, crown area, and BAI. The crown area calculation
was simplified as the product of the length of the north–south and east–west measurements. In addition,
the BAI and iWUE of the trees varied with the precipitation gradient. We examined the difference
in these changes between the low, medium, and high competition-level trees. When analyzing the
relationship between precipitation and tree growth, we used the precipitation of the previous year
and the tree growth of the current year, while the analyses of the relationship between precipitation
and iWUE both used the current-year data. BAI, iWUE, and precipitation data were all based on
10-year moving averages to minimize inter-annual variability. The test for allometric growth and
the difference in allometric growth equation were performed in R [42] using the standardized major
axis (SMA) estimation and testing features in the Standardized Major Axis Estimation and Testing
Routines package (smatr). The slope of the regression equation provided the allometric growth index.
A slope not equal to one meant that there was allometric growth, and different slopes suggested diverse
allometric growth patterns.

3. Results

From 1955 to 2014, precipitation in the study area ranged from 231 mm to 607 mm, with a mean
value of 387 mm (Figure 1a). During this time, there were 30 relatively “dry” years (precipitation <

average) and 31 relatively “wet” years (precipitation > average). The mean BAI for low, medium,
and high competition-level trees was 11.24 cm2 year−1 (SE = 0.38), 6.14 cm2 year−1 (SE = 0.27), and
2.65 cm2 year−1 (SE = 0.16), respectively (Figure 1d). Additionally, regression analysis showed that
DBH (R = 0.87, p < 0.001), age (R = 0.37, p = 0.01), and height (R = 0.80, p < 0.001) of the trees decreased,
significantly with increasing CI (Appendix A Figure A1a–c). Table 1 shows the mean CI, height, DBH,
age, and crown area for trees with different levels of competition.

Table 1. Number of trees, average competition index (CI), height, diameter at breast height (DBH), age
at breast height and crown area for different competition groups of trees.

Competition
Groups CI Tree Height

(m) DBH (cm) Age Crown Area
(m2) No. of Trees

Low 0.34 (0.03) 26.94 (0.72) 45.51 (1.69) 118 (3) 62.19 (5.72) 27
Medium 1.00 (0.04) 24.70 (0.70) 36.50 (1.25) 115 (2) 41.23 (3.98) 28

High 2.48 (0.12) 19.01 (0.50) 22.61 (0.92) 106 (1) 14.15 (2.05) 27

Numbers in parentheses are standard errors.

The LMM results showed that precipitation (p < 0.001) positively impacted tree growth, while CI
(p < 0.001) negatively impacted tree growth (Table 2). In addition, the interaction (p < 0.001) between
CI and precipitation had a positive effect on tree growth (Table 2). This indicated that the effect of
competition on tree growth varies with precipitation level. The results of linear regression showed that,
in all years (p = 0.023; Figure 2a) and “dry” years (p = 0.022; Figure 2c), the correlation between RWI
and precipitation increased significantly with the increase of CI, while in “wet” years, the correlation
showed a slight decline trend but was not significant (p = 0.176; Figure 2c). The correlation analysis
indicated that there were significant inter-competition group differences in the correlation (r) (i.e.,
climate sensitivity) between precipitation and tree growth across all years (Figure 2b), with a little lower
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r for low than for high competition-level trees (p = 0.048; mean = 0.32 and 0.36, respectively). The trend
for years in which precipitation < average (dry years) was similar to that of all years: Differences
between the competition groups (Figure 2d), with weaker correlations between climate and tree growth
for low than high competition-level trees (p = 0.034; mean = 0.10 and 0.22, respectively). However,
different trends occurred in wet years (precipitation > average): There was no significant difference
between mean r-values for low and high competition-level trees (Figure 2d, p = 0.799; mean = 0.15 and
0.09, respectively). For high competition-level trees, the mean correlation between precipitation and
tree growth was higher in drought years than in wet years (p = 0.023; r = 0.22 and 0.09, respectively).
For low competition-level trees, the differences between drought and wet years were no significant
(p = 0.864; r = 0.10 and 0.15, respectively).
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Figure 1. Trends in (a) precipitation and (b) intrinsic water-use efficiency (iWUE) (n = 9) from 1954 to
2014, and the (c) relative width index (RWI) (n = 82) and (d) basal area increment (BAI) (n = 82) from
1955 to 2015. Raw data of iWUE and tree-ring width in this study were derived from Lu et al. (2019).

Table 2. Summary of the linear mixed-effects model (LMM) of the relative width index (RWI) as a
function of precipitation and individual tree CI in 82 trees over the past 61 years.

Fixed Effects Estimate Std. Error df t-Value p-Value

(Intercept) 0.6914 0.0470 4934 14.703 <0.0001
CI −0.1472 0.0297 64 −4.951 <0.0001

Precip 0.0008 0.0001 4934 7.024 <0.0001
CI: Precip 0.0003 7.37e-05 4934 4.531 <0.0001

Significant results are shown in bold.
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Figure 2. Linear regression (n = 82) between CI and correlation coefficients (r) for all the trees (a,c) and
average correlation coefficients between precipitation and the RWI for low (SE; n = 27), medium (SE;
n = 28) and high (SE; n = 27) competition-level trees (b,d). Correlation coefficients were calculated for
(a,b) all years (1955–2015), (c,d) 31 years with precipitation < average (dry years) and 30 years with
precipitation > average (wet years). Different letters indicate significant differences (p < 0.05) among
tree competition groups.

Average trunk BAI and iWUE of all trees were 6.12 cm2 year−1 (SE = 0.31) and 110.00 µmol mol−1

(SE = 1.33), respectively. Both the BAI (p < 0.001) and iWUE (p < 0.001) were affected by competition.
Thus, whether in all years, dry years or wet years, low competition-level trees had a larger BAI
(Figure 3), indicating that low competition-level trees may have a stronger overall carbon-fixation
capacity. Meanwhile, the iWUE calculated from the alpha-cellulose of tree rings implied that low
and medium competition-level trees had a higher iWUE than high-competition trees (Figure 4, upper
panel), when all years are analyzed. These differences are the same when dry versus wet years are
analyzed separately (Figure 4, lower panel), showing that trees with low competitive stress have an
advantage in water use efficiency. When analyzing the impact of precipitation level on tree growth
and intrinsic water use efficiency (Figure 5), we found that it was positive and negative, respectively,
with significant differences among the different competition groups (p < 0.001 for BAI and p = 0.011
for iWUE; Table 3). The BAI and iWUE of the high competition-level trees were more susceptible to
precipitation than the low competition-level trees (absolute slope values of the high competition-level
trees were greater than that of the low competition-level trees; Figure 5).
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Figure 3. Average trunk BAI (SE) of different competition-level trees (n = 27, 28 and 27) for
(a) all years (1955–2015), (b) 31 years with precipitation < average (dry years) and 30 years with
precipitation > average (wet years). Different letters indicate significant differences (p < 0.05) among
tree competition groups.
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Figure 4. Average trunk iWUE (SE) of different competition groups (n = 3, 3, and 3) for (a) all years
(1955–2015), (b) 31 years with precipitation < average (dry years) and 30 years with precipitation >

average (wet years). Different letters indicate significant differences (p < 0.05) among tree competition
groups. In dry years, the difference between low competition-level trees and high competition-level
trees was significant at 90% confidence level (p = 0.083); in wet years, there was a significant difference
between low and high competition-level trees at the 75% confidence level (p = 0.203).
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Figure 5. Relationships of 10-year moving average data over the past 61 years between (a) BAI and
precipitation (n = 27, 28, and 27), and (b) iWUE and precipitation (n = 3, 3, and 3), for low, medium,
and high competition-level trees, using standardized major axis (SMA) regression.

Table 3. Slope tests of the standardized major axis (SMA) regressions shown in Figure 5.

Slope Test Likelihood Ratio Statistic df p-Value

BAI and precipitation 33.22 2 <0.0001
iWUE and precipitation 9.099 2 0.0106

Significant results are shown in bold, based on the null hypothesis. that slopes of the three SMA regressions
are equal.

The SMA estimation and testing results showed that there was an allometric relationship between
tree height and crown area (slope > 1; Figure 6a and Table 4), as well as BAI (slope > 1; Figure 6b and
Table 4). This indicated that the tree crown area and BAI grew more proportionally than tree height.
However, the same growth pattern was not observed between tree crown area and BAI (slope = 1;
Figure 6c and Table 4). This indicated that the tree BAI increased proportionally with tree crown area.
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Figure 6. Allometric relationships (n = 82) between (a) tree height and crown area, (b) crown area and
BAI, and (c) tree height and BAI, using SMA regression.

Table 4. Slope tests of the SMA regressions shown in Figure 6.

Slope Test Test Statistic df p-Value

Tree height and crown area 0.9365 80 <0.0001
Crown area and BAI 0.9385 80 <0.0001
Tree height and BAI −0.1794 60 0.1068

Significant results are shown in bold, based on the null hypothesis that the slope of the SMA regression is not
different from one.
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4. Discussion

According to the SGH [4] and CSR plant strategy theory [5], in wet years (sufficient water resources)
competition plays a significant role in regulating the relationship between tree growth and climate,
while in dry years (water resource stress) tree growth response to climate is not subject to competition.
Although our results showed that the interaction between competition and climate significantly affected
tree growth (Table 2), the type of interaction was not the same as that predicted by the theoretical models
but supported our hypothesis. High competition-level trees were more sensitive to climate variability
than low competition-level trees in all years (Figure 2a,b), and particularly in the subset of years in
which precipitation < average (dry years) (Figure 2c,d). However, in wet years (precipitation > average),
there was no significant difference in the sensitivity of different competition-level tree’s response to
climate variability (Figure 2c,d). The inconsistency between the results and the theoretical models may
be caused by the specific characteristics of the trees, which were not the same as short-lived species.

We assessed the ability of radial growth and water use efficiency of different competition-level trees.
BAI and iWUE of the low competition-level trees were higher than those of the high competition-level
trees at the trunk-level (Figures 3 and 4). This suggests that the increase in water use efficiency may
promote the growth of low competition-level trees. Although the increase in tree height (Appendix A
Figure A1c) increased the risk of water failure in low competition-level trees [29,30], the increase in
iWUE caused the low competition-level trees to be not disadvantaged by hydraulic limitation. Instead,
the increase in tree height was likely disproportionately to increase the crown area (Figure 6a), which
then might greatly increase the ability of low competition-level trees to fix carbon (Figure 6b). Therefore,
in general, the ability of low competition-level trees to increase radial growth and utilize water is
stronger than that of high competition-level trees.

As pointed out in other studies, an increase in height can enable plants to obtain more solar
resources [26,27], and abundant solar resources can ultimately result in more photosynthetic products.
When water and fertilizer in the soil limit plant growth, they can promote resource competition in the
root system by distributing more biomass underground. Although previous studies have shown that
plants compete symmetrically for water and fertilizer in the subsurface [50], there is currently much
evidence that competition between plant roots is asymmetric or inclined to be asymmetric [51–54].
The degree of asymmetry in competition can increase with increasing water stress gradients [52].
In addition, trees are perennial plants. The existence of an interannual carbon distribution means their
growth is not only affected by carbon fixation in the current year, but also by the growth of the previous
years [33]. This is also confirmed in our previous study on the P. wilsonii in this region [38]. Even in
extreme weather conditions, tree growth calls upon carbon stored more than a decade ago [55,56].
The greater ability to grow of low competition-level trees caused by asymmetric competition (Figure 6b),
as well as the nutrients stored in the carbon pool from previous years, offers reserves that can be used
under harsh weather conditions, theoretically ensuring that low competition-level trees cope better
with climate variability than high competition-level trees, thus showing a lower sensitivity to climate
variability [22], as it was observed in this study.

Our results regarding tree radial growth and water use efficiency showed that the absolute value
of slopes of the SMA regression analysis between BAI and precipitation and iWUE and precipitation
gradually increased with increasing competition stress in all years (Figure 5a,b; Table 3). When water
stress increased, high competition-level trees responded to environment changes by increasing their
iWUE more quickly. However, BAI also dropped more rapidly, suggesting that the elevation of iWUE
in high competition-level trees could not counter the negative effects of drought on tree growth (i.e.,
when the degree of drought increased, trees suffering from highly competitive stress would be more
susceptible). Thus, high competition-level trees were more sensitive to climate variability in the
subset of years that was dry than that of wet years (Figure 2c,d). Although, in dry and wet years, the
slope of the SMA regression between iWUE and precipitation has no significant difference between
different competition-level trees (Appendix A Figure A2c,d; Appendix A Table A1), it has a significant
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difference in all years (Figure 5b; Table 3) at least indicates that the above rules exist between different
precipitation levels (i.e., during the transition from dry to wet years).

Although the SGH and CSR plant strategy theory have extensive experimental support, their
premise is that the competing species (or competing individuals of the same species) have different
ecological strategies (competition or stress tolerance) [10,57]. In real situations, the strategies of
competing species are more complicated [57], and the nature of the stress gradient will also affect the
interaction [58]. Therefore, many studies present results that contradict the prediction of the models
for the same ecosystem [59,60]. According to Mastre et al.’s (2009) refinement of the SGH [57], if two
competing species occupy the same niche (to generalize to the intraspecific level is that different
competitive individuals have the same niche), mutual benefit is unlikely to occur when abiotic stress
reduces their growth [61,62]. Even if the two species (or the two individuals of the same species) have
displayed a trend of mutual benefit under an adverse environment, they cannot counter the negative
impact of resource competition as the competition intensifies. In addition, the study by Lin et al.
(2012) in self-thinning plants shows that, under adverse conditions, symmetric competition promotes
tree growth (supporting SGH), while asymmetric competition will increase the abiotic stress of trees
(contradictory with SGH but in support of our research) [63].

Our study results in mature trees suggested that competition has a larger effect on climate-growth
relationship in relatively drought years. However, there were also some studies in mature
trees supporting that the effect of competition was obviously weaker in drought years [64–66].
Considering the results of competition in mediating the climate-growth relationship can be species- and
context-specific [67], our study here provides additional instance for individual tree growth models.
In this study, we performed the research in a pure forest under natural (non-managed) conditions.
And the competition we concerned here is the inhibitory impact of plants on the ability of other plants
to capture resources (competitive mechanism), which is not the whole mechanism that plants restrain
the fitness of neighbors through changing their environment [5]. In this sense, our research has the
same meaning for intraspecific and interspecific competition [10,68]. Thus, our focus on intraspecific
competition here can also be extended to the interspecific level [63]. However, our competition in this
study was based on a comprehensive consideration of the situation of the surrounding competitors and
the size of the target trees themselves, and did not distinguish between the neighborhood effects and
the impact of the target tree size on the competition [69]. We recommend a more in-depth discussion
of this in future research.

5. Conclusions

Our results show that high competition-level trees display larger physiological stress. Both the
tree radial growth and water-use efficiency of high competition-level trees are lower than those of
low competition-level trees. As a consequence, high competition-level trees are more sensitive to
climate variation in all years. When the degree of drought increases, high competition-level trees
compensate for its competitive disadvantages by improving the water-use efficiency more rapidly,
but they cannot change the fact that the radial growth drops sharply. Ultimately, the increase in
drought will further increase the physiological stress of high competition-level trees. This makes high
competition-level trees still more sensitive to climate variability in the subset of years that is relatively
drought (precipitation < average). However, in relatively wet years (precipitation > average), there
is no significant difference between the sensitivity of different competition-level trees in response
to climate, indicating that competition plays a less important role in regulating the climate-growth
relationship. Our focus on the different competition-level trees response to climate variability in
semi-arid regions has important implications for tree growth models at the individual level, and is of
importance for forest management strategies under climate change.
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Figure A1. Negative exponential regression (n = 82) between (a) individual tree competition index (CI)
and diameter at breast height (DBH), (c) individual tree CI and tree height. Linear regression (n = 82)
between (b) individual tree CI and tree age.
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