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Abstract: Bivariate distribution is an effective approach to spatial structure analysis. Combined with two of
the three structure parameters (uniform angle index (W), dominance (U) and mingling (M)), the structural
bivariate characteristics of five different Pinus massoniana forests were explored in this study. Our objective
was to provide a theoretical direction for structure-based and detailed management in P. massoniana forests.
The bivariate traits showed that mixed artificial or secondary forests predominated by P. massoniana trees
do not typically achieve the highest mingling level. Trees under extreme mingling conditions were rare and
typically comprised of non-dominant species instead of dominant ones in P. massoniana forests; these trees
were generally overtopped and randomly distributed. Management implications can be extracted compar-
ing the bivariate traits between all species and dominant species. The original community structure, devel-
opment stage, and mixed-tree species number affect the univariate M and, furthermore, the two bivariate
U-M and W-M distributions in mixed forests. Forest type has little effect on all-species W-U traits compared
to those of the dominant species. U-M traits should be adjusted first if the random frequency values are
highest in W-U and W-M bivariate distribution, and it is necessary to determine whether these two bivariate
traits shade the W univariate. Adjustments made based on bivariate distribution can reveal poor frequen-
cy combinations for foresters to target; this allows the simultaneous adjustment of dual aspects of forest
structure based on one bivariate index. Our results show that bivariate distribution may provide very useful
information for the management of P. massoniana and other forests.
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Introduction

Pinus massoniana Lamb. is tree species that is of-
ten cultivated in southern China. The area covered
by P. massoniana is up to 12 million ha and accounts
for 7.74% of the total arboreal forest area (Meng et
al., 2014), making it the most common species in

coniferous forests in China (Zhang, 2014). It is im-
portant for the Chinese government, especially in the
south, to understand the spatial structure of P. mas-
soniana forests.

Structure-based forest management (SBFM) is
applied to foster healthy and stable forests (Hui et
al., 2010) by focusing on stand structure rather than
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timber production (Gao et al., 2013). SBFM can im-
prove forest quality by changing species composition
and structural diversity (Bettinger & Tang, 2015)
and is an effective method of forest management.
Under the SBFM concept, a healthy and stable for-
est is randomly distributed and with varied species
and size differentiations (Chai et al., 2017). These
three structural characteristics can be represented by
a group of parameters based on the nearest neighbor-
hood statistics: Uniform angle index (W), dominance
(U), and mingling (M) (Hui et al., 2010).

When the three parameters are not combined,
they can only independently provide a single feature
of forest structure. The three parameters are inher-
ently independent and have the same five frequen-
cy values (0.00, 0.25, 0.50, 0.75, and 1.00), two of
which can be combined to obtain three bivariate dis-
tributions (Li, 2013) to represent the spatial struc-
tural characteristics of forests. Each combination has
25 associations exploiting the spatial expressions of
W, U, and M, and containing all of the information
that can be provided by any pair of structural param-
eters (Li, 2013). Bivariate distribution can be used
not only to analyze the similarities and differences
between communities and populations, but also the
structural differentiation between individuals of the
same species (Li et al., 2014).

Previous research on bivariate distribution of
community structures in forests has mostly centered
around combined probability for heights and diame-
ters (Hafley & Schreuder, 1977; Rupsys & Petrauskas,
2010; Zucchini et al., 2001), and has yielded a wealth
of useful information for forest management. Cur-
rent studies investigating W, U, and M bivariate dis-
tribution (called “WUM bivariate distribution” from
here on to distinguish it from the height-diameter bi-
variate distribution) are ongoing in Changbai Moun-
tain (Li et al., 2012; Li et al., 2014; Li, 2013; Ni et al.,
2014), Qinling Mountain (Chai et al., 2017; Zhang
et al., 2015a; Zhang et al., 2014), Beijing Jiulong
Mountain (Zhang et al., 2015b), and the coastline of
Guangxi Province (Li et al., 2016).

Although WUM bivariate distribution is an ef-
fective analysis method for spatial forest structure,
studies on WUM characteristics have been generally
confined to the above regions in China; their effects
in other areas or different forest types remain unclear.
P. massoniana is an important tree species commonly
cultivated in southern China, and understanding its

Table 1. Site traits of five Pinus massoniana forests

WUM traits can provide practical guidance for forest
management. We established five different P. massoni-
ana sites in Guizhou Province (southwestern China),
and performed a WUM bivariate analysis based on
SBFM to address three main issues: 1) Identifying
the similarities and differences in WUM bivariate
distribution between pure and mingled P. massonia-
na forests and other forest types; 2) identifying the
WUM characteristics of dominant tree species in P
massoniana forests; and 3) identifying the valuable
references that WUM characteristics can provide for
structure-based, sustainable, and detailed manage-
ment in P. massoniana and other forests. We hypothe-
sized that WUM bivariate characteristics can simul-
taneously indicate the dual undesirable aspects of
distribution pattern, mingling, and dominance traits
in forests, thus providing useful guidance for forest
management.

Methods

Study sites

Five different P. massoniana forests (Table 1) were
established in Duyun City, Pingtang County (Qian-
nan Prefecture), and Rongjiang County (Qiandong-
nan Prefecture) in Guizhou Province. Guizhou Prov-
ince (24°30-29°13'N, 103°31'-109°30'E) is located
in a mountainous area in southwestern China be-
longing to the subtropical humid monsoon climate
zone; this area has an average altitude of 1000 m,
temperature of 11.0-19.0°C, and annual rainfall of
1100-1300 mm; most of the area receives abundant
rainfall, less sunshine, and more cloudy-rainy days
throughout the year (Huang et al., 1988).

The P. massoniana forest mingled with Cunning-
hamia lanceolata Hook. (MF) was established in Zhai-
hao Township in Rongjiang County; the stands were
artificially planted after slope reclamation by Rong-
jiang Afforestation Company in 1985. The share was
70.68% for P. massoniana and 29.02% for C. lanceola-
ta. The natural secondary pure P. massoniana forest
(NSP) was established in Daping Town in Duyun
City; the community was developed by natural re-
generation after logging in 1990 and 1991. The share
was 95.79% for P. massoniana. The pure artificial P
massoniana forest (MP) was established in Luobang
Town in Duyun City; the stands were artificially

Site Longitude (E) Latitude (N)  Altitude (m) Slope aspect  Age (Yrs) Average tree height (m) Coverage
MF 108°34'51.16" 26°12'07.73" 488 SE 30 20.22 0.8
NSP 107°34'52.73" 26°10'51.36" 826 W 25-26 15.99 0.7
MP 107°32'02.35" 26°17'23.60" 837 E 19 9.68 0.7
MSB 107°25'41.41" 26°05'14.94" 950 NW 24-25 13.05 0.7
MHB 107°05'25.55" 25°53'55.27" 988 E 25-26 10.55 0.9
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planted in an arid slope in 1996 and the share was
95.09% for P. massoniana. The natural secondary P.
massoniana forest mingled with Liquidambar formosa-
na Hance (MSB) was established in Pinglang Town
in Duyun City. The share was 45.76% for P. masso-
niana and 39.59% for L. formosana. The P. massoniana
forest mingled with Quercus fabri Hance (MHB) was
established in Yazhou Town in Pingtang County; the
stands were derived from aerial seeding after an ar-
tificial fire burn and then mingled with the native
fire-tolerant Q. fabri. The share was 67.96% for P.
massoniana and 29.90% for Q. fabri. The NSP and MP
forests are pure forests, and the ME, MSB, and MHB
forests are mixed forests. The NSP and MSB forests
are natural secondary forests, and the ME MP and
MHB forests are artificial forests. All five sites are
located in middle slopes and have not been managed
since being established.

Data collection

One 50%x50 m plot was established at each site
and subdivided into 25 10x10 m orderly numbered
quadrants. Trees with diameter at breast height (dbh)
of >5 cm were measured for dbh and the distanc-
es to the sample line were measured (angles were
not measured between reference trees and neighbor
trees). The species and number of trees with dbh<5
cm were counted and recorded. Plants that could not
be recognized immediately were brought back to the
laboratory for identification, and voucher specimens
were deposited in the herbarium at Zunyi Normal
College (“ZY” in Index Herbariorum).

Bivariate relative frequency

The W, U, and M values were calculated using
Winkelmass 1.0 software (Gadow, 1998) and used to
analyze the spatial structure according to methods
described by Hui et al. (2010) and Li et al. (2012).

W is an index used to describe the regularity be-
tween reference trees and their nearest neighbors.
Hui et al. (2010) suggested that a reference tree with
four nearest neighbors is optimal. It is defined as the
proportion of the angles o that are smaller than the
standard o, (72°), and expressed as follows:

Zij=1 if o-angle is smaller than o, otherwise
Zij=0. The closer the Wi value is to 0, the more reg-
ular the distribution pattern; conversely, as the Wi
values approach 1, the distribution pattern tends to
be clumped.

U is defined as the proportion of the n near-
est neighbors of a given reference tree that are

smaller than the reference tree i, which is expressed
as follows:

-

Ui= -+ X> Kjj

=

j=

Kij=1 if neighbor j is greater than reference tree i,
otherwise Kij=0. The closer the Ui value is to 0, the
more the tree i tends to be dominant; conversely, as
the Ui values approach 1, the tree i tends to be over-
topped per the Kraft classes: dominant, co-dominant,
intermediate, and overtopped (Jennings et al., 1999).

M is defined as the proportion of the n nearest
neighbors that are a different species from the refer-
ence tree, which is expressed as follows:

4
Mi=%x2vij
i=1

Vij=1 if neighbor j is not the same species as refer-
ence tree i, otherwise Vij=0. Mi values close to 0 in-
dicate a low level of species mingling, while Mi values
close to 1 indicate a high level of species mingling.

The WUM bivariate relative frequencies were
calculated using the method of Li et al. (2012). The
WUM indices were calculated for each tree in a plot
and ranked in Excel software (Microsoft Corp., Se-
attle, WA, USA), then the impact of an index’s rank
on another index was determined. To eliminate edge
effects, data in the buffer area (5 m from the border-
line) were deleted prior to ranking. The number of
trees with different index combinations was divided
by the tree number in the core area considered to
produce a bivariate distribution of structural param-
eters. A total of 25 frequency values were mapped to
3D-XYY bar charts in Origin software (Origin Lab
Corp., Northampton, MA, USA) and their ecological
implications were summarized as discussed below.

Results
U-M bivariate distribution

The U-M frequency values of all species were
0.0887 and 0.0319 (Table S1) at the structural com-
bination (M=0.75 & 1.00, U=0.75 & 1.00) in the
NSP and MP forests, respectively — both greater than
those (0.0197 and 0.0177) at the structural combi-
nation (M=0.75 & 1.00, U=0.00 & 0.25), suggesting
more overtopped individuals than dominant ones in
well-mingled structural units in pure forests. Com-
pared to pure forests, the dominant U-M values of all
species were slightly greater than overtopped ones in
the MF (0.1720 vs 0.1656), MSB (0.2464 vs 0.2391),
and MHB (0.1977 vs 0.1860) forests when well-min-
gled, suggesting a quite different trend.
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Fig. 1. U-M relative frequencies of five
Pinus massoniana forests. Ui: domi-
nance; Mi: mingling

The U-M bivariate distributions of P. massoniana
were similar to those of all species in the NSP and
MP forests (Fig. 1) because the shares of P. massoni-
ana were both greater than 95% in the two pure for-
ests. As expected, this was not observed in the mixed
forests.

The dominant (U=0.00 & 0.25) U-M frequen-
cy values of P. massoniana were much greater than
those of overtopped values (U=0.75 & 1.00) when
M=0.75 and 1.00 in the MF and MHB forests (Fig.
1); this was not the case for the main associated tree
species (C. lanceolata or Q. fabri), suggesting that in-
dividuals can readily dominate for P. massoniana but
were overtopped for associated species in well-min-
gled structral units. The U-M frequency values of P
massoniana mainly occurred at the structural combi-
nation (M=0.75, Ui=0.00 & 0.25), and the dominant
value (0.2353) of L. formosana was greater than over-
topped one (0.0882) when M=0.75 and 1.00 in the
MSB forest (Fig. 1, Table S1), suggesting that both
P. massoniana and L. formosana easily dominate when
highly mingled. These results suggest that the dom-
inant tree species are either dominant or overtopped
under well-mingled structural units in mixed P. mas-
soniana forests.

W-M bivariate distribution

Whether it was all species or dominant species,
the maximum W-M frequency values converged at
random axes (W=0.50) and then declined along both
sides in all five communities (Fig. 2). The minimum

Relatvie frequence

Relatvie fraquence

values were at W=0.00 and W=1.00 (few excep-
tions), suggesting abundant random trees and few
absolutely regular/clustered trees at different min-
gling levels.

As mingling degree increased (M=0.00—1.00),
the W-M values of all species increased and then de-
creased in the MF forest, increased along the main
distribution axis (W=0.50) in the MSB forest, fluctu-
ated along the main distribution axis in the MHB for-
est, and generally decreased in the two pure forests.

In the MP forest, the W-M frequency sum of all
species at the structural combination (W=0.75 &
1.00, M=0.75 & 1.00) was 0.0319, which is higher
than that of regular and well-mingled value (0.0035)
(Fig. 2, Table S2), suggesting that the mingled state
of the clustered trees was better than that of the
regular ones. The all-species W-M frequency sum of
the clustered and well-mingled value (0.0099) was
smaller than the regular and well-mingled value
(0.0148) in the NSP forest, suggesting that the min-
gled state of the regular trees was better than the
clustered ones.

Similar to the U-M traits, the W-M bivariate distri-
butions of P. massoniana were consistent with those
of all species in the NSP and MP forests. The most
distinct disparity was that the W-M values of all spe-
cies were greater than those of P. massoniana at the
structural combination (M=1.00 & W=0.50) (Fig.
2), suggesting that the individuals of non-dominant
tree species were more likely to be randomly dis-
tributed than P. massoniana under extreme mingling
conditions.
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Fig. 2. W-M relative frequencies of five
Pinus massoniana forests. Wi: uniform
angle index; Mi: mingling

The W-M values of L. formosana were much great-
er than those of P. massoniana (the total was 0) or
all species when M=0.00 in the MSB forest (Fig. 2),
suggesting that the mingling status of P. massoniana
was better than that of the associated species. The
W-M values of Q. fabri mainly increased at a random
axis (W=0.50) with increasing mingling but sud-
denly decreased when M=1.00, suggesting that the

®
o
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Fig. 3. W-U relative frequencies of five
Pinus massoniana forests. Wi: uniform
angle index; Ui: dominance
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individuals of Q. fabri are rarely randomly distributed
under extreme mingling conditions (as opposed to
the other four mingling levels).

W-U bivariate distribution

Similar to the W-M distribution, the maximum
W-U frequency values converged at random axes

(Quercus fabri)
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(W=0.50) and then decreased along both sides
whether it was all species or dominant species in
pure and mixed stands (Fig. 3). The minimum val-
ues were at W=0.00 and W=1.00 (few exceptions).
The W-U values of all species were fairly similar at
the same W level, suggesting that the dominant trees
are close to overtopped ones at different distribution
patterns.

The W-U bivariate distributions of P. massoniana
were similar to those of all species in the two pure
forests for the afore-mentioned reason. The W-U
values tended to be overtopped (U—0.75 and 1.00)
from U=0.50 for associated species (C. lanceolata
or Q. fabri) but dominant (U—0.25 and 0.00) for
P. massoniana in the MF and MHB forests (Fig. 3),
suggesting that most individuals are dominant for P
massoniana but overtopped for the associated species
at various W levels. The W-U values of P. massoni-
ana and L. formosana both tended to be dominant
in the MSB forest, suggesting that most individu-
als of these two species are dominant at different
W levels.

Discussion

WUM traits applicable for the detailed
forest management in small structural
units

The WUM bivariate distribution provides synthe-
sized structural information regarding the mingling
between tree species, distribution patterns and com-
petition among individuals, all of which have impor-
tant implications for forest management. Foresters
can formulate corresponding policies by analyzing
the changes in spatial forest structure before and af-
ter thinning per the WUM information, which can
help to regulate the harvest intensity and ensure sus-
tainable management (Li, 2013).

WUM parameters are based on small structural
units (five trees in each unit), which makes elaborate
adjustments to forest management practices possi-
ble. An ideal forest can be managed via selective cut-
ting using WUM bivariate traits. That is, if the WUM
distributions are not converged upon the higher mix-
ture (M axis is from 0.50 to 1.00) and dominance
(U axis is 0.00 or 0.25) and the random distribution
axis (W is 0.50) in a forest, the frequency values of
the two bivariates can be adjusted across many small
structural units to achieve detailed management. Hui
et al. (2010) suggested that individuals with a 0.00
or 0.25 M value should be considered as potential
regulating objects.

Mixed artificial or secondary forests
predominated by P. massoniana trees do
not have highest mingling levels

Whether it was all species or dominant species,
the U-M values decreased gradually as mingling lev-
el decreased (M=1.00—0.00) at the same U level in
mixed forests (Li et al., 2012; Li et al., 2014; Ni et al.,
2014); the W-M values were generally maximal when
mingling was extreme (M=1.00). Our results for
mingled P. massoniana forests were not similar, how-
ever. Whether it was all species or dominant species,
the U-M or W-M values were always not maximal at
extreme mingling (M=1.00) in the three mixed sites
in our study (Figs. 1 and 2), but in fact often smaller
than those under strong mingling (M =0.75), mod-
erate mingling (M =0.50), and even slight mingling
(M =0.25). This suggests that P. massoniana-domi-
nant communities usually do not achieve the highest
mingling levels, although P. massoniana prevails as a
pioneer tree species. Their WUM traits should be im-
proved based on the SBFM concept.

U-M traits should be adjusted first if the
random frequency values are highest in
W-U and W-M bivariate distribution

The frequency values of random distribution in
the three mixed forests we observed were highest
in both W-M and W-U bivariate traits (Figs. 2 and
3), so we would assert that the U-M trait should be
adjusted first to manage these forests. Most P. masso-
niana trees with three nearest neighbors of the same
species (M=0.25) should be cut down in the MF and
MHB forests (Fig. 1) while in the MSB forest most
P. massoniana trees should be retained because their
U-M distribution is ideal. For the main associated
tree species, many overtopped (U=1.00 & 0.75) C.
lanceolata trees should be cut down although they
have high mingling (M=0.75) in the MF forest (Fig.
1), but they can be retained if their dominance can be
improved after some of their nearest neighbors are
cut down. Many associated trees with dbh smaller
than its four (or three) nearest neighbors (U=1.00
or 0.75) and with two nearest neighbors of the same
species (M=0.50) could be cut down (Fig. 1) if this
would create ideal U-M distributions in the MSB
and MHB forests; if not, further means should be
considered.

Any management procedure based on WUM traits
can be effectively computer-simulated prior to im-
plementation. The main undesirable frequency com-
bination (low dominance and mingling) based on
the SBFM concept can be targeted to improve forest
structures. For example, the poorest U-M frequency
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of P. massoniana converged on M=0.25 in the MF for-
est (Figure 1); after the 44 P. massoniana trees under
M=0.25 (Table S4) were removed from the simula-
tion, the dominance and mingling of P. massoniana
markedly improved (Figure S1 in comparison to Fig-
ure 1). The dominance and mingling of all species
would also increase (Table S5). The dominance of
the main associated tree (C. lanceolata) also slightly
increased. The mingling of C. lanceolata slightly de-
creased under these conditions, but was still within
a reasonable range.

Similarly, after the 11 L. formosana trees under
the combination U=0.75 and M=0.00, 0.25, or 0.50
(Table S6) were removed from the simulated MSB
forest (referred to as Plan 1 in Table S5 to distin-
guish from another adjustment plan for MSB), the
dominance and mingling of all species and the target
species improved (Table S5, Figure S1). If the 14 P
massoniana trees under M=0.25 and U=0.50, 12 Q.
fabri trees under M=0.50 and U=0.75, and 13 Q. fabri
trees under M=0.50 and U=1.00 (Table S7) were re-
moved from the simulated MHB forest, the mingling
of all species (or the target species) improved (Table
S5, Figure S1). The dominance of the Q. fabri trees
also increased under these conditions. Although the
dominance of all species and P. massoniana slightly de-
creased, they remained reasonable.

In short, our results suggest that adjustment pro-
cedures based on WUM traits can improve forest
structures under the SBFM concept with only slight
(inconsequential) loss. These adjustments simulta-
neously target two aspects of the forest structure,
which lends them notable advantages over adjust-
ment means based on univariate distributions.

After the above-mentioned simulated adjustment,
the U-M values still did not converge on the highest
mingling axes (M=1.00) in the three mixed forests
(Figure S1). This supports our viewpoint that mixed
artificial or secondary forests predominated by P. mas-
soniana trees do not have the highest mingling levels.
In other words, any adjustment of mingling is a long-
term task in these mixed forests.

Management implications can be
extracted per WUM traits among all
species and dominant species

The frequency value of the structural combina-
tion (U=1.00 & M=1.00) of all species suddenly
increased comparing to that of dominant species in
the NSP forest (Fig. 1), suggesting that some trees
of non-dominant species were absolutely overtopped
under the extreme mingling conditions. This clearly
occurred in the MSB forest, as well. The maximum
frequency of all species occurred at the structural
combination (M=1.00, U=1.00) while the value of

dominant species was zero in the MSB forest (Fig.
1, Table S1), suggesting that many small trees of
non-dominant species were completely overtopped
to the point where they were entirely surrounded
by other species in the community. This may have
occurred due to small, light-preferring trees being
surrounded by other tree species as they are rare in-
dividuals, leaving extremely mingled trees more sus-
ceptible to overtopping (Zhang et al., 2015b). These
small trees of non-dominant species surrounded by
other species should not be cut down during future
management considering the mingling level. If these
trees (Table S8) were cut down (referred to as Plan 2
in Table S5), the mingling of all species or the target
species substantially decrease (Table S5) - this is, of
course, not ideal under the SBFM concept.

Although the maximal W-M value of associate
species (L. formosana) occurred at slight mingling
(M=0.25) in the MSB forest so it is not ideal accord-
ing to SBFM, the W-M distribution does not need to
be adjusted considering the management costs at
the present time because the all-species W-M dis-
tribution is ideal (Fig. 2). The W-M distribution of
the all-species converged to the low mixture in the
MF and MHB forests; their W-M traits should be im-
proved. The W-M distribution of the dominant spe-
cies (P. massoniana) instead of the associated species
(C. lanceolata or Q. fabri) should be adjusted in both
forests considering their respective W-M traits (Fig.
2).

The W-U distribution of all three mixed forests
should be improved because their frequency values
did not converge upon higher dominance (Fig. 3).
The W-U frequency of P. massoniana should not be
adjusted in the three forests considering their W-U
traits (Fig. 3) while the associated species should
be adjusted in the MF and MHB forests (but not the
MSB forest).

Original community structure,
development stage, and mixed-tree
species number affect univariate M and,
furthermore, the two bivariate U-M and
W-M distributions in mixed forests

Different individuals from the same species may
violently compete for resources because they have
similar growth needs, resulting in self thinning.
Trees in this situation tend to disperse from each
other and increase the mingling degree of the forest
in which they are located (Mackenzie et al., 2003).
Although forests also experience human distur-
bance to varying extent (Li et al., 2012), Korean pine
broad-leaved forests are natural and have been close
to recovery for nearly 40 years resulting in higher
development stage and higher mingling; their U-M
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and W-M frequency values are maximum under ex-
treme mingling (M=1.00). Our target trees species
were planted on a reclamation slope (MF forest) or
burned hillside (MHB forest) as pioneer species, and
the sites were extensively damaged before afforesta-
tion. There are few other tree species, and commu-
nity development was relatively brief (25-30 years),
so the mingling was low and the frequency values
were not maximal under extreme mingling. The MSB
forest was more natural and its primary vegetation
was not extensively damaged when the stands were
formed, so its mingling conditions were favorable. In
short: The original structure and development stage
of the community affect the U-M and W-M character-
istics in mixed forests. Li et al. (2012) and Zhang et
al. (2015b) also posited that spatial structural traits
are correlated with the community origin and succes-
sion stage in forests.

The number of mingled tree species is also a fac-
tor worth considering. Compared to the abundant
dominant and associated tree species in the Kore-
an pine mixed forests (Li et al., 2012), P. massoniana
were mainly mingled with only one associated spe-
cies in the MF and MHB forests we observed, so in-
dividuals could not readily enter the extremely min-
gled state. Thus, the frequency values were smaller
when M=1.00. There were more associated trees in
the MSB forest resulting in higher frequencies un-
der extreme mingling, but the frequency values of
P. massoniana and the main associated tree species
were still low when M=1.00 (Fig. 1), suggesting that
most individuals that were under extreme mingling
conditions were derived from non-dominant species.
These results indicate that the number of mingled
tree species also affect the U-M and W-M traits.

Mingling state affects W-U traits of
different dominant trees

P. massoniana was generally dominant, and the main
associated tree species was generally overtopped at
different W levels in the MF and MHB forests. These
species were both dominant in the MSB forest. Li et
al. (2014) similarly found that some associated spe-
cies were dominant and some were overtopped at
different W levels in Korean pine broad-leaved for-
ests. The mingling state may have had some effect on
these observations. There were few associated trees
besides P. massoniana and the main associated tree
species in the MF and MHB forests, resulting in a di-
rect competition between the two species where one
was dominant and the other was overtopped. Many
associated tree species were present in the MSB for-
est, resulting the dominance of P. massoniana and the
main associated species compared to other associat-
ed species.

Forest type barely affects all-species
W-U traits but not dominant species

Unlike the U-M and W-M distributions, the W-U
features of all species in the pure forests were not
distinguishable from those in the mixed forests we
observed (Fig. 3). The U values of all species were
similar at the same W level, suggesting that the forest
type had little impact on the W-U traits of all species.
Previous researchers have made similar observations
(Li et al., 2012; Li et al., 2016; Zhang et al., 2015a;
Zhang et al., 2014; Zhang et al., 2015b). Compared
to all species, the U values of the dominant species
were generally different at the same W level, suggest-
ing that the individuals from the same species were
either dominant or overtopped under different distri-
bution patterns in the mixed forests.

Randomly distributed reference trees
are highest in the communities across
different forest types

The highest frequency values of W-M and W-U bi-
variate distributions converged upon random axes
(W=0.50) and then decreased along both sides
(Figs. 2 and 3) whether in regards to all species or
dominant speices. Again, similar observations were
made in previous research (Chai et al,, 2017; Li et al.,
2012; Li et al., 2014; Zhang et al., 2014; Zhang et al.,
2015b). This result indicates that the proportion of
randomly distributed reference trees was highest in
the communities across different forest types.

The natural forests (NSP and MSB forests) and ar-
tificial forests (ME MPB and MHB forests) exhibited
substantial randomness in the forests we observed
as well as in L. principis-rupprechtii forests (Zhang et
al., 2014) and P. orientalis plantations (Zhang et al.,
2015b). Although Kenkel (1988) states that surviv-
ing individuals are highly regularly distributed be-
cause mortality is differentiated at different compe-
tition stages in community development and other
researchers have asserted that density-dependent
mortality drives surviving trees towards regulari-
ty (Boncina et al., 2007; Lutz et al., 2014; Zingg &
Ramp, 2004) — many other studies have shown that
the community distribution pattern becomes ran-
dom under succession (Kint, 2005; Pommerening,
2002; Zhao et al., 2009) due to random mortality
(Szmyt, 2012). Other studies have also suggested
that the sensitivity of W to discrepancy is lower in
nearest neighborhood statistics (Aguirre et al., 2003;
Mason et al., 2007; Neumann & Starlinger, 2001).
Further research is warranted to determine whether
the two bivariate characteristics (W-U & W-M) would
shade the univariate W traits.
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Conclusion

In this study, we investigated WUM bivariate
distribution to find that trees under extreme min-
gling conditions are rare and usually derived from
non-dominant species instead of dominant species in
P. massoniana forests. These trees are generally over-
topped and randomly distributed. Management im-
plications can be extracted by comparing the WUM
traits between all species and dominant species. The
U-M traits should be adjusted first if the random fre-
quency values are highest in W-U and W-M bivariate
distribution. Adjustments based on bivariate distri-
bution can elucidate the poorest frequency combina-
tion for foresters to target; dual aspects of the forest
structure can be amended based on a single bivariate
index in practice. The original community structure,
development stage, and mixed-tree species number
affect the univariate M and, furthermore, the two
bivariate U-M and W-M distributions in the mixed
forests. Comprehensive structural information based
on bivariate distributions has notable potential im-
plications for the management of P. massoniana and
other forests.

The all-species W-U traits were similar in all the
sites, including the WUM distributions referred in
this paper and taken from the literature, across dif-
ferent forest types both pure and mixed. Additional
studies should be carried out to determine wheth-
er the community type has a significant impact on
all-species W-U distribution. The W-M and W-U fre-
quency values were highest under random distribu-
tion in all the sites (again including our WUM distri-
butions and those of previous researchers). Similar
studies should be performed to test this phenom-
enon in other community types, especially in clus-
tered/regularly distributed communities, to deter-
mine whether the two bivariate traits shade the W
univariate.
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