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Abstract Crown architecture is a critical component for a tree to interact with the ambient environment
and to compete with neighbors. However, little is known regarding how climate variability may shape
crown architecture traits across large geographical extents and whether crown architecture traits have
coordinated variations with trunk and leaf traits to climate gradients. Here we used Quercus mongolica trees
as an example, used the cutting‐edge terrestrial laser scanning technique to accurately characterize their
crown architecture traits, and explored their variabilities along with environmental variability across large
climate gradients in northern China. Our results showed that there are significant spatial variations in
trunk, crown, and leaf traits even for the same genetic group across large environmental gradients. Tree
height and leaf size had tight covariations with precipitation (|R|> 0.8, p < 0.01). We also observed
coordinated variations among crown architecture traits related to canopy shape (e.g., primary branch
insertion angle, chord length ratio), trunk traits (e.g., tree height), leaf traits (e.g., specific leaf area), and
climate variability, highlighting there are likely fundamental evolutionary strategies regulating these
covariations. With a projected drier and hotter climate scenario in this region, our results further suggest
trees are expected to transit from a “tree shape” to a “shrub shape,” with large ecological and
ecophysiological impacts on this region.

Plain Language Summary Trees under different environmental conditions can show vast
diversity in crown architectures. Understanding patterns and proximate causes of such diversity is a
central question in plant ecology, with important implications for predicting future vegetation dynamics
with climate change. Here, we combined the cutting‐edge terrestrial laser scanning technology and field
measurements to investigate the role of crown architecture in the evolutionary strategy development of
Quercus mongolica trees in northern China with large climate gradients. Our findings provide new
insights on the hypothesis of how crown architecture traits coordinated with trunk and leaf traits to
balance the light and water demands of a tree and highlight the significance of long‐neglected crown
architecture in tree evolutionary strategy, with important implications in future vegetation dynamic
prediction studies.

1. Introduction

Crown architecture is composited by an ensemble of attributes related to branch characteristics and branch-
ing pattern of a tree, such as the branch bifurcation ratio, branch orientation, branch diameter, and branch
chord length (Ceulemans et al., 1990). Crown architecture traits, together with trunk traits (e.g., tree height
and diameter at breast height/DBH) and leaf traits (e.g., leaf size and leaf distribution), define a tree
(Figure 1). Through determining the display and distribution of leaves, increasing evidences have shown
that crown architecture traits play a fundamental role in the light interception process of a tree and therefore
influence the subsequent carbon and water fluxes exchanged between the tree and atmosphere (Forrester
et al., 2018; Guisasola et al., 2015; Hallé et al., 1978). The variations in crown architecture traits can reflect
the defensive strategies of trees to the climate variability and tree growth competition (Pearcy et al., 2004;
Pearcy et al., 2005; Poorter et al., 2003; Poorter et al., 2006; Valladares & Pugnaire, 1999). Understanding
the underlying processes that mediate the variability in crown architecture traits is thus an essential first
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step to help understand the ecological and ecophysiological responses of trees to current and future climate
variabilities.

The responses of trunk and leaf traits to the climate variability have been well studied (Fortin et al., 2018;
Iida et al., 2011; Niinemets, 2001; Ordoñez et al., 2009; Tingstad et al., 2015;Wright et al., 2017). For example,
it was found that taller trees incline to occur at places with higher water availability (Tao et al., 2016) and
show higher vulnerability to droughts (Bennett et al., 2015), while at a given latitude of temperate biomes,
larger and thinner leaves are easier to be found in a wetter environment (Lusk et al., 2019; Wright et al.,
2017). However, crown architecture traits, as an essential link between trunk and leaf traits (Savage et al.,
2010), are still much less studied in the fields of ecology and plant physiology (Escudero et al., 2017;
Malhi et al., 2018). Although there have been theories predicting that in a light‐driven environment,
shade‐tolerance trees may develop wider crowns and solider branches, and heliophile trees may have nar-
rower crowns under the canopy and develop larger crowns once reaching open spaces to maximize light cap-
ture (Davies & Ashton, 1999; Sterck et al., 2001; Wright et al., 2005), most of these studies are still based on
empirical descriptions or model simulations at a local scale (Chave et al., 2005; Escudero et al., 2017; Ishii &
Asano, 2010; Malhi et al., 2018; Pearcy et al., 2005; Valladares & Pugnaire, 1999). How crown architecture
traits acclimate to the climate variability over large spatial scales and whether there are coordinated relation-
ships among trunk, leaf, and crown architecture traits remain important unknown questions in the field.

One crucial challenge in crown architecture related studies is the lack of efficient and accurate methods to
quantify crown architecture traits. Field‐based in situ survey is the most commonly used approach, which
often involves many highly labor‐intensive and time‐consuming processes (Bentley et al., 2013), and is thus
mainly constrained to small‐scale studies. This is particularly true for measuring certain key crown architec-
ture traits (e.g., branch bifurcation ratio, branch chord length ratio, and branch insertion angle), which
needs to destructively harvest tree organs. Recent advances in terrestrial laser scanning (TLS) technology
are revolutionizing how we look at trees (Dassot et al., 2011; Gonzalez de Tanago et al., 2018). Through
the use of a focused short‐wavelength laser pulse, TLS has a strong capability to penetrate forest canopy
and collect high‐fidelity three‐dimensional data of trees in the form of point cloud (Calders et al., 2017).
Numerous studies have proven that TLS is an objective, accurate, and efficient method to extract trunk traits
(e.g., tree height and DBH) (Calders et al., 2015; Li et al., 2017; Liang et al., 2016; Liang et al., 2018; Luo et al.,
2018; Vicari et al., 2019; Wang et al., 2019). With the assistance of individual tree segmentation and stem‐leaf
segmentation algorithms, detailed crown architecture traits are also becoming possible to acquire in a repea-
table and accurate way (Disney, 2018; Jin, Su, Gao, et al., 2018; Jin, Su, Wu, et al., 2018; Li et al., 2012; Li
et al., 2018; Moorthy et al., 2011; Tao, Guo, et al., 2015; Tao, Wu, et al., 2015), which provides a new tool
to observe changes in tree architecture. For example, Jackson et al. (2019) modeled themotion of tree crowns
in the wind from TLS data; Puttonen et al. (2016) found that TLS could be used to monitor overnight sleep
movements of tree branches and argued that TLS could be used to support chronobiology studies; Magney
et al. (2016) proved that TLS could be used to investigate canopy light regime and reveal patterns of

Figure 1. A simulated tree with the demonstration of (a) trunk traits, (b) crown architecture traits, and (c) leaf traits. Note
that DBH, CBH, BD, and θ represent diameter at breast height, crown base height, branch diameter, and insertion angle,
respectively.
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photosynthetic partitioning; Lau et al. (2019) used TLS technique to validate the crown architecture‐based
metabolic scaling exponents of tropical trees. It is believed that TLS can lead the advances in understanding
how tree architectures are influenced by environmental stresses (Malhi et al., 2018).

With the aid of TLS technology, this study aims to address the following three questions. 1) What are geogra-
phical distributions of trunk, crown architecture, and leaf traits over large spatial extents? 2) Are there any
coordinated variations among trunk, crown architecture, and leaf traits with climate gradients? 3) How does
the climate variability mediate the leaf‐crown‐trunk coordinated relationships? Since crown architecture
can show variability with both species diversity and environmental variability (Sterck et al., 2001;
Thomas, 1996), we here used Quercus mongolica, a rare oak tree species spread in semiarid and semihumid
areas of northern China, as an example, but the developed approach can be applied to other tree species.
Specifically, we selected 36 plots of 12 study sites (each study site has three plots), covering fourQ. mongolica
genetic groups across northern China. Two trunk traits, nine crown architecture traits, and four leaf traits
were acquired from TLS data and field measurements. We aim to link these datasets to help answer the three
questions mentioned above.

2. Materials and Methods
2.1. Study Area

Quercus mongolica trees are featured by dramatic variations in crown architecture under different environ-
mental conditions (Kitao et al., 2000; Kitao et al., 2006) (Figures 2b and 2c). The habitats of Q. mongolica
trees in northern China have four major genetic groups, that is, the northern group, the eastern group,
the central group, and the southern group (Figure 2 and supporting information, Table S1). Within each
genetic group, three sites were selected using the following rules: 1) each site should be able to find three
≥600‐m2 rectangular plots dominated by Q. mongolica trees and 2) the aspect of the three plots in each site
should be as distinct as possible. Finally, 36 plots within 12 sites (populations) across northern China were
used to analyze the spatial variations in Q. mongolica tree attributes (Figure 2a), which covered an elevation
range of 270–2,100 m, a mean annual total precipitation (MAP) range of 330–800 mm, and a mean annual
temperature (MAT) range of 1.9–11.6 °C (Table S1).

2.2. TLS Data Acquisition and Preprocessing

A Rigel VZ‐400 scanner mounted on a tripod was used to collect TLS data with 10–13 scanning positions for
each plot. At each scanning position, one upright scan and one tilted scan (with a tilting angle of 30°) were
collected to ensure the completeness of the collected TLS point clouds (Figure 3). Around 15–20 referencing
targets with high reflectance were set up in each plot to register the collected TLS data from different scans.
At least four referencing targets were made sure that could be visually seen at each scan. The Rigel RiSCAN
Pro software was used to register the TLS data from different scans. The final registration errors for all plots
were lower than 1 cm.

The registered TLS data of each plot were further processed to remove noise points and generate normalized
point clouds to remove terrain effects (Figure 3). In this study, the outlier removal algorithm integrated in
the LiDAR360 software was used to reduce noise points in the collected data. This algorithm identifies noise
points by determining whether the distance of a point to its surrounding neighbors is larger than avg. + n ×
std. (where avg. and std. are the average and standard deviation of the distances between points and their
surrounding neighbors and n is a user‐defined threshold). Then, we used an improved progressive triangu-
lated irregular network densification filtering algorithm proposed by Zhao et al. (2016) to filter ground
points in each TLS dataset. A digital terrain model (DTM) in 10‐cm resolution was generated from the
ground points using the ordinary kriging method for each plot (Guo et al., 2010). Finally, the TLS data of
each plot was normalized by subtracting the DTM value from the original TLS point height at the corre-
sponding location. All processes related to TLS data hereafter were based on normalized TLS data.

2.3. Field Measurements

Beyond TLS acquisitions, we also collected field measurements to derive tree attributes that could not be
directly estimated from TLS data (i.e., tree age, leaf area, leaf thickness, leaf vein length, and specific leaf
area) (Table 1). Within each plot, all trees with a DBH ≥ 5 cm were first tagged with unique numbers so that
they could be recognized from the TLS point clouds, and then their species were recognized and recorded.
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Three to five matureQ. mongolica trees were randomly selected within each plot. Their DBH and crown base
height were measured using a diameter tape and a laser range finder, and their age was measured by coring
each tree at a height of 1.3 m above the ground in the north‐south cardinal direction. Besides, around 80
individual leaves without any damage were collected from each plot using a tree pruner. We made sure
that these leaves were collected from different height strata and the ratio of shadow leaves to sun leaves
in each plot were around 1:1. Each leaf was first measured by a caliper to derive the leaf thickness and
then was digitized by a Canon LiDE 220 scanner. The scanned image of each leaf was processed by the
software of WinFOLIA to estimate its area and vein length. Finally, each individual leaf was dried and
weighted to calculate its specific leaf area (Table 1). Note that tree age measurements were not collected
in sites N1, E1, E2, and E3 due to the malfunction of the increment borer in sites N1 and E2 and the
unfortunate loss of tree cores in E1 and E3 during shipment. All leaf‐related measurements were not
collected in site C2 because its data collection time was in early spring, and leaves were still in the early‐
development stage, and leaf thickness was not collected in sites N3 and C1 because the data collection
time was in early fall, and leaves had been in the process of turning yellow.

2.4. Individual Tree Segmentation From TLS Data

Individual tree segmentation is a prerequisite step for estimating individual tree parameters from TLS data
(Li et al., 2012). In this study, a point cloud‐based individual tree segmentation algorithm proposed by Tao,
Wu, et al. (2015) was adopted. This algorithm first uses the points 10–30 cm above the ground to create a
point density map and then uses the DBSCAN (density‐based spatial clustering of applications with noise)

Figure 2. (a) The locations of the 12 study sites and their correspondingmean annual total precipitation (MAP) (the study sites of each genetic group are shown in a
unique point shape, and the “N,” “E,” “C,” and “S” in each site ID represent the northern, eastern, central, and southern genetic group, respectively), (b) photos of
natural Quercus mongolica habitats under different environmental conditions, and (c) point clouds of individual Q. mongolica trees under different environmental
conditions. The topographic and climate conditions of each site are listed in Table S1.
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algorithm to search the kernel point of each cluster. These kernel points are used as the seed points, and the
distances of an unlabeled point to these seed points are compared by using the comparative shortest‐path
algorithm. The seed point with the shortest path to this point is labeled as the same tree. This process is
repeated until all points being labeled.

By matching with field records, all Q. mongolica trees in each plot were extracted from the individual tree
segmentation results (Figure 3). The point cloud of each Q. mongolica tree was visually examined and

Figure 3. Illustration of the steps for TLS data acquisition, preprocessing, and architecture traits extraction.

Table 1
The list of trunk, crown, and leaf traits used in this study and their corresponding derivation data sources and methods

Traits Source Derivation method

a. Trunk traits
Height TLS data Maximum height‐ground height
Diameter at breast height TLS data Circle fitting method
b. Crown architecture traits
Leaf area index TLS data Algorithm proposed by Li et al. (2017)
Live crown ratio TLS data (Height‐crown base height)/height
Apical dominance ratio TLS data Height/crown diameter
Crown shape ratio TLS data (Height‐crown base height)/crown diameter
Primary branch insertion angle TLS data Direct measurement
Bifurcation ratio TLS data Secondary:Primary branch number
Primary branch diameter ratio TLS data Primary branch diameter: DBH
Branch diameter ratio TLS data Secondary:Primary branch diameter
Chord length ratio TLS data Secondary:Primary branch chord length
c. Leaf traits
Leaf thickness Field data Direct measurement
Leaf area Field data Direct measurement
Leaf vein length Field data Direct measurement
Specific leaf area Field data Leaf area/dry leaf weight

Note. TLS represents the terrestrial laser scanning.
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corrected if there were points mislabeled. Moreover, if the point cloud of a Q. mongolica tree was incomplete
due to the occlusion of branches and leaves, the corresponding tree was removed from the following analy-
sis. Finally, each study site had 15–30 Q. mongolica trees reserved for the following analyses.

2.5. Trunk and Crown Traits Extraction From TLS Data

Trunk and crown traits were estimated from the segmented TLS data (Table 1). Tree height was computed as
the height difference between the highest point of a tree and the ground, and DBHwas calculated by fitting a
circle to the points with a height of 1.3 m above the ground (Liang et al., 2016). Leaf area index (LAI) was
estimated using a point cloud slicing‐based algorithm proposed by Li et al. (2017). This algorithm first slices
the point cloud based on an incident zenith angle of 5° and then derives gap fraction and clumping index
based on the sliced point cloud. The Beer‐Lambert Law is finally used to calculate the LAI from the derived
gap fraction and clumping index. Crown base height, crown diameter, and tree height were the inputs for
estimating the three crown shape‐related traits (including live crown ratio, apical dominance ratio, and
crown shape ratio) (Table 1). In this study, the canopy base height was calculated using an inflection point
detection‐based algorithm (Luo et al., 2018). This method assumes that if there were no other low vegetation
under a tree, the height of the first inflection point of a tree's TLS percentile distribution curve is the crown
base height. To calculate the crown diameter, we first used the Graham scanning algorithm to find the con-
vex hull from the tree crown points (Graham, 1972), and the diameter of the fitted circle of the convex hull
was used as the crown diameter. The three crown shape‐related architecture traits were finally computed
from the estimated crown base height, crown diameter, and tree height using the corresponding equations
in Table 1.

To estimate the crown architecture traits related to the branching form (including primary branch insertion
angle, bifurcation ratio, primary branch diameter ratio, branch diameter ratio, and chord length ratio), we
first manually separated leaf and stem points using the LiDAR360 software (Figure 3) and then delineated
the skeleton of each tree from the TLS data using a geometry‐based algorithm (Tao, Guo, et al., 2015).
The extracted tree skeletons were visually examined and corrected if there were any stems/branches miss-
ing. The number of branches at each order, the insertion angle of primary branches, and the length, dia-
meter, and chord length of each branch were manually measured from the skeletons using the LiDAR360
software, which were then used to calculate the abovementioned traits using the corresponding equations in
Table 1. It should be noted that we only drew the skeletons up to the secondary branch with a diameter ≥3
cm. Third‐order branches or branches with a diameter <3 cm were excluded because most of them were
incomplete in the TLS point cloud due to the occlusion effect. Therefore, the bifurcation ratio, ratio of branch
diameter, and chord length ratio used in this study all represented the ratios between the secondary
branches and primary branches.

2.6. Statistical Analysis

The nested ANOVA (analysis of variance), a statistical method that can test whether there are significant
variations in means among groups, subgroups within groups, etc. (Sokal & Rohlf, 1969), was used to analyze
whether the geographical variation of each tree attribute was statistically significant between genetic groups
and between populations within genetic groups. In this study, a two‐level nested ANOVA was used, and the
null hypothesis of each level was that there was no significant difference in the means of each tree attribute.
Moreover, the linear regression methods were further used to evaluate whether tree attributes had spatial
patterns along the latitude, longitude, and altitude gradients, and the statistical t‐test was used to determine
the significance level of each correlation. Note that we used the site‐average values of each attribute to per-
form the linear regression analysis.

Two climate variables, that is, MAT and MAP, were used to evaluate the acclimation of trunk, crown, and
leaf traits to the climate variability. The climate data were obtained from the National Meteorological
Information Center of China. The 1960–2014 monthly average temperature and total precipitation were
used to calculate the MAT and MAP of each study site. We assumed that if a trait showed acclimation to
the climate variability, it should have strong correlations with the climate variables. Therefore, we calculated
the Pearson's correlation coefficient to evaluate the correlations between a trait and climate variables, and
the statistical t‐test was used to determine the significance level of each correlation.
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The coordinated effect between crown architecture traits and trunk and leaf traits were first evaluated by cal-
culating the Pearson's correlation coefficients between them as well. Besides, we further used the structure
equation modelling (SEM) method to quantify the coordinated effects between crown architecture traits and
trunk and leaf traits to the climate variability. SEM is a multivariate casual modelling technique that com-
bines confirmatory factor analysis and multiple regression analysis (Kline, 2015). It allows users to quantify
all path coefficients, which has been widely used in ecological studies to determine the logical and metho-
dological relationship between correlation and causation (Fan et al., 2016; Maddox & Antonovics, 1983).
In this study, we only built SEM models for the crown architecture traits showing strong correlations with
the climate variability. To simplify the SEMmodels, tree height and specific leaf area were used to represent
trunk traits and leaf traits, since they had similar correlations with the climate variability as other trunk and
leaf traits. All input parameters were transformed with a logistic function to ensure them following normal
distributions. The maximum likelihood method was used to estimate the standard path coefficients, and the
significance of each path coefficient was calculated. Adequate of the SEM models were evaluated by the
comparative fit index (CFI) and the standardized root mean square residual (SRMR). High CFI (>0.8) and
low SRMR (<0.08) indicate there is no difference between the observed covariance andmodelled covariance,
and therefore, the model could be accepted (Kline, 2015). Note that since leaf trait measurements could not
match with trunk and crown trait measurements at the individual tree level in this study, we repeated the
average trait measurements in each study site for the times of number of trees in each study site to build
SEM models.

The nested analysis ANOVA, linear regression, and SEM analyses in this study were all performed using the
R statistical programming language.

3. Results
3.1. Spatial Variations of Trunk, Crown, and Leaf Traits

Trunk traits and crown architecture traits were extracted from the TLS data through the procedure of regis-
tration, denoising, ground point filtering, normalization, and individual tree segmentation, and leaf traits
were acquired through field measurements. The individual tree segmentation accuracy from TLS data were
higher than 75% for all 12 study sites (Figure S1), and the estimated DBH and crown base height were highly
correlated with ground truth measurements (R2 > 0.98) (Figure 4). The estimated trunk, crown, and leaf
traits showed substantial variations spatially (Figure S2). All traits used in this study showed significant dif-
ferences among genetic groups with p values smaller than 0.001, except apical dominance ratio, primary
branch diameter ratio, and chord length ratio (Table 2). Apical dominance ratio and primary branch dia-
meter showed significant variations among genetic groups at the confidence level of 95%, and chord length
ratio showed insignificant variations among genetic groups (p > 0.05) (Table 2). Within genetic groups, over
60% of the traits still showed significant variations (p < 0.05) among study sites. The study sites with insig-
nificant trait variations were concentrated in the eastern and southern genetic groups (Table 2).

Figure 4. Accuracy assessment for the (a) terrestrial laser scanning (TLS)‐derived diameter at breast height (DBH) and (b)
TLS‐derived crown base height (CBH). The red dashed line represents the fitted line, and the black solid line represents the
1:1 line. R2 and RMSE represent the coefficient of determination and root‐mean‐square error, respectively.
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We explored the spatial distribution pattern of leaf, trunk, and crown traits along longitude, latitude, and
altitude (Figure 5). Except the significant relationships between longitude and altitude with leaf traits, we
did not observe any other significant spatial distribution pattern. Although LAI showed a decreasing trend
from west to east and tree height and DBH showed increasing trends from low to high altitude, the p values
of these correlations were larger than 0.05 (Figures 5a and 5c). Three out of the four leaf traits (i.e., leaf area,
leaf vein length, and specific leaf area) showed significant increasing trends fromwest to east and significant
decreasing trends from low to high altitude (p < 0.05) (Figures 5a and 5c). Leaf thickness had opposite chan-
ging patterns along the longitude and altitude gradients, although the correlations were not statistically sig-
nificant (Figures 5a and 5c).

3.2. Climatic Controls on Trunk, Crown, and Leaf Traits

We evaluated the acclimation of trunk, crown, and leaf traits to the climate variability by calculating the
Pearson's correlation coefficients with MAT and MAP (Figure 6). Overall, temperature showed no signifi-
cant correlations with trunk and leaf traits. Although there were positive trends between leaf area/leaf vein
length and MAT, the p values were larger than 0.1 (Figure 6a). However, temperature showed stronger cor-
relations with certain crown architecture traits than with trunk and leaf traits. Crown shape ratio and chord
length ratio were the only two traits significantly correlated with MAT. Besides, apical dominance ratio and

Table 2
The significance of variations of tree attributes among genetic groups and among study sites

Attributes

Significance

Parameters

Significance

Genetic group Site Genetic group Site

Age ns N: ** Bifurcation ratio *** N: ***
E: NA E: ***
C: *** C: ***
S: *** S: ns

Height *** N: *** Primary branch diameter ratio * N: ***
E: *** E: ***
C: *** C: ***
S: *** S: *

DBH *** N: *** Branch diameter ratio *** N: ***
E: *** E: ***
C: *** C: ***
S: ns S: ns

Leaf area index *** N: *** Chord length ratio ns N: *
E: *** E: ns
C: ns C: ns
S: *** S: ns

Live crown ratio *** N: *** Leaf thickness *** N: ***
E: *** E: ns
C: *** C: NA
S: ns S: ***

Apical dominance ratio * N: *** Leaf area *** N: ***
E: *** E: ns
C: *** C: *
S: * S: ***

Crown shape ratio *** N: *** Leaf vein length *** N: ***
E: *** E: ns
C: *** C: ns
S: * S: ***

Primary branch insertion angle *** N: ns Specific leaf area *** N: ***
E: *** E: ns
C: *** C: **
S: *** S: **

NA represents that the significance level cannot be calculated due to the missing of data at the correspond site. ns repre-
sents the variation is not significant.
*the variation is significant at the confident level of 95%. **the variation is significant at the confident level of 99%.
***the variation is significant at the confident level of 99.9%.
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primary branch insertion angle also showed strong correlations with MAT with p values smaller than 0.06
(Figure 6a).

Precipitation showed stronger influences on trunk and leaf traits than temperature. All trunk and leaf traits
(except leaf thickness) showed significant positive correlations with MAP (R > 0.7) (Figure 6b), suggesting
the increasing water availability could lead Q. mongolica trees to larger stature and larger leaves.
Although the correlation was insignificant, the correlation coefficient between leaf thickness and MAP still
reached −0.58 (Figure 6b). The negative correlation between leaf thickness and MAP suggested the leaf
thickness tended to increase in areas with severer water deficiency. Among all the crown architecture traits,
LAI, primary branch insertion angle, and chord length ratio were the only three having significant correla-
tions with MAP (Figure 6b). LAI and primary branch insertion angle were negatively correlated to MAP,
while chord length ratio was positively correlated to MAP. Apical dominance ratio and crown shape ratio
also showed positive correlations with MAP, and the corresponding correlation coefficients were larger than
0.5 with the p values smaller than 0.1.

3.3. Coordination of Crown Architecture Traits to Trunk and Leaf Traits

The coordination of crown architecture traits to trunk and leaf traits were evaluated by the Pearson's corre-
lation coefficients between them. Among all crown architecture traits, LAI, primary branch insertion angle,

Figure 5. The Pearson's correlation coefficient between estimated traits and (a) longitude, (b) latitude, and (c) altitude. If a correlation is significant, the correspond-
ing bar is labeled as ***, **, or *, indicating a confident level of 99.9%, 99%, or 95%, respectively.

Figure 6. The Pearson's correlation coefficients between estimated traits and (a) mean annual temperature (MAT) and (b) MAP. If a correlation is significant, the
corresponding bar is labeled as ***, **, or *, indicating a confident level of 99.9%, 99%, or 95%, respectively.
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and chord length ratio were the only three traits showing strong correlations with all trunk and leaf traits
(Figure 7). LAI and primary branch insertion angle were positively correlated with all trunk and leaf traits
(except leaf thickness), while chord length ratio was negatively correlated with them. Beyond the above
three crown architecture traits, only bifurcation ratio and primary branch diameter ratio had an absolute
correlation coefficient with leaf thickness larger than 0.6 (Figure 7). The strong correlations between selected
crown architecture traits and trunk/leaf traits suggested that there were coordinated effects between crown
architecture traits and trunk and leaf traits.

We further examined how climate variability mediates the coordinated variations among leaf, crown, and
branch traits using the SEM method. Here, we simplified the SEM models by using tree height and specific
leaf area to represent trunk and leaf traits, respectively, since they had similar responses to the climate varia-
bility as other trunk and leaf traits (Figure 6). Moreover, we here only presented SEMmodels for four crown
architecture traits having significant correlations with MAP and/or MAT (i.e., LAI, crown shape ratio, pri-
mary branch insertion angle, and crown length ratio). As can be seen in Figure 8, all four models had
CFIs larger than 0.95 and SRMRs smaller than 0.08, indicating that they could be accepted statistically.

Similar as the findings presented in Figure 6, MAP had the largest contributions to the variabilities in tree
height and specific leaf area. The path coefficients (β) from MAP to tree height and specific leaf area were
the largest among all path coefficients at the corresponding nodes for all four SEM models (Figure 8).
MAT had more profound influences on the variations of crown architecture traits (except LAI). The path
coefficients from MAT to crown shape ratio and chord length ratio were larger than those from MAP to

Figure 7. The Pearson's correlation coefficient between crown architecture traits and tree‐ and leaf‐level architecture
traits. Blocks in reddish colors represent a positive correlation, and blocks in blueish colors represent a negative correla-
tion. Note that LAI represents the leaf area index.
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them (Figures 8b and 8d). Besides climate variables, crown architecture traits showed significant
coordination to tree height and/or specific leaf area. LAI was negatively correlated with tree height (β =
−0.44, p < 0.001), while positively correlated with specific leaf area (β = 0.3, p < 0.001) (Figure 8a).
Crown shape ratio was not significantly influenced by tree height (p > 0.1) but had a significant positive
correlation with specific leaf area (β = −0.43, p < 0.001) (Figure 8b). Primary branch insertion angle was
negatively influenced by tree height (β = −0.41, p < 0.001) while had no significant correlation with
specific leaf area (p > 0.1) (Figure 8c). Chord length ratio was positively correlated with tree height, and
the path coefficient was the largest among all factors (Figure 8d). However, it had no significant
correlation with the specific leaf area (p > 0.1) (Figure 8d).

4. Discussion

In this study, 15 trunk, crown, and leaf traits were selected by considering the possibility of being measured
(either from the field or from TLS data) and the importance to define tree architecture (Ceulemans et al.,
1990; Lau et al., 2018). Both the empirical and statistical analyses demonstrate that trunk, crown, and leaf
traits ofQ.mongolica trees have significant spatial variations, evenwithin the same genetic group (Figure S2,
Table 2). There are no significant differences in tree age among genetic groups (Table 2), suggesting that the
differences in trunk, crown, and leaf traits are not caused by tree age differences. Moreover, only leaf size‐
related traits (i.e., leaf area, leaf vein length, and specific leaf area) show significant changing patterns along
the altitude and latitude axes (Figure 5). The correlations between geographical factors and these leaf traits
might be manipulated by the change of precipitation. MAP has a significant positive correlation with long-
itude and a significant negative correlation with altitude (Figure S3), which are in correspondence with the
correlations between MAP and leaf traits (Figure 6b). This indicates that the control of geographical attri-
butes (i.e., latitude, longitude, and altitude) on a tree architecture trait is dependent on the influence of cli-
matic factors and might be the result of an integrated effect of multiple climatic factors.

All trunk and leaf traits strongly acclimate to the MAP gradients, and the findings are consistent with pre-
vious studies that trees tend to grow taller and have larger leaves in wetter areas (Tao et al., 2016; Wright
et al., 2017). No trunk and leaf traits show significant correlations with MAT, indicating that the trunk

Figure 8. The coordination of (a) LAI, (b) crown shape ratio (CSR), (c) primary branch insertion angle (PBIA), and (d)
chord length ratio (CLR) to tree height, specific leaf area, MAP, and MAT demonstrated by structure equation models.
Note that β represents the path coefficient, p represents the p value of the path, CFI represents the comparative fit index,
and SRMR represents the standardized root mean square residual.
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and leaf growth of Q. mongolica trees in the study sites are more constrained by precipitation instead of tem-
perature. This might explain why most traits with insignificant variations among study sites are found in
eastern and southern genetic groups (Table 2). These two groups are distributed in semihumid and humid
areas (Figure 2a), which might be less limited by water availability (Lyu et al., 2017; Zhu et al., 2018).
Therefore, genetic information might have a more profound influence on the formation of tree trunks and
leaves, leading to relatively small variations in them. Over a half of the nine crown architecture traits in this
study do not have significant correlations with the climate variability (Figure 6). West et al. (2009) and
Enquist et al. (2009) proposed that tree branching followed a general quantitative theory, and Bentley
et al. (2013) further suggested that tree branching network followed allometric scaling relationships, which
indicate that certain crown architecture traits might have low plasticity (Figure S4) and be more controlled
by genetic information instead of environmental conditions.

The coordinated effects among crown architecture traits, trunk traits, leaf traits, MAT, and MAP further
help to explain the hydraulic constraints and defensive strategies of trees to the increasingly drier envir-
onment in northern China (Xu et al., 2010). The variations in LAI are influenced by the coordination
among MAP, tree height, LAI, and specific leaf area. The total contribution of MAT to LAI is much
smaller than that of MAP to LAI (Figure 8a). With the increase of MAP, LAI has a significant decreas-
ing pattern, although the size of a single leaf has a significant increasing pattern (Figure 6b). This may
be partly caused by the negative feedback of the paths from MAP to tree height to LAI (Figure 8a). The
increase of MAP can increase the vertical space of a tree by increasing tree height, making the interleaf
gaps become larger, and therefore reducing the LAI values (Li et al., 2016). This suggests that Q. mon-
golica trees may have evolution strategies to balance leaf size and interleaf gap size to minimize self‐
shading and therefore achieve optimal resource‐use (i.e., light‐use and water‐use) efficiencies. The var-
iations in crown shape ratio are the mixing effect among MAP, MAT, and specific leaf area. With the
increase of MAT, Q. mongolica trees tend to increase self‐shading by narrowing their crowns
(Figure 8b), which can reduce per‐leaf‐area water loss via plant transpiration to avoid the higher atmo-
spheric water deficit stress (that is positively related with high temperature) (Gignoux et al., 2016;
Kuuluvainen & Pukkala, 1987). Meanwhile, the higher temperature has negative effect on the specific
leaf area (Figure 8b), which varies in accordance with the change in crown shape ratio to reduce water
loss (Wright et al., 2017). With the increase of MAP, Q. mongolica trees tend to expand the crown size
and increase the leaf size to maximize the light capture (Sterck et al., 2001; Wright et al., 2005)
(Figure 8b). Primary branch insertion angle and chord length ratio change accordingly with tree height
and specific leaf area in response to the climate variability. With the increase of MAP, Q. mongolica
trees tend to grow taller and vertical vegetation layering might emerge, which makes light resources
to become increasingly important limitations to tree growth (Dong et al., 2012). Therefore, they tend
to decrease primary branch insertion angles and increase chord length ratios (Figures 8c and 8d) to cre-
ate tree shapes like the rightmost tree in Figure 2c to maximize light capture (Davies & Ashton, 1999;
Sterck et al., 2001; Wright et al., 2005). With the increase of MAT, Q. mongolica trees tend to decrease
primary branch insertion angles (Figures 8c and 8d) and create crown shapes like the four trees on the
left of Figure 2c to alleviate the water loss (Gignoux et al., 2016; Kuuluvainen & Pukkala, 1987).
Meanwhile, the specific leaf area also changed correspondingly to increase the photosynthesis or reduce
transpiration (Wright et al., 2017).

With the observed tight coordinated variations among crown architecture traits, trunk traits, leaf traits, and
climate variations, we further hypothesize that crown architecture might have a “bridging” effect between
the water and light demands of Q. mongolica trees. In a relatively moister climatic area, Q. mongolica trees
have the potential to reach a larger stature (Figure 6b), which requires a higher light demand. To maximize
the biomass production, crown architecture might serve as the regulator of light capture by quickly increas-
ing the ratio of crown and growing more upward (Craine & Dybzinski, 2013). In a relatively drier climatic
area, Q. mongolica trees tend to have a smaller stature due to the water limitation (Figure 6b), and therefore,
crown architecture tends to grow horizontally to increase biomass production by improving water‐use effi-
ciency. In a relatively hotter climatic area, crown architecture of Q. mongolica trees tends to develop verti-
cally to create self‐shading to reduce water loss via plant transpiration (Gignoux et al., 2016; Kuuluvainen
& Pukkala, 1987) (Figure 6a). While in a colder climatic area, crown architecture of Q. mongolica trees tends
to structure branches horizontally to maximize light capture (Figure 6a). The potential strategy of Q.
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mongolica trees balancing the water and light demands through the coordination of crown and leaf traits can
help to understand the mechanism of how plants reduce to opportunity cost to balance storage, accumula-
tion, and recycling (Chapin et al., 1990)

With the prediction of warmer and drier semiarid areas (Greve et al., 2014), we can predict thatQ. mongolica
trees might have a trend of shifting from “tree shape” (i.e., larger tree height and DBH, larger and thinner
leaf, and larger crown with vertical development) to “shrub shape” (i.e., smaller tree height and DBH, smal-
ler and thicker leaf, and smaller crown with horizontal development) to maintain biomass production.
However, current dynamic global vegetation models usually estimate crown area by tree height and rarely
consider the acclimation of crown architecture traits to the climate variability (Hickler et al., 2006; Sitch
et al., 2003), which might bring significant underestimation in the canopy coverage in semiarid areas. The
coordinated variations among crown architecture, trunk, and leaf traits with the large‐scale variability in cli-
mate as observed in this study highlight the importance of including this finding into future vegetation
dynamic modelling studies. Moreover, future studies are still needed to identify key crown traits indicating
tree architecture variations and coordinating with trunk and leaf traits to help improve dynamic global
vegetation models.

The lack of efficient and accurate methods to obtain repeatable crown architecture observations has long
been a bottleneck in the field of crown architecture studies (Malhi et al., 2018). The rich and accurate
three‐dimensional information provided by TLS data has made the estimation of crown architecture traits
in a repeatable and accurate manner become possible over large spatial scales in this study. Although man-
ual efforts are still needed to examine the results, it still provides an effective and accurate way to derive
crown architecture traits with much less labor and time involved. Currently, the most time‐consuming
and labor‐intensive process in TLS‐based method is the TLS data collection and registration. With the devel-
opment of terrestrial mobile systems (e.g., backpack TLS and handheld TLS), the efficiency of TLS data col-
lection can be significantly improved, and there is no need for data registration anymore (Liang et al., 2014;
Qian et al., 2017), which can further improve the efficiency of estimating crown architecture traits.
Moreover, the present study only tested the workflow and methodology on one tree species, that is, Q. mon-
golica tree, considering its dramatic variations in tree architecture under different climate conditions (Kitao
et al., 2000; Kitao et al., 2006). However, we believe that they have the potential to be applied on study the
tree architecture of other tree species, especially considering the recent technical advances in automatically
extracting crown traits from TLS data (Bremer et al., 2018; Lau et al., 2018).

5. Conclusions

In summary, this study evaluates the geographical variations of and climatic controls on trunk, crown, and
leaf traits of Q. mongolica trees over large spatial scales in northern China. Our results show that trunk,
crown, and leaf traits have substantial variations over space, but only leaf traits have significant correlations
with longitude and latitude. Five out of the six trunk and leaf traits show sensitive responses to the precipita-
tion variability. Generally, larger‐stature Q. mongolica trees with larger and thinner leaves are more likely to
occur at areas with higher precipitation. Half of the selected crown architecture traits show acclimation to
variations in MAT and/or MAP, and they have strong coordinated effects with trunk and leaf traits. As
the bridge linking tree trunk and leaves, crown architecture traits play a significant role in balancing the
water and light demands of a tree. The results of this study show the significance of long‐neglected crown
architecture traits in the evolutionary strategy of a tree. Although the current study only focuses on one tree
species from semihumid and semiarid areas, the proposed method can be applied on other species in other
areas, which will ultimately allow us to have a better understanding on how trees may evolve under the
background of global climate change and how the coordinated effects of crown architecture traits may influ-
ence the global carbon cycling simulation.
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