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Abstract
• Key message  We identified the significant spatial relationships between tree species mingling and size inequality 
in various species-rich natural forests in South China. Forest communities with low species mingling, or segregation 
of heterospecific trees, exhibited increased segregation of trees with dissimilar sizes. Large trees were more likely to 
be associated with high species mingling, and variation in neighboring tree sizes would also increase neighborhood 
species diversity.
• Context  Numerous hypotheses such as Janzen–Connell and herd immunity effects have been proposed to explain the 
coexistence of diverse species in plant communities. However, these mechanisms for maintaining diversity have been studied 
primarily through the lens of species diversity, whereas tree size diversity or relationships between size and species diversity 
resulting from local interactions have rarely been investigated.
• Aims  We aimed to identify relationships between spatial species mingling and tree size inequality using extensive plot 
data from species-rich forest ecosystems.
• Methods  We applied neighborhood-based methods and explored relationships between spatial species mingling and size 
inequality indices in 22 large forest plots (30 ha in total) in subtropical and tropical China.
• Results  Forest communities with low species mingling, or segregation of heterospecific trees, exhibited increased segrega-
tion of trees with dissimilar sizes. In most plots, large trees (e.g., dbh > 30 cm) were extensively associated with high species 
mingling, and individual-tree neighborhood species and size diversity were closely correlated.
• Conclusion  Our findings suggest that both the spatial patterns of conspecific dispersal and neighborhood interactions play 
an important role in determining the spatial patterns of tree size and species diversity and eventually in shaping the structure 
of forest communities.

Keywords  Forest structure diversity · Intraspecific clustering · Janzen–Connell · Large trees · Size inequality · Species 
mingling
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1  Introduction

Exploring the mechanisms that maintain the coexistence of 
diverse species in plant communities has long been a cen-
tral objective of community ecology (Huston 1979; Chesson 
2000; Levine et al. 2017). Localized tree interactions are 
fundamental factors that determine growth, survival, and 
competition stress of individual trees and ultimately influ-
ence the ontogenesis of forest community spatial structure 
diversity (Brown et al. 1995; Wright 2002; Armas and Pug-
naire 2005; Pretzsch 2009). As one of the most well-known 
and extensively studied tree interaction effects that maintain 
plant species diversity, the Janzen and Connell (JC) hypoth-
esis (Connell 1970; Janzen 1970) describes local effects 
that impair the performance of conspecific neighbors in 
forest communities due to host-specific pathogens, herbi-
vores, seed predators, and intraspecific competition. Stud-
ies have shown that strong JC effects can be understood as 
conspecific negative density dependence (LaManna et al. 
2017; Germany et al. 2019), in which the survival prob-
ability of juvenile trees growing in high-density conspecific 
patches is reduced compared to the ones growing in hetero-
specific patches. In addition, according to the herd protec-
tion hypothesis (Wills et al. 1997), which is considered an 
extension of the JC hypothesis (Raventós et al. 2010), het-
erospecific neighbors are exposed to fewer encounters with 
species-specific pests and pathogens and thus have greater 
fitness and can be considered “protected,” non-susceptible 
neighbors in a matrix of susceptible hosts (Peters 2003). 
Extensive studies have shown that both JC and herd protec-
tion effects are well-documented driving factors that main-
tain local species diversity in plant communities (Wright 
2002; Zhu et al. 2010; Bagchi et al. 2011; Shuai et al. 2014). 
To date, however, the processes involved in maintaining tree 
diversity have been studied primarily through the lens of 
species diversity, whereas tree size diversity (also referred to 
as size inequality or size hierarchy) or relationships between 
tree size and species diversity resulting from these local 
interactions have rarely been investigated (Pommerening 
et al. 2020; Wang et al. 2020).

Spatial clustering of conspecific trees has been docu-
mented in various natural forest types (Condit et al. 2000; 
Perry et  al. 2008), and the causes have generally been 
attributed to dispersal limitations and environmental filter-
ing (Seidler and Plotkin 2006; Shen et al. 2013). Spatial 
aggregation of conspecifics results in low species mingling 
of individuals in their immediate neighborhood, and due to 
tree size distribution of the same species is often limited 
within a range in natural forests (Pommerening et al. 2020; 
Wang et al. 2020) conspecific clustering would also lead to 
neighborhood size equality or spatial aggregation of similar 

tree sizes. According to the JC and herd protection effects, 
the emergence of conspecific cohorts increases the signifi-
cance of intraspecific interactions, leading to the selective 
exclusion of neighboring conspecifics and hence increasing 
distances between conspecifics as trees move from early- to 
late-growth stages (Sterner et al. 1986; Zhu et al. 2010; Yao 
et al. 2016). Eventually, heterospecific neighbors can occupy 
or benefit from the released space and resources caused by 
these processes, which therefore can effectively enhance 
both localized species mingling and size inequality of the 
large individuals survived from conspecific density‐depend-
ent mortality. Additionally, as trees grow to larger sizes, they 
often have a greater impact on the dynamics of neighbor-
ing trees; hence, heterospecific neighbors surrounding the 
large-sized trees should have higher survival chances when 
intraspecific interaction is strong. As succession progresses, 
the above effects strengthen species and size replacement 
and, hence, up to a point increase both localized neighbor-
hood species and size diversity (Pommerening and Gra-
barnik 2019).

Studying the resulting diversity effects for species and 
size, Pommerening and Uria-Diez (2017) and Wang et al. 
(2018) found that there is often a tendency for large trees to 
be surrounded by smaller, heterospecific nearest neighbors 
and that localized tree species mingling and size inequality 
are positively correlated. As a spatial extension of JC and 
herd protection effects, the authors referred to this phenom-
enon as the mingling-size hypothesis.

Understanding the link between structure, processes, 
and forest dynamics provides basic theoretical and practi-
cal guidance for sustainable forest management, particularly 
for conservation (Pretzsch 2009). Because dissimilarities in 
tree species and sizes are key determinants of forest stand 
properties and tree diversity (Liang et al. 2007; Gadow et al. 
2012; Hui and Pommerening 2014), exploring mingling-size 
effects is crucial to understanding forest dynamics and the 
evolution of tree diversity at local scale. Although mingling-
size effects have been reported in several forests, evidence 
has mainly come from managed or unmanaged temperate 
forests (see Pommerening and Uria-Diez 2017; Wang et al. 
2018). The prevalence and strength of mingling-size effects 
in plant communities should thus be systematically explored 
in other, more diverse natural forest ecosystems in differ-
ent climate zones. Of particular interest are subtropical and 
tropical forests that have the highest tree diversity in for-
est ecosystems worldwide. Studies have demonstrated that, 
compared to temperate forests, where species diversity is 
relatively low, the strength of conspecific biotic interactions 
is stronger in subtropical and tropical forests due to a large 
number of specialized enemies (Dyer et al. 2007; Forister 
et al. 2015). As a consequence, positive correlations between 
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spatial species mingling and size inequality caused by such 
strong biotic effects, as expected, may be identified more 
readily in warm climate zones.

In order to improve our understanding of how intra- 
and inter-specific plant interactions shape spatial diver-
sity patterns, the present study aimed to identify spatial 
relationships between tree size inequality and species 
diversity using extensive plot data from species-rich sub-
tropical and tropical forest ecosystems. We first compared 
the stand structure characteristics of the studied forest 
plots, and investigated the correlations between species 
and size diversity patterns among forest communities. 
Secondly, for each forest plot, we identified the relation-
ships between individual tree size inequality and local-
ized species mingling in order to determine whether large 
trees are more likely to be surrounded by heterospecific 
neighbors as expected, and to investigate whether varia-
tion in neighboring tree sizes would also increase species 
mingling.

2 � Material and methods

2.1 � Study site and tree data

Twenty-two plots were established in seven natural reserves 
located in different regions of South China, ranging from 
mid-subtropical to tropical monsoon climate zones (Fig. 1). 
All the forest plots are protected natural mixed forests com-
prising diverse species and represent a variety of forest 
types, such as evergreen broad-leaved forests, mid-subtrop-
ical evergreen broad-leaved and coniferous forests, mid-
subtropical evergreen and deciduous broad-leaved mixed 
forests, and tropical monsoon rainforests. Among the studied 
plots, twenty-one 1-ha plots were established in six national 
natural reserves in different regions of Guangxi province, 
i.e., Shiwanshan, Jiuwanshan, Damingshan, Huaping, Daya-
oshan, and Mulun Forest Reserve. Specifically, forest stands 
in the Mulun Forest Reserve are characterized by karst land-
scapes shaped by substantial limestone erosion, widespread 

Fig. 1   The seven study sites, comprising 22 plots with a total area of 30 ha
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exposed bedrock, and poor soil carrying capacity. One 9-ha 
plot is located in the Wuyanling National Natural Reserve in 
Zhejiang Province and is part of the mid-subtropical climate 
zone of southeast China. Basic information about the seven 
study sites is provided in Table 1.

For referring to each forest plot, we used abbreviations to 
denote each plot in the remainder of the text. Two or three 
letters were used to represent forest reserve names, and each 
individual plot belonging to a certain reserve was given a 
further letter to allow plot identification within each forest 
reserve. For example, we used Dys a to denote plot a in the 
Dayaoshan Forest Nature Reserve.

The Damingshan Forest Nature Reserve (Dms) is located 
in south-central Guangxi Province, in the transitional belt 
between the north and south subtropical climate zones. The 
Tropic of Cancer passes through its central part, and forests 
in this region primarily have a moist (southern) subtropi-
cal monsoon climate (Wen et al. 1998). Broad-leaved ever-
green forests dominated by species of Castanopsis fargesii 
Franch., Schima argentea Pritz. ex Diels, Rhododendron 
henryi Hance, Castanopsis eyrei (Champ.) Tutch. are typi-
cal in this region. Two stands (Dms a and b) from this forest 
were included in this study.

The Dayaoshan Forest Nature Reserve (Dys) is located in 
the center of the eastern part of the arcuate mountain belt in 
Guangxi Province, which has a monsoon climate and is tran-
sitional between the southern subtropical and mid-subtropi-
cal zones. The climate is moderate, without extreme temper-
atures in winter or summer. This area mainly has coniferous 
and broadleaved mixed forests dominated by Acanthopanax 
sinensis Hoo, Castanopsis fabri Hance, Rapanea neriifolia 
(Sieb. et Zucc.) Mez, and Lindera metcalfiana Allen among 
others. Four plots (Dys a–d) were established in this reserve.

The Huaping National Nature Reserve (Hp) is located in 
northeast Guangxi province, and forms a part of the Nanling 
Mountain range. The protected plant species in the reserve 
include Cathaya argyrophylla Chun et Kuang and other spe-
cies unique to mid-subtropical broad-leaved forests. Forest 
types include subtropical mid-mountain deciduous broad-
leaved mixed forests, dominated by species in the Fagaceae, 
Lauraceae, Theaceae, Hamameliaceae, Araliaceae, Magno-
liaceae, and Symplocaceae families. Four forest stands (Hp 
a–d) were included in this study.

The Jiuwanshan National Nature Reserve (Jws) is situ-
ated in the northern part of Guangxi Province. The reserve 
is at the southern end of the Miaoling Mountains and the 
altitudes for most of the mountains are above 1,000 m. The 
climate type of the reserve is a mid-subtropical monsoon 
climate. Three stands (Jws a–c) were included in this study, 
representing typical mid-subtropical evergreen broad-leaved 
coniferous forests. The main tree species in this site include 
Castanopsis hystrix A. DC., Lindera kwangtungensis (Liou) 

Allen, Machilus chinensis (Champ. ex Benth.) Hemsl., and 
Engelhardtia roxburghiana Wall.

The Mulun National Nature Reserve (Ml) is located in 
northwestern Guangxi Province, and belongs to the ever-
green and deciduous broad-leaved forest of the limestone 
region in the mid-subtropical zone. The mixed-species forest 
ecosystem represents the largest extant karst forest in the 
world. Forest cover in this region reaches 94.18%, and veg-
etation is strongly influenced by a mid-subtropical monsoon 
climate. Three forest plots (Ml a–c) were established in the 
reserve, representing typical natural, evergreen, and decidu-
ous broad-leaved mixed forests of karst landform. The stands 
included in this research are mainly composed of Pteroceltis 
tatarinowii Maxim., Boniodendron minus (Hemsl.) T. Chen, 
Radermachera sinica (Hance) Hemsl., and Tarenna depau-
perata Hutchins.

The Shiwandashan National Nature Reserve (Sws) is situ-
ated in the southwestern part of Guangxi Province. The veg-
etation in this region is largely shaped by a northern tropical 
monsoon climate. Rainfall is particularly abundant at this 
site, as the southwest monsoon currents move from sea to 
land. The tropical monsoon forest is the climax forest veg-
etation under local climatic conditions. Species richness is 
distinctly high in this region and the main tree species are 
Cinnamomum parthenoxylon (Jack) Meisner, Engelhardia 
roxburghiana Wall., Aporosa dioica (Roxb.) Müll. Arg., 
and Rhaphiolepis indica (Linnaeus) Lindley. Five stands, 
abbreviated as Sws a–e, were included in this study.

The Wuyanling National Nature Reserve (Wyl), located 
in Taishun County, Wenzhou City, is the largest natural 
reserve in Zhejiang Province. The reserve is located within 
the mid-subtropical climate zone and is influenced by the 
East Asian monsoon. The climate is characterized by four 
distinct seasons, with mild, wet springs and autumns; a 
hot, humid summer; and a short, dry period in winter. This 
area mainly has secondary evergreen broad-leaved forest 
dominated by Vaccinium carlesii Dunn, Cyclobalanopsis 
stewardiana (A. Camus) Y. C. Hsu et H. W. Jen, Machilus 
litseifolia S. K. Lee, and Ilex rotunda Thunberg. One 9-ha 
forest monitoring plot was established in 2012 (Zhong et al. 
2015) and was included in this study.

Data from the fully mapped plots included all live trees 
larger than 1 cm, and each individual tree was tagged, num-
bered, and mapped and their species and diameters at breast 
height (measured at 1.3 m above ground level; dbh) were 
recorded.

2.2 � Tree species mingling and size inequality

Neighborhood-based indices which describe the relation-
ships between an individual tree and its natural nearest 
neighbors according to Euclidean distance were used to 
characterize spatial patterns of tree species or sizes. Species 
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mingling index quantifies the proportion of the k nearest 
neighbors that have a species different from the species of a 
particular reference tree (Gadow and Füldner 1993; Aguirre 
et al. 2003). The measure expresses the spatial extent of spe-
cies mixing, as follows:

Here 1() is an indicator function that returns the value of 
1, if the condition in the brackets is fulfilled and 0 otherwise. 
Hence, the greater the value of Mi

(k) , the higher the local 
species diversity of a reference tree i.

For the calculation of Mi
(k) , different numbers, k , of 

neighboring trees (e.g., k = 4 or k = 6) can be used, and 
different neighbors imply that depending on tree density 
varying distances around a reference tree are considered. 
Since trees mostly interact with their immediate neighbors, 
and to avoid excessively short or large distances between 
an individual tree and its k th neighboring tree, we used an 
increasing number of k (4, 6, 8, and 10) to calculate mingling 
values with the aim that adequate sizes of local neighbor-
hoods are considered.

We calculated size differentiation index ( Ti(k) ) to measure 
the local neighborhood size inequality of individual trees 
(Gadow 1993). The index is defined as the mean of the ratio 
of smaller-sized and larger-sized plant characteristic m of 
the k nearest neighbors subtracted from one. Similar to the 
species mingling index, Ti(k) can be calculated for every indi-
vidual plant i.

The value of Ti(k) increases with increasing average size 
difference between neighboring trees. Similar to species 
mingling, k = 4, 6, 8, and 10 nearest-neighbor trees were 
used to quantify the size differentiation index and its value 
ranges from 0 to 1 regardless of the value of k . Ti(k) = 0 
implies that neighboring trees have equal size and 1 indi-
cates the greatest possible difference between tree sizes.

In point process statistics, observed spatial measures 
are often compared with expected measures that, as a null 
hypothesis, represent spatial patterns with no correlation 
between plant locations and/or plant attributes (such as 
species or size). In order to study the difference between 
observed and expected species mingling and size differen-
tiation, we also calculated the species and size segregation 
indices (Pommerening and Grabarnik 2019; Wang et al. 
2020) in Eqs. (3) and (4), respectively.

(1)Mi
(k) =

1

k

∑k

j=1
1(speciesi≠ speciesj)

(2)Ti
(k) = 1 −

1

k

∑k

j=1

min(mi,mj)

max(mi,mj)

(3)Ψ(k) = 1 −
M

(k)

EM

Here M
(k) and T

(k) are mean community species mingling 
and size differentiation indices, respectively. EM and ET are 
the aforementioned expected values representing the inde-
pendent spatial arrangement of tree species or size (see Pom-
merening and Grabarnik 2019, p. 132f. and 140f.). Ψ(k) and 
Υ(k) have values between − 1 and 1; a value of 0 means that 
plant species/sizes are independently dispersed without any 
spatial correlation; negative values tending towards − 1 are 
obtained if the majority of trees attract neighbors of differ-
ent species/sizes, while positive values with a maximum of 
1 indicate an attraction of the same species or similar sizes 
(Pommerening et al. 2019, 2020).

As spatial size and species diversity are primary attributes 
of �− diversity at the community level (Pommerening and 
Grabarnik 2019), possible correlations between the mean 
spatial species mingling and size inequality of forest com-
munities facilitate a better understanding of tree diversity 
maintenance mechanisms in the spatial context in forest 
ecosystems. We explored the correlations of mean commu-
nity species and size inequality indices, i.e., species min-
gling/size differentiation indices and species/size segrega-
tion indices, across the studied forest communities. Strong 
positive correlations between spatial species mingling and 
size inequality imply that communities with different spe-
cies mingled would also have high tree size diversity at the 
local scale.

2.3 � Logistic regression

In order to quantify the relationships between species min-
gling and tree sizes, we applied logistic regression and mod-
eled the probability of high species mingling as predicted by 
individual tree sizes (dbh) or local size diversity measured 
by size differentiation ( Ti(k) ). We used diameter at breast 
height (dbh) as the size variable of trees, since dbh is the 
most commonly measured tree size variable. Similar to 
Pommerening and Uria-Diez (2017), we grouped species 
mingling values into two groups, i.e., low and high species 
mingling, and, thus, obtained a binary predicted variable. 
This binary variable can be used in a logistic model with 
dbh or Ti(k) as explanatory variables.

where Pm denotes the probability of high mingling of indi-
viduals and x is the explanatory variable, i.e., tree size (dbh) 
or size differentiation ( Ti(k) ). �0 is the intercept term, and �

1
 

is the slope coefficient for a single input value x . Large slope 
values indicate a stronger dependence of the probability of 

(4)Υ(k) = 1 −
T
(k)

ET

(5)Pm =
e�1⋅x+�0

1 + e�1⋅x+�0
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high mingling on the explanatory variable than small slope 
values (Dalgaard 2008).

The definition of low and high mingling is related to spe-
cies richness and species abundance in forest ecosystems. 
Compared with boreal and temperate forests, tree species 
diversity is generally much higher in subtropical and tropical 
forests, and hence mean species mingling of trees is greater 
in such ecosystems. Based on the empirical probability 
distribution of mingling scores in these species-rich forest 
communities, we found that approximately 60% of all trees 
had mingling values of 0.75 or 1 when four neighbors were 
used, implying that most trees had a high proportion of het-
erospecific immediate neighbors. Since our objective was to 
compare species mingling among individual trees, a low cri-
terion for high mingling caused identical classifications for 
almost all individuals. Therefore, considering the overall tree 
species abundances and probability distribution of mingling 
scores in these forest plots, we defined species mingling as 
high when trees had no conspecific neighbors or at least 
had k − 1 heterospecific neighbors out of their k neighboring 
trees (i.e., M(k)

i
≥

k−1

k
 ). Then, the binary response variable 

(low/high mingling) was regressed using the logistic regres-
sion analysis when k = 4, 6, 8, and 10 trees were used to 
calculate the mingling index, respectively.

Community mingling-size relationship can also be caused 
by correlations between mean tree size of species population 
and population abundance, for example, when abundant spe-
cies populations are small-sized trees, while large-sized trees 
may be of species that are less abundant or even rare. There-
fore, with a focus on disentangling mingling-size relation-
ships between the whole community and species levels, we 
also investigated size-dependent mingling effects at the level 
of species populations. As a reference, we present the results 
for the 10 most abundant species involving Rhododendron 
latoucheae, Eurya rubiginosa var. attenuate, Camellia cus-
pidate, etc., in the Wuyanling 9-ha large area plot in order to 
ensure sufficient sample sizes for each species, and to obtain 
reliable logistic regression parameters.

All analyses were performed using our own R (R Devel-
opment Core Team 2019) and C +  + scripts, and the pack-
ages spatstat (Baddeley et al. 2015) and Rcpp (Eddelbuettel 
et al. 2011) were used in our calculations.

Table 2   Summary structure 
characteristics of the 22 
observational natural forest 
plots. dbh, diameter at breast 
height; ̂M

(k)
 and ̂T

(k)
—species 

mingling and size differentiation 
indices; and Ψ̂(k) and Υ̂(k)

—species segregation and size 
segregation indices. k = 4 was 
used to compute the nearest 
neighbor indices

Region Plot Plot size
(m × m)

Density 
(trees ha−1)

Number 
of species

Max dbh 
(cm)

Basal area 
(m2 ha−1)

̂
M

(k)
Ψ̂(k) ̂

T
(k)

Υ̂(k)

Dms a 100 × 100 7606 86 55.8 34.03 0.818 0.140 0.414 0.078
b 100 × 100 6679 73 45.5 40.07 0.826 0.126 0.429 0.050

Dys a 100 × 100 4388 118 65 27.04 0.695 0.253 0.474 0.089
b 100 × 100 4065 122 62.9 25.97 0.806 0.155 0.490 0.071
c 100 × 100 3132 92 73.2 30.48 0.862 0.092 0.512 0.071
d 100 × 100 4302 85 87.5 36.75 0.853 0.087 0.518 0.013

Hp a 100 × 100 4453 119 67.7 38.99 0.754 0.210 0.462 0.083
b 100 × 100 7441 104 93.7 36.72 0.651 0.293 0.421 0.095
c 100 × 100 6992 126 64.3 39.49 0.781 0.160 0.454 0.059
d 100 × 100 6980 106 72.1 48.07 0.766 0.170 0.444 0.072

Jws a 100 × 100 3211 94 60.5 26.15 0.753 0.207 0.491 0.101
b 100 × 100 6732 96 46.1 29.03 0.712 0.253 0.399 0.111
c 100 × 100 8768 103 37.8 34.73 0.668 0.285 0.369 0.107

Ml a 100 × 100 4320 127 65 18.68 0.643 0.324 0.448 0.093
b 100 × 100 5319 134 45.8 18.18 0.699 0.270 0.472 0.090
c 100 × 100 4061 133 44.5 21.01 0.713 0.235 0.476 0.058

Sws a 100 × 100 8835 194 56.8 32.45 0.827 0.119 0.459 0.036
b 100 × 100 6689 161 62.1 28.23 0.776 0.170 0.474 0.045
c 100 × 100 6368 132 37.7 23.3 0.869 0.083 0.475 0.041
d 100 × 100 8806 160 36.8 28.83 0.817 0.127 0.414 0.042
e 100 × 100 8004 172 40.8 32.52 0.874 0.094 0.472 0.040

Wyl a 300 × 300 7933 216 88.4 41.32 0.916 0.052 0.512 0.033
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3 � Results

3.1 � Forest community structure characteristics

All research plots involved high numbers of tree species 
ranging from 73 to 216 (Table 2), and species richness per 
hectare was the highest in the Sws tropical monsoon rain-
forest plots, reaching 194 species per hectare. Tree density 
ranged from 3132 in Dys c to 8835 trees per hectare in Sws 
a. The lowest stand basal area values were in the Ml Karst 
forest plots varying from 18.2 to 21.0 m2 ha−1, while the 
highest values were found in Hp forest plots (36.7–48.1 
m2 ha−1) and Wyl forest (41.3 m2 ha−1). Maximum diameter 
at breast height (dbh) was smallest in plot Sws d (36.8 cm) 
and largest in Wyl forest, reaching 88.4 cm.

Large species mingling values (Table 2), with most of the 
stands being larger than 0.7, indicated high spatial species 
diversity. Species segregation index ( ̂Ψ ) values were exclu-
sively positive, implying conspecific aggregation in all plots; 
the maximum Ψ̂ value, 0.32, was found in Ml a. Size dif-
ferentiation values varied between 0.37 and 0.52 indicating 
moderate to strong size inequality, and positive size segrega-
tion index ( ̂Υ ) values across plots also indicated aggregation 
of trees of similar sizes.

Among the forest plots, we found that stands with lower 
species mingling showed size segregation (i.e., aggregation 
of similar tree sizes) ( ̂Υ ∼

̂
M , r = −0.78 ) (Fig. 2A). Fur-

ther, the strong positive relationship between species and 
size segregation indices shown in Fig. 2B highlights the 
general trend that species segregation was correlated to size 
segregation ( ̂Υ ∼ Ψ̂ , r = 0.82 ). In addition, we also iden-
tified weak correlations of size differentiation and species 

mingling indices ( ̂T ∼
̂
M, r = 0.43 ) and size differentiation 

and species segregation indices ( ̂T ∼ Ψ̂, r = −0.45 ). These 
results of correlation analysis therefore support our expecta-
tion that spatial species and size diversity patterns are highly 
correlated among different plots. However, the less obvious 
relationships of ̂T ∼

̂
M or ̂T ∼ Ψ̂ also suggest that different 

aspects of diversity, e.g., size differentiation versus size seg-
regation index, should be considered when exploring spatial 
relationships between species and size diversity.

3.2 � Individual tree size and mingling

The logistic regression results clearly showed that tree size 
was related to their neighborhood species diversity. With 
increasing individual tree diameter, the probability that a 
tree had high species mingling increased. The same trend 
was obtained for all selected k = 4, 6, 8, and 10 neighbor-
ing trees. The best regression results were achieved when k 
= 4 or 6 were used in the calculations, showing that 21 out 
of the 22 study plots produced positive slope parameters 
and 19 plots had statistically significant slope coefficients, 
indicating strong dependence of high mingling on tree size. 
Five plots (Jws c, Ml a, Ml c, Sws d, and Sws e) exhibited 
negative or non-significant slope parameters at k = 4 near-
est neighbors were selected, which is also the maximum 
number of plots that yielded unsatisfactory regression results 
(Table 3 in the Appendix). 

Generally, probability of high mingling for large trees 
(e.g., dbh > 30) was very high in the study plots. In some 
plots such as Wyl a, Sws a, Dys d, and Hp c, the logistic 
regression curve approached the horizontal asymptote of 1 
with increasing tree diameters (Fig. 3), implying that large 
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Fig. 2   Exploring the correlations  of size segregation with species 
mingling (A) and species segregation (B) in the study plots using lin-
ear regression and 95% confidence intervals. r represents the Pearson 

correlation coefficient. Four nearest neighbors were used to calculate 
species mingling ( ̂M ), species segregation ( ̂Ψ ), and size segregation 
indices ( ̂Υ)
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trees (e.g., dbh > 30) were exclusively associated with high 
mingling scores, whereas neighborhood aggregation of con-
specifics was only found for small trees, thus highlighting 
the strong size-dependent mingling effects.

For most of the studied species in the Wyl plot, large 
trees had a tendency towards high species mingling (Fig. 4), 
which was therefore consistent with the results at the com-
munity level. The logistic regression analysis suggested that 
7–8 of the 10 species considered had positive and significant 
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slope regression coefficients when different k neighbors were 
used (Table 4 in the Appendix). Our results also revealed 
the general trend that the probability of high mingling 
approached the horizontal asymptote of 1 with increasing 
tree diameters whereas low mingling was associated only 
with small trees (Fig. 4).

3.3 � Neighborhood size inequality and species 
mingling

Tree species mingling also increased with increasing size 
inequality (Fig. 5). Similar neighborhood tree sizes and thus 
a low local size diversity was often related to low neighbor-
hood mingling, i.e., local neighbors of similar sizes were 
often from the same species.

The logistic regression results illustrated a strong rela-
tionship between spatial size and species diversity. Signifi-
cant positive slope parameters (p < 0.001) were obtained 
for all selected k and in all the study plots (Table 5 in the 
Appendix), indicating strong dependence of high mingling 
on local tree size inequality. We also analyzed logistic rela-
tionships between size differentiation and species mingling 
for the 10 species in the large Wyl plot, and obtained similar 
results (not shown).

4 � Discussion

Our results from the 22 species-rich natural forest com-
munities in subtropical and tropical regions confirmed the 
typical relationships between spatial patterns of tree size 
inequality and species diversity, and therefore support the 

mingling-size hypothesis. Our findings suggest that both the 
spatial patterns of conspecific dispersal and intra- and inter-
specific interactions play an important role in determining 
spatial patterns of tree size and species diversity and eventu-
ally in shaping the structure of forest communities.

4.1 � Intraspecific clustering and spatial structure 
diversity

Our plots were located in species-rich subtropical and tropi-
cal forest ecosystems with high structural variability, as indi-
cated by the spatial species mingling and size differentiation 
indices. Notably, the positive values of both species and size 
segregation indices (Table 2) highlighted aggregated patches 
with individuals of the same species and with similar tree 
sizes in the different forest types we analyzed. Numerous 
studies have documented aggregated distributions among 
conspecifics in various vegetation types due to dispersal lim-
itation and environmental filtering (Condit et al. 2000; Sei-
dler and Plotkin 2006; Perry et al. 2008; Shen et al. 2013), 
and these processes also lead to spatial heterospecific segre-
gation with low species mingling at close proximity (McGill 
2010; Chacón‐Labella et al. 2017). Such low heterospecific 
mingling caused by intraspecific clustering may also result 
in the spatial tree size segregation (i.e., aggregation of trees 
with similar sizes). This can be explained by species-specific 
size distributions in plant communities (Pommerening et al. 
2020; Wang et al. 2020): Often size inequality is the result of 
heterospecific mingling where different species have differ-
ent size ranges and, thus, the spatial aggregation of conspe-
cifics leads to neighborhood size segregation. Figure 6 (in 
the Appendix), which allows a straightforward comparison 
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of tree size (dbh) density distributions of different species, 
confirmed that, within a forest community, tree size distri-
butions were distinctly different between the most dominant 
species while conspecific trees were often limited in a spe-
cific size range. Such ecological processes can be also indi-
cated by the fact that the size segregation index in our study 
plots always had positive values, and by the significant cor-
relations between species mingling/segregation indices and 
the size segregation index. Low species mingling or segrega-
tion of heterospecifics is related to segregation of trees with 
dissimilar sizes, thus suggesting that processes determining 
the clustering of conspecifics are critical in shaping spatial 
structural diversity in plant communities.

4.2 � Size‑dependent species mingling

Intraspecific clustering resulted in low mingling of indi-
vidual trees whereas neighborhood species diversity dif-
fered significantly between small and large individuals. The 
logistic regression results across various forest communi-
ties (Table 3 in the Appendix) suggested that only small 
trees were found to have more conspecific neighbors in their 
vicinity, while large trees were exclusively associated with 
high species mingling, as indicated by the probabilities of 
high mingling approaching 1. The community-level min-
gling-size effects can be plausibly explained by the rela-
tionship between the stature of a species and its abundance 
in plant communities: Species of large size are often less 
abundant than small-sized species (Gaston and Spicer 2013) 
and therefore the expected mingling of large trees would be 
greater. This represents the outcome of successional pro-
cesses, in which dominant and shade-intolerant species first 
emerge or colonize a forest, and then decrease in numbers 
and later are replaced by small trees of other less dominant 
species as succession progresses (Suzuki et al. 2008; Pom-
merening and Uria-Diez 2017). However, our analysis of the 
most abundant species in the large Wyl plot suggests that the 
mingling-size effects are also very typical of individual spe-
cies populations, i.e., local species diversity of early-stage 
trees increases as they grow to become large trees. These 
findings confirm that localized tree interactions, JC effects 
and herd protection hypothesis, play important roles in driv-
ing the structure of plant communities and eventually lead to 
size-dependent mingling effects in various types of natural 
forests.

4.3 � Neighborhood size differentiation and species 
diversity

Size-dependent mingling also implies that neighborhood 
size and species diversity of individual trees are significantly 

correlated, as demonstrated by the results of our logistic 
regressions using tree size differentiation as the explana-
tory variable. Slope values were positive and highly sig-
nificant for all plots, indicating that neighborhood species 
mingling is strongly dependent on its local neighborhood 
size differentiation. This dependence relationship is more 
pervasive and distinct than those obtained using dbh alone 
(see Tables 3 and 5 in the Appendix). Generally, large trees 
contribute markedly to local size differentiation, which is 
indicated by the positive relationships of individual dbh and 
size differentiation index (not shown), and they are often 
surrounded by neighbors of other species in their vicinity; 
therefore, large-sized trees strengthen both the local spatial 
heterogeneity of species and size structures. The association 
of low mingling with low size differentiation also illustrates 
the correlation between species richness and size variabil-
ity in plant communities as reported previously (Hakken-
berg et al. 2016; Pommerening et al. 2020). Because the 
size range is limited within a single species, aggregation of 
conspecifics leads to lower size diversity.

4.4 � Implications for forest conservation 
management

Our results indicated that mingling-size effects are wide-
spread in various types of natural forests, which has practi-
cal significance for biodiversity conservation and increasing 
stand structural diversity. Size-dependent mingling effects 
strongly support the notion that large trees have a significant 
contribution to the spatial structure heterogeneity in forest 
ecosystems (Lutz et al. 2013; Wang et al. 2018). Because 
large trees represent the “future” of small trees in natural 
forests, such effects also support the hypothesis that increas-
ing localized mingling of individual trees is a natural out-
come of forest development, which should be considered 
when seeking to optimize forest stand spatial structure in 
the context of forest management (Bettinger and Tang 2015). 
The significant positive relationship between tree neighbor-
hood size variation and species diversity has another impor-
tant implication for conservation and management; that is, 
size diversity can be enhanced when species mingling is 
increased in plant communities, and vice versa.

5 � Conclusion

Our findings suggest that both the spatial patterns of conspe-
cific dispersal and neighborhood interactions play an impor-
tant role in determining the spatial patterns of tree size and 
species diversity and eventually in shaping the structure of 
forest communities.
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Appendix 

Table 3   Results of logistic regression of the probability of high spe-
cies mingling using tree dbh as the explanatory variable. k denotes 
the number of nearest neighbors used to calculate the mingling index. 
High mingling was defined as M(k)

i
≥

k−1

k
 . �

1
 and �

0
 represent the 

slope and intercept parameters in the regressions. ***/**/* indicate 
p values < 0.001/ < 0.01/ < 0.05, respectively. Negative or non-signifi-
cant slope parameters are bold

Forest region Plot k = 4 k = 6 k = 8 k = 10

�
1

�
0

�
1

�
0

�
1

�
0

�
1

�
0

Dms a 0.026** 1.351 0.023** 1.075 0.016** 0.883 0.009 0.735
b 0.031*** 1.334 0.020** 1.140 0.018** 0.916 0.017** 0.728

Dys a 0.017** 0.542 0.017** 0.335 0.018*** 0.173 0.019*** 0.026
b 0.063*** 1.009 0.068*** 0.636 0.069*** 0.410 0.061*** 0.271
c 0.017* 1.825 0.026*** 1.365 0.027*** 1.072 0.031*** 0.815
d 0.085*** 1.386 0.082*** 0.896 0.087*** 0.539 0.076*** 0.284

Hp a 0.047*** 0.653 0.052*** 0.350 0.046*** 0.195 0.043*** 0.057
b 0.044*** 0.175 0.046***  − 0.065 0.050***  − 0.231 0.055***  − 0.409
c 0.050*** 0.937 0.050*** 0.632 0.052*** 0.390 0.053*** 0.201
d 0.024*** 0.859 0.022*** 0.586 0.024*** 0.351 0.021*** 0.185

Jws a 0.026*** 0.810 0.023*** 0.512 0.023*** 0.318 0.019*** 0.179
b 0.038*** 0.485 0.043*** 0.201 0.042*** 0.004 0.038***  − 0.145
c  − 0.002 0.453 0.002 0.233 0.005 0.054 0.006  − 0.080

Ml a 0.010 0.249 0.014* 0.058 0.021**  − 0.134 0.030***  − 0.304
b 0.031*** 0.516 0.037*** 0.273 0.039*** 0.121 0.042***  − 0.025
c 0.002 0.701 0.011 0.392 0.016** 0.199 0.019** 0.025

Sws a 0.129*** 0.952 0.153*** 0.558 0.172*** 0.257 0.170*** 0.107
b 0.053*** 0.808 0.064*** 0.332 0.069*** 0.043 0.070***  − 0.139
c 0.023* 1.930 0.041*** 1.355 0.049*** 1.013 0.052*** 0.758
d  − 0.018 1.519  − 0.012 1.061  − 0.017** 0.810  − 0.019** 0.598
e 0.005 1.989 0.009 1.551 0.010 1.277 0.011 1.052

Wyl a 0.161*** 1.964 0.155*** 1.364 0.147*** 0.974 0.139*** 0.714

Table 4   Results of logistic regression for the 10 most abundant species 
in the Wyl 9-ha plot. Probability of high species mingling was predicted 
using tree dbh as the explanatory variable. k denotes the number of near-
est neighbors used to calculate the mingling index. High mingling was 

defined as M(k)

i
≥

k−1

k
 . �

1
 and �

0
 represent the slope and intercept param-

eters in the regressions. ***/**/* indicate p values < 0.001/ < 0.01/ < 0.05, 
respectively. Negative or non-significant slope parameters are bold

No Species k = 4 k = 6 k = 8 k = 10

�
1

�
0

�
1

�
0

�
1

�
0

�
1

�
0

1 Rhododendron latoucheae 0.189*** 1.152 0.176*** 0.469 0.170*** 0.024 0.177***  − 0.379
2 Eurya rubiginosa var. attenuate 0.148*** 1.248 0.118*** 0.615 0.114*** 0.144 0.079**  − 0.138
3 Camellia cuspidate 0.041 1.153 0.048* 0.468 0.050** 0.009 0.048**  − 0.254
4 Neolitsea aurata var. chekiangensis 0.127** 2.549 0.115*** 1.935 0.100*** 1.429 0.120*** 0.954
5 Rhododendron ovatum 0.086** 2.562 0.108*** 1.694 0.096*** 1.188 0.099*** 0.799
6 Rhododendron mariesii 0.084** 1.933 0.066** 1.376 0.086*** 0.782 0.090*** 0.420
7 Cyclobalanopsis stewardiana 0.043** 2.564 0.048*** 1.855 0.051*** 1.374 0.056*** 0.937
8 Eurya muricate  − 0.098** 1.696  − 0.139*** 1.143  − 0.139*** 0.735  − 0.184*** 0.560
9 Machilus phoenicis 0.291** 2.151 0.229** 1.613 0.140* 1.255 0.149** 0.928
10 Castanopsis eyrie 0.018 3.879 0.018 3.219 0.007 3.019 0.013 2.659
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Table 5   Results of logistic 
regression of the probability 
of high species mingling using 
tree size differentiation as the 
explanatory variable. k denotes 
the number of nearest neighbors 
used to calculate the mingling 
and size differentiation 
indices. High mingling was 
defined as M(k)

i
≥

k−1

k
 . �

1
 and 

�
0
 represent the slope and 

intercept parameters in the 
regressions. ***/**/* indicate 
p values < 0.001/ < 0.01/ < 0.05, 
respectively

Forest region Plot k = 4 k = 6 k = 8 k = 10

�
1

�
0

�
1

�
0

�
1

�
0

�
1

�
0

Dms a 4.084***  − 0.069 3.393***  − 0.158 2.878***  − 0.215 2.179***  − 0.130
b 5.482***  − 0.599 4.212***  − 0.466 3.781***  − 0.560 3.020***  − 0.454

Dys a 3.766***  − 1.075 3.512***  − 1.226 3.194***  − 1.259 3.004***  − 1.328
b 3.419***  − 0.271 3.549***  − 0.730 3.891***  − 1.133 4.051***  − 1.404
c 3.377*** 0.321 3.207***  − 0.046 2.727***  − 0.115 2.856***  − 0.427
d 3.200*** 0.283 3.284***  − 0.281 3.388***  − 0.673 3.121***  − 0.854

Hp a 4.005***  − 0.774 4.100***  − 1.154 3.903***  − 1.283 3.697***  − 1.364
b 3.523***  − 1.051 3.465***  − 1.306 3.260***  − 1.388 3.299***  − 1.579
c 2.460*** 0.107 2.343***  − 0.170 2.224***  − 0.362 2.238***  − 0.561
d 2.351***  − 0.010 1.992***  − 0.169 2.120***  − 0.460 2.083***  − 0.634

Jws a 2.825***  − 0.361 3.161***  − 0.863 2.997***  − 1.005 2.827***  − 1.097
b 3.549***  − 0.653 3.090***  − 0.778 2.756***  − 0.866 2.509***  − 0.950
c 3.577***  − 0.844 3.187***  − 0.948 2.666***  − 0.935 2.336***  − 0.951

Ml a 4.029***  − 1.468 3.685***  − 1.564 3.474***  − 1.642 3.294***  − 1.692
b 3.971***  − 1.149 3.650***  − 1.291 3.710***  − 1.493 3.695***  − 1.636
c 2.693***  − 0.530 2.587***  − 0.772 2.556***  − 0.942 2.446***  − 1.058

Sws a 3.796***  − 0.140 3.983***  − 0.561 4.148***  − 0.884 4.501***  − 1.208
b 4.179***  − 0.802 3.952***  − 1.173 3.901***  − 1.434 4.079***  − 1.703
c 2.181*** 1.051 2.363*** 0.458 2.735***  − 0.027 2.724***  − 0.273
d 3.182*** 0.170 2.741***  − 0.115 2.618***  − 0.352 2.546***  − 0.557
e 2.466*** 0.903 2.519*** 0.443 2.519*** 0.160 2.604***  − 0.107

Wyl a 4.942*** 0.279 5.157***  − 0.508 5.211***  − 0.983 5.272***  − 1.319
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