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Abstract
The variety of plot area has an impact on the estimation of spatial parameters. However, accuracy of tree species pattern
and inter-speci�c association is closely related to the estimation of spatial parameters. Based on this, we used different
plot sizes, unabridged plot and combined plot to explore the impact of plot size on species spatial pattern and inter-speci�c
associations. 4-ha reference plot of secondary Picea forest was divided into 4 complete 1-ha plots, 10 combined 1-ha plots,
and 16 0.25-ha plots. According to the importance value, the tree species were divided into four tree groups, namely Picea,
Larix principis, Betula, and other broadleaf trees. K2 index was used to analyze the spatial pattern and inter-speci�c
correlation, and the agreement of these spatial indicators between subplots and reference plot were quanti�ed with
agreement index. The results show that: 1) the values of agreement observed that combined 1-ha > unabridged 1-ha > 0.25-
ha, and variability order was opposite; 2) under the same plot size, agreement with reference plot was affected by different
tree groups or group pairs; 3) decrease of plot size had a signi�cant impact on the accuracy of interspeci�c correlation.
This study may have reference value for improving the spatial distribution pattern and inter-speci�c association of tree
species in small-scale sampling plots.

Introduction
The spatial structure of stand was composed of the spatial pattern of individual trees and the spatial arrangement of stand
attributes 1,2. Spatial pattern of tree species plays a vital role in analyzing the ecological process and coexistence
mechanism of plant population, as well as effectively predicting the future forest community 3. Consequently, this spatial
indicator had become a critical factor in predicting forest succession 4–6. The inter-speci�c correlation between different
tree species can be feedback with the spatial distribution pattern of trees. The spatial pattern impacts the species, and the
interaction between species is, in turn, re�ected in the spatial distribution pattern7. Therefore, studying the inter-speci�c
correlation between different species is also very important in the sample plot.

Previous studies showed that the spatial pattern of tree species is affected by various biological and abiotic factors in the
community 8–9. Biological factors mainly include competition, seed transmission, herbivores and human interference 10,11.
In addition, abiotic factors are mainly environmental factors. For instance, Camaro et al. 12 pointed out that environmental
changes can affect the spatial pattern of tree populations when studying the spatial pattern of subalpine forest-alpine
grassland ecotones in the Spanish Central pyrenes. However, when studying these biological or abiotic factors, it is
necessary to make a very effective estimation of stand spatial parameters, and the sample plot size is an important factor
affecting the accurate estimation of stand spatial parameters 13. Recently, the research on sample plot size mainly focuses
on the impact of sample plot size on species diversity, the best sample plot size of forest inventory, and the impact of
sample plot size on the accuracy of biomass prediction 14–17. However, few reports are on stand spatial structure,
especially spatial pattern and inter-speci�c correlation 13,18−19. Therefore, enriching the impact of different sample plot
sizes on spatial stand patterns and inter-speci�c correlation is critical.

Recently, the analysis of spatial patterns is a widely used method to analyze stand spatial distribution patterns 20,21. We
choose K2 index as our statistical analysis method, which could effectively avoid the impact of "virtual aggregation" on the
spatial pattern and inter-speci�c correlation of tree species 22. Meanwhile, we take the "Agreement index" 23 as our
judgment standard and try to solve the following problems: 1) is there any difference in spatial stand pattern and inter-
speci�c correlation under different sizes? 2) Will there be different consistency due to different species or species pairs
under the same plot size? 3) Which of different plot sizes has a greater impact on spatial pattern and inter-speci�c
correlation?

Results
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Study sites
Pangquangou Nature Reserve, Shanxi Province, China, was selected as an analysis site for the current study. It is located in
the middle of Luliang mountains in Western Shanxi Province (37°45 '- 37°55' N, 111°22'-111°33'E) 24. The area exhibits the
warm temperate monsoon continental climate. The annual average temperature of 4.3 ℃, annual precipitation of 822.6
mm and annual evaporation of 1268 mm. The vegetation type is a deciduous broad-leaved forest in a warm temperate
zone. The soil type is brown mountain soil25, with an average soil layer thickness of 70 ~ 80 cm, of which the humus layer
is 10 cm. The main tree species are Pinus tabulaeformis, Quercus wutaishansea, Populus davidiana, Betula platyphylla,
Larix principis, Platycladus orientalis, Picea asperata, etc. 26.

Plots size and univariate spatial point pattern analysis
Four different types of tree species (Picea, Larix principis, Betula, and other broadleaf trees) are divided according to the
important value in the 4-ha plot (Fig. 1), with a total of 6857 trees (Table 1). Different types of tree species groups show
different stand characteristics.

Table-1

 Basic characteristics of tree species in a 4-ha secondary Picea forests.

Species
group

Specie Number
of trees

Total
trees

DBH (cm) Density
(n ha
-1)

B-
area

SD I-Value

Max. Mean.

Picea (Pi) Picea meyeri  19 5330 65 14.54 1332 2.94  10.70378 0.603393

Picea wilsonii  5311

Larix
principis (La)

Larix principis 442 442 64.5 30.56 110.5 9.06  10.5523 0.258561

Betula (Be) Betula
platyphylla

250 555 46 8.49 138.75 1.01  6.224124 0.079564

Betula
albosinensis

305

Other
broadleaf
trees (Oth)

Quercus
wutaishansea 

102 330 72 8.61 82.5 1.08  7.959949 0.058502

Populus
davidiana 

217

Crataegus
sanguinea 

4

Sorbus
pohuashanensis

7

Notes: DBH=diameter at breast height; B-area = Basal area (m2/ha); SD = Standard deviation; I-Value =Importance value.

Picea (including the Picea wilsonii and Picea meyeri) individuals accounted for the most IV in the whole 4-ha plot. For 4-ha
plot, the individual trees were randomly distributed on the scale of 0-1m, and the scale was expanded to 1-4m, showing
aggregation distribution. With the increase of scale, the distribution showed random distribution. In Subplots (unabridged 1-
ha, plots A, B, C, and D), Plot A had the same distribution trend as plot B. The individual trees are evenly distributed on the
scale of 0-1m, clustered at 2-3m, and randomly or clustered on other scales. In subplot C, individual trees are clustered and
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distributed on a small distance (≤5m), other scales are mainly randomly distributed, and individual scales are clustered
and evenly distributed (Fig. 2). In subplot D, the distribution pattern of trees was aggregation distributed at the 0-4m
distance, random distribution and aggregation distribution in 4-25m scale. In 16 microplots of 0.25-ha, the individual trees
appear aggregation distribution in the small distance (≤5m), and the other scales are mainly randomly distributed. In the
combined plots (combined1 to combinde10 (Com.1 to Com.10)), Picea was randomly distributed on the distance of 0-1m,
aggregation distribution appears on the scale of 1-5m, random distribution was dominant in other scales, and aggregation
distribution or uniform distribution was found on individual scales.

The importance value of Larix principis in 4-ha plot was lower than Picea. On the 4-ha reference plot (Fig. 2), the trees are
signi�cantly clustered at 0-3m, clustered at 10-11m and 16m, but regular distributed at 13m scale and randomly distributed
at other scales. In Subplots, except the changing trend of plot A, the observed values of subplots B, C and D all have the
same change trend as the reference sample plot. Sample plot A was regularly distributed at 0-1m distance, aggregated at
5m, 11m and 23m, and randomly distributed at other scales. Sample plot B, the individual trees were signi�cantly clustered
in the scale range of 0-3m, with aggregated distribution at 5m and 14m, a regular distribution up to 24-25m, and random
distribution at other scales. Sample plot C, the individual trees were signi�cantly clustered in the scale range of 0-3m,
aggregated at 10m and 16m scales, random distribution at other distance intervals, and there was no uniform distribution
in the whole scale range. In plot D, the distance of signi�cant aggregation of trees was further shortened to the scale range
of 0-1m. The aggregation distribution was on the scale of 3m and 7m, and the other scales are mainly randomly
distributed. Larix principis was clustered and distributed on a small distance (≤5m) in the eight 0.25-ha microplots A3, B1,
B3, B4, C3, C4, D2 and D4, and the rest scales are mainly randomly distributed (Fig. 2). Tree species are mainly randomly
distributed in other sample plots on the whole scale.In the combined 1-ha plots, the aggregated distribution of Larix
principis individuals was mainly concentrated in the small and medium scales, while the random distribution was
dominant in the large scale, and the uniform distribution appears on a large distance (≥ 20m).

Betula mainly includes Betula platyphylla and Betula albosinensis, with the third important value. In the 4-ha plot (Fig. 3),
trees were clustered distribution in the scale range of 0-1m and are randomly distributed in other scales. In subplots A, C
and D, individual trees were signi�cantly clustered on the range of 0-1m and are mainly randomly distributed on other
scales. In sample plot B, individual trees were randomly distributed in the whole scale. In addition to the absence of Betula
on sample plots A2, B2-B4 and C2, Betula was mainly randomly distributed in the full-scale range of the other 0.25-ha micro
plots. Betula has regularity in a combination 1-ha plot compared with microplots. The 10 combined plots show that the
aggregation distribution was mainly concentrated in the scale range of 0-1m. The other scales are mainly randomly
distributed, and the uniform distribution appears on a larger scale. For example, in the combined plot 6, regular distribution
appears at a distance of ≥ 15m.

Except for the above three tree species groups with important high values, there are also some broad-leaved trees with a
small number of tree species and very small important values in the sample plot. These tree species are less than 100 or
just more than 100. If they are taken as an analysis object alone, the results will have a large error because of their small
number. Therefore, we integrated these tree species into a group and named them "Other broadleaf trees" for analysis.
Other broad-leaved tree groups include four tree species: Quercus wutaishansea, Populus davidiana, Crataegus sanguinea
and Sorbus pohuashanensis.

For the 4-ha reference plot (Fig. 3), other broadleaf trees were clustered distributed on the scale of 0-2m, but with the
increase of scale range, random distribution and aggregation distribution appear alternately. In subplots B, C and D, other
broadleaf trees were clustered on the scale of 0-3m, and the other scales are mainly randomly distributed. In the 0.25-ha
plots, trees were clustered distributed in the scale range of 0-1m on the C4-D4 sample plot, and the other scales were mainly
randomly distributed. The trees in other sample plots are mainly randomly distributed in the whole scale. The individual
trees were clustered and distributed on a small distance (≤5m). The other scales were mainly random distribution,
accompanied by aggregation distribution and uniform distribution on very few scales.
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The analysis of plots size and bivariate inter-speci�c association
To study the in�uence of different sizes on the inter-speci�c correlation between different tree species, we used the
bivariate K2 function (the null model of CSR) to analyze among different tree species. The results are as follows.

For the 4-ha reference plot, Pi - La (Fig. 4) had a positive correlation on the scales of 2-3m, 11m and 23m, and was
independent on other scales. Pi- Be (Fig. 4) had a negative correlation on the scale of 14-15m and a positive correlation on
the scale of 17m, other scales were independent of each other. Pi was positively correlated with Oth on the distance of 2-
3m (Fig. 5), 11m and 23m, and the other scales are independent of each other. La - Be (Fig. 5) and La - Oth (Fig. 6) was
independent of each other in the whole scale. Be - Oth (Fig. 6) was positively correlated on a small distance and
independent on other distance.

In the complete 1-ha sample plot, Pi - La (Fig. 4) was independent of each other in the whole scale range in sample plots A
and B. In plot C, the two tree groups are independent of each other in a small distance range (≤5m), but the trend was
different from the other three subplots. In plot D, the two tree groups are negatively correlated on the scale of 0-1m, and the
other scales are independent. Pi -Be's inter-speci�c correlation (Fig. 4) was mainly independent of each other in all subplots.
Pi - Oth (Fig. 5) was mainly uncorrelated on the whole scale of all subplots, but the two species are positively correlated on
the 0-1m scale of C and D. La – Be (Fig. 5), in subplot D, was positively correlated in the scale range of 0-1m, and was
mainly uncorrelated in other scales. In addition, the two tree groups are independent of each other in the full-scale range of
subplots A, B and C. La - Oth (Fig. 6) and Pi- Be had the same inter-speci�c correlation, and showed no correlation in the
full-scale range of all 1-ha subplots. Betula - Oth (Fig. 6) are independent of each other in the whole scale in plots A, B and
D. In plot C, there was a positive correlation trend on the scale of 0-1m, which becomes uncorrelated with the increase of
scale.

In the 0.25-ha sample plot, the four tree species pair of Pi - La, Pi - Be, Pi - Oth and Be - Oth have a positive correlation trend
in the small-distance range of a small number of sample plots, and the other scales are mainly uncorrelated. The other tree
species pair were not correlated in the full-scale range of all 0.25-ha plots.

The association between tree groups on the combined 1-ha plot was similar to the complete 1-ha plot. La - Be, La - Oth and
Pi - Oth were not correlated in the whole scale. The other tree species pairs showed positive and negative correlation in the
whole scale, but mainly uncorrelated.

Taking the agreement index as the standard (Fig. 7), a histogram was used to compare the consistency of the spatial
pattern of four tree species in different plots size with species in the reference sample plots. A nonparametric test was
performed on the results.

The results showed that both plot size and tree species could signi�cantly affect the agreement index with the reference
plot (P (size) = 0.000 < 0.05, P (tree species) = 0.009 < 0.05); however, the interaction between them was not statistically
signi�cant and not analyzed.

Among different tree species in the same plot size, there was no signi�cant difference in the agreement index between
different tree species in the 0.25-ha sample plot (P = 0.336 > 0.05), and there was no signi�cant difference among tree
species in the complete 1-ha sample plot (P = 0.210 > 0.05). However, there was a signi�cant difference in agreement index
among different tree species on the combined 1-ha plot (P = 0.001 < 0.05), the highest agreement index of Betula was
0.969, followed by Picea 0.9183, then Larix principis 0.8195, and �nally other broadleaf trees 0.696.

Under the same tree groups with different plot sizes, there were signi�cant differences in the agreement index between the
four tree species and the reference plot (P(Be) = 0.003 < 0.05, P(Oth) = 0.005 < 0.05, P(Pi) = 0.014 < 0.05, P(La) = 0.000 < 0.05).
The four tree species have the same results. There was a signi�cant difference between the combined 1-ha plot and the
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0.25-ha plot. There was no signi�cant difference between the 0.25-ha plot and the complete 1-ha plot. There was no
signi�cant difference between the combined 1-ha plot and the complete 1-ha plot.

Inter-speci�c association between different species was analyzed, agreement index between the inter-speci�c correlation of
six pairs of species on the 0.25-ha sample plot. The reference sample plot was lower than 0.35 (the highest was Be - Oth,
0.3111). The agreement index of inter-speci�c correlation on the 1-ha sample plot varied with different species pairs and
was higher than the 0.25-ha sample plot. Except for La - Be and La - Oth tree species pairs, the average agreement index of
other tree species pairs on the combined 1-ha sample plot was greater than the other two seed sample plots (1-ha and 0.25-
ha).

The results of nonparametric test showed that two variables (tree species pair and plot size) had signi�cant effects on the
agreement index with the reference plot (P (tree groups pair) = 0.00 ≤ 0.05, P (plot size) = 0.01 ≤ 0.05).

In the same tree species pair, there was a signi�cant difference in the agreement index of 0.25-ha-combination 1-ha and
0.25-ha-complete 1-ha. However, there was no signi�cant difference between the plot of complete 1-ha and combination 1-
ha. However, the agreement index of tree species on the combined 1-ha plot was higher than the mean value.

In addition, there was no signi�cant difference in the agreement index between different tree species pairs in 0.25-ha and
complete 1-ha plots (P (0.25−ha) = 0.078 ≥ 0.05; P (Unabridged 1−ha) = 0.207 ≥ 0.05). However, in the combined 1-ha plot, the
agreement index of La - Be tree species pair was signi�cantly different from other tree species pairs, and its agreement
index was 0.212.

Discussion
The sample plot of natural secondary forest of Picea crassifolia was selected, belonging to a representative stand in this
area 26. In the reference (4-ha) plot, Picea was randomly distributed in the distance of 0-1m; however, signi�cantly clustered
in the scale of 1-5m, and the degree of aggregation �rst increases and then decreases with the increase of distance in the
distance of 1-5m. Then, it becomes random, while the Larix principis, Betula and other broadleaf trees show obvious
aggregation distribution in the small scale of 0-5m. Combined with the important value, the important value of Picea is
more than the sum of the important values of the other three tree groups. Therefore, it is reasonable to explain that spruce
occupies a dominant position in the whole stand 27. Combined with the study of Zhou et al. 27 on the spatial distribution
pattern of dead trees of the natural secondary forest of Picea crassifolia in Guandi mountain, we conclude that spruce has
a robust self-thinning phenomenon. Larix principis and the other two tree groups belong to sunny tree species, and their
distribution in the stand was affected by Picea. This effect resulted in a small number of individuals in the stand, and the
self-thinning phenomenon of intraspeci�c was inapparent. With the renewal of the stand, a signi�cant aggregation
distribution on a small scale was formed.

Then, we divided the 4-ha plot into four complete 1-ha plots to further study the distribution of the reduced plots on the
same scale. In the results, we found that the distribution of individual trees in a small distance (≤ 5m) of 4-ha plot was not
re�ected in the complete 1-ha plots 18. For instance, in the study of Larix principis, the reference plot is clustered on a small
scale but evenly distributed on a small scale in 1-ha subplot a, which is an interesting phenomenon. Observing the
distribution of various tree species on 4-ha, the distribution of Larix principis on 4-ha sample plot roughly presents a strip
distribution (Fig. 1). For plot A, Larix principis only appears in the upper right corner, which is only a small part of 4-ha
sample plot and cannot ultimately show the distribution pattern of 4-ha sample plot. Similar results were also observed in
Betula. The analysis results in sample plot B are quite different from those in other sample plots A, C and D; the reason may
be that the number of individuals of birch in sample plot B was too small, i.e., only 13. A previous study 22 points out that it
is critical to ensure the accuracy of K2 index analysis results to ensure enough individual trees in the sample plot. However,
the individuals of Betula in sample plot B do not meet this requirement and are lower than the individual threshold of 15-20
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trees found in the existing literature 12, 28. Combined with GOF (P = 0.5400 > 0.05), there was a large error in the analysis
results 21. Therefore, when analyzing a large-scale sample plot, if the data in a complete small sample plot are obtained
separately, it may signi�cantly impact the analysis results because of the geographical location or the number of some
individuals. Moreover, it con�rms the conclusion of Schurr et al. 29 that the spatial pattern of trees can produce different
distribution results at different distances.

The study reported that 0.25-ha is the smallest sample to study the spatial distribution pattern of trees 28,30,31. In this study,
0.25-ha is the unit sample plot composed of 4-ha sample plot, complete 1-ha sample plot and combined 1-ha sample plot,
so it is also crucial for the study sample plot of 0.25-ha. However, there is an obvious problem: the individuals of some tree
species do not exist in the 0.25-ha sample plot. For instance, the individuals of a birch on the 0.25-ha sample plot do not
exist in individual plots (A2, B2-B4, C2). Therefore, we delete this part of the sample plot during consistency inspection.
Given the small plot area, the number of individual trees in the microsample plot (0.25-ha) is much less than the 4-ha or 1-
ha sample plot. It has low consistency with the reference sample plot (Fig. 7), with signi�cant variability 32.

The combined 1-ha plot was composed of four random 0.25-ha plots. Compared with the 0.25-ha unit plot, the area of the
combined plot becomes larger and the individual trees in the plot also increase, which can effectively reduce the in�uence
of edge effect on the analysis results 18. Compared with the complete 1-ha sample plot, the unit sample plot of the
combined 1-ha sample plot can come from anywhere of the reference sample plot. Compared with the complete 1-ha
sample plot, it can contain more information of the reference sample plot. It will not produce the result that the reference
sample plot will not appear due to speci�c geographical restrictions. Through the agreement index (Fig. 7), we found that
among the four different species, the agreement index of the combined sample plot was the highest among the three
sample plot sizes, and there was a signi�cant difference from the 0.25-ha sample plot.

Inter-speci�c association
In the 4-ha reference plot, whether broadleaf-conifer or conifer-conifer, the inter-speci�c correlation is mainly independent of
each other on the whole scale. However, P-L, P-B and P-O correlations are different from those of other tree groups. On a
small distance (≤ 5m), Picea is not correlated with other tree species, but it is positively correlated in trend. The reason may
be that Picea is an absolute dominant tree species and belongs to shade tree species, and the distribution of other sunny
tree species 33 such as Larix principis was limited by different habitats. On the other hand, the moderate shade produced by
spruce is conducive to the renewal of sunny tree species to a certain extent 34. The inter-speci�c correlation of different tree
species pairs on the complete 1-ha sample plot is different from the reference sample plot in the range of small scale (≤
5m). Such as, in the Picea - Larix principis tree species pair, the changing trend of the observed values of only two subplots
a and B on the whole scale is the same as that of the reference plot, but in sample plots C and D, the changing trend of
positive correlation and negative correlation on a small scale respectively (Fig. 5). Hence, the inter-speci�c correlation on
the subplot is inconsistent with the reference plot. It can also be seen from the agreement index that the maximum
agreement index between the complete 1-ha plot and the reference plot is only 0.498, because the inter-speci�c correlation
in different subplots is only a part of the reference plot, which is the same as the reason for examining the spatial
distribution pattern of a single tree species in different plots.

In the 0.25-ha sample plot, the number of tree species decreased signi�cantly, and the correlation between different tree
species was further divided 18. A speci�c inter-speci�c correlation was formed in the small-scale sample plot 35. For
example, in subplot D, among the four 0.25-ha plots, only plots D2 and D3 re�ect the inter-speci�c correlation of plot D on a
small scale, while plots D1 and D4 do not. In addition, the lack of tree species in the micro-sample plot also affects the
accuracy of inter-speci�c correlation of different tree species.
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The inter-speci�c correlation on the combined 1-ha plot is mainly uncorrelated on the whole scale. However, the good
aspect is that there is no lack of tree species in the combined 1-ha plot compared with the plot of 0.25 ha, which is more
favorable to the analysis results.

There are some limitations to this study. We only consider the relationship between different tree species and different
sizes in the study of spatial patterns. When exploring the spatial pattern and inter-speci�c correlation of different species in
a sample plot, we also need to start from different angles, such as different null models, the relationship between mature
and young trees, and the test of the accuracy of the methods used need to be re�ected in the follow-up research.

Conclusion
We explored the effects of different land sizes on the spatial distribution pattern and inter-speci�c correlation of different
tree species in secondary spruce forests. The univariate and bivariate K2 indexes analyzed the spatial distribution pattern
and inter-speci�c correlation. We found that for the 4-ha plot, there was an apparent intraspeci�c aggregation of tree
species in the small distant range (≤ 5m), which begins to weaken in the 1-ha. Then the analysis results utterly different
from the reference sample plot will appear in the 0.25-ha, but the intra-speci�c aggregation phenomenon became
signi�cant in the combined sample plots. The inter-speci�c correlation between different tree species is mainly independent
in the 4-ha reference plot. However, there is a small-scale positive or negative correlation in the complete 1-ha plot. In the
0.25-ha plot, the positive or negative correlation distance increases. Finally, the inter-speci�c correlation between different
tree species in the combined 1-ha plot is mainly uncorrelated again. Regarding the agreement index, the value of tree
species in different sizes is only the highest in the combined 1-ha sample plot, and the agreement index of Betula was the
highest in the combined sample plot. Inter-speci�c correlation among tree species was in a low agreement index value in
the complete 1-ha plot, 0.25-ha plot and combined 1-ha plot.

Therefore, we draw the following conclusions: 1) the values of agreement observed that combined 1-ha > unabridged 1-ha
> 0.25-ha, and variability order was opposite; 2) under the same plot size, agreement with reference plot was affected by
different tree groups or group pairs; 3) decrease of plot size had a signi�cant impact on the accuracy of interspeci�c
correlation. Combined plots are recommended for point pattern research. If inter-speci�c association research is attached,
complete plots should be dominated, and the sample area should be large enough. Our research can provide reference for
improving the accuracy of spatial pattern and interspeci�c correlation of tree species in small-scale plots.

Materials And Methods

Data Collection
For 4-ha secondary Picea forest. All living trees with diameter at breast height (dbh) ≥5 cm was identi�ed and labelled, and
stem base coordinates (x, y), dbh, and height were recorded. According to the plot division method of Carrer et al. 18 4-ha
plot was divided into 4 unabridged 1-ha plots, 16 0.25-ha plots, and 10 combined 1-ha plots (Fig. 8). The combined plots
were selected by complete random sampling (4 quadrats were randomly selected from 16 pieces of 0.25-ha sample plots
for combination and repeated 10 times).

Data Analysis
There are many tree species (9 species, 6857 trees) in the full sample plot. We combine the same genus plants and
introduce the critical value as the basis for tree species grouping. The greater critical value of tree species, the greater its
advantage in the stand 36. The expression is as follows:

 Importance Value (IV) =
Rde +Rfr+Rdo

3 %  equation (1)
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Where Rde (Relative density) is the ratio of the number of individuals of a species and the total number of individuals, Rfr
(Relative frequency) is the ratio of frequency of a species and sum of frequencies of all species, and Rdo (Relative
dominance) is the ratio of basal area of a species and total basal area of all the species.

In data analysis, univariate point pattern analysis was used to evaluate the spatial distribution of each tree group, and a
bivariate point pattern was used to evaluate the inter-speci�c correlation between each tree group. Currently, the commonly
used point pattern analysis methods mainly include Ripley's K function, pair-correlation function (g(r)), and O-ring statistics.
However, the analysis results of Ripley's K function will have an accumulation effect with the increase of distance 37,38,
thus confusing the analysis results of large-scale and small-scale. In addition, although g (r) function and O-ring function
can effectively avoid the scale accumulation effect of Ripley's K function, it will also lead to the phenomenon of "Virtual
aggregation" due to the existence of spatial heterogeneity of real stand and the non-uniform distribution of tree species,
affecting the analysis results. Consequently, we choose the K2 index 22, which can effectively avoid "Virtual aggregation" as
the second-order statistics function, and its relationship with the g (r) function is:

 K2(r) =
dg( r )

dr   equation (2)

An estimate of the K2-index for a given pattern can be obtained by calculating the slope of the estimated g-function over a
small range of scales between r + Δr and r-Δr.

The spatial point pattern is analyzed using the univariate K211 (r) index. The 95% con�dence envelopes were computed
from 199 Monte Carlo simulations, and the goodness-of-�t (GoF) test for the null hypothesis was performed. The index
value is a negative distance value (below the envelope), indicating aggregation distribution. The index value is a positive
distance value (above the envelope), indicating uniform distribution and random distribution between the envelopes. The
inter-speci�c correlation is analyzed using bivariate K212 (r) index. The value of K2 -index in the lower (upper) side of the
envelope is a positive (negative) correlation, uncorrelated between the envelopes.

Null model selection is also essential in analyzing stand spatial distribution patterns and inter-speci�c correlation. In the
statistical analysis of spatial patterns in the population, the complete spatial random (CSR) model was used when the
species do not show apparent aggregation. The heterogeneous Poisson (HP) model was used when spatial heterogeneity
exists within species 39. Comparing and analyzing the spatial correlation between species in the stand, Yang et al. 40

proposed to adopt the null model of CSR. Meanwhile, we choose 1 / 2 of the minimum plot side length (half of the side
length of 0.25-ha sample plot, 0-25m) as the observation scale to eliminate the edge effect and make the observation
distance of all plots the same 41.

The agreement index was �rst proposed by Cort 23 on the validation of modules, used to accurately judge the error-free
degree between the simulated and observed values.

 d = 1 −
∑ N

i=1 P i−Oi
2

∑ N
i=1 P i

' + Oi
' 2

  equation (4)

Where O represents the K2 index observation value in 4-ha sample plot, and P represents the K2 index observation value in

the subplot (four 1-ha plots; 16 0.25-ha plots;10 combined 1-ha plots), and Pi= Pi -
−
O and \stackrel{´}{O}i=Oi -\stackrel{-}

{O},ind, x d = 1 indicates complete consistency, and d = 0 indicates complete inconsistency.

( )
[ | | | | ]
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The Nonparametric test of SPSS 24.0 was employed to evaluate the effects of different sizes and different tree species on
the spatial distribution pattern and inter-speci�c correlation of tree species. Programita2018 analyzed the intraspeci�c
spatial pattern and inter-speci�c correlation data of different tree species. R4.1.0 was used to calculate the agreement
index.

Data Availability
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Figures

Figure 1

Maps of trees (green dots) in the 4-ha (200 × 200 m) plots at Picea (Pi), Larix principis (La), Betula (Be) and Other broadleaf
trees (Oth).
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Figure 2

Representation of univariate point pattern analysis of Picea (Pi), Larix principis (La), using complete spatial randomness
(CSR) null models, assessed for 4-ha plots and subplots. For 4-ha plots (upper graph) and 1-ha plots (A, B, C and D, below),
the black line represents the K2 index, the green line represents the expected value, and the red dotted line indicate the
Monte Carlo envelope (the area between the envelopes was the 95% con�dence interval formed by 199 simulations). For
0.25-ha plots (from A1 to D4), and combined plots (from Com.1 to Com.10), green circles indicate clustering, red circles
indicate overdispersion, white circles indicate a random pattern, a gray circle represents a null value. For all the analyses,
the p-value of the goodness of �tness (GoF) test was reported.
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Figure 3

Representation of univariate point pattern analysis of Betula (Be) and Other broadleaf trees (Oth), using complete spatial
randomness (CSR) null models. The detailed descriptions are the same as Fig.2.
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Figure 4

Representation of bivariate point pattern analysis of Pi - Be, Pi - La, using complete spatial randomness (CSR) null models,
assessed for 4-ha plots and subplots. For 4-ha plots (upper graph) and 1-ha plots (A, B, C and D, below), black line
represents the K2 index, green line represents the expected value, and the red dotted line indicate the Monte Carlo envelope
(the area between the envelopes is the 95% con�dence interval formed by 199 simulations). For 0.25-ha plots (from A1 to
D4), and combined plots (from Com.1 to Com.10), green circles indicate positive correlation, red circles indicate negative
correlation, white circles indicate mutual independence, gray circle represents null value. For all the analyses, the p value of
the goodness of �tness (GoF) test is reported.
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Figure 5

Representation of bivariate point pattern analysis of Pi – Oth and La – Be, using complete spatial randomness (CSR) null
models. The detailed descriptions are the same as Fig.4.
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Figure 6

Representation of bivariate point pattern analysis of La – Oth and Be – Oth, using complete spatial randomness (CSR) null
models. The detailed descriptions are the same as Fig.4.



Page 18/19

Figure 7

Subplot agreement to the reference for univariate and bivariate point pattern analysis using complete spatial randomness
(CSR), at four tree species groups (Picea, Larix principis, Betula, Other broadleaf trees) and six tree species pairs (Pi- La, Pi-
Be, Pi- Oth, La-Be, La- Oth, Be-Oth). Note that the ordinate ranges of the two �gures are different. Bar colors indicate the
subplot type (see the legend).
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Figure 8

Plot setting in the study. The blue border delineates the 4-ha (200×200 m) plot. Red borders delineate four 1-ha plots, A, B, C
and D. Within 1-ha plots, four 0.25-ha plots, 1, 2, 3 and 4, are delimited by black borders. The combined plots were randomly
sampled from 16 0.25-ha plots, and 4 plots were selected for combination.


