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Abstract: The size–growth relationship (SGR) quantifies growth partitioning among different sized
trees in a stand and helps to elucidate stand growth dynamics during stand development. SGR
strongly correlates with stand density, stand age, and drought severity. This study focused on
larch (Larix principis-rupprechtii (Mayr)) forests with different stand ages (17–19 years, 20–29 years,
30–39 years, and 40–46 years) and stand densities (300–1400 trees·ha−1 and 1400–3300 trees·ha−1) as
the research subjects. Employing a linear mixed model, we aimed to quantify the effects of stand
density, stand age, and drought index on SGR. The results revealed that the Gini coefficient had a
significant variation between high-density and low-density larch stands (p < 0.01). Stand age, stand
density, and drought index exerted varying degrees of influence on the growth dominance coefficient
(GD) and SGR of larch forests. In stands aged less than 39 years, a pronounced growth advantage of
large trees over small trees was evident (typically SGR > 1 and GD > 0), indicating a positive growth
dominance stage where large trees dominated. Compared to high-density stands, low-density stands
exhibited a notably greater positive growth dominance. After 40 years, the growth stage transitioned
to a relatively symmetric stage (SGR approximately equal to 1), with a discernible shift towards a
reverse growth dominance stage (GD < 0). Compared to stand density and stand age, the drought
index had a more influential effect on SGR. As drought severity increased, SGR increased, amplifying
the growth advantage of large trees over small ones. The findings underscored the significance of
adjusting stand density and optimizing tree size structure to enhance larch resilience against the
warming and drying effects.

Keywords: growth partitioning; tree growth; size inequality; growth dominance; stand structure

1. Introduction

Stand structure is an important characteristic of forests, significantly influencing forest
productivity and stability [1,2]. During forest succession, trees compete for environmental
resources such as light, nutrients, and water. Given their enhanced competitiveness [3,4],
larger trees typically gain more resources and nutrients relative to their smaller counterparts.
The evaluation of effective resource utilization among trees of different sizes in a forest
stand is commonly characterized by the size–growth relationship (SGR) due to its simplicity
in measurement [5]. SGR facilitates the quantification of growth partitioning among trees,
shedding light on stand growth dynamics and the mechanisms governing competitive
interactions during stand development [6,7]. During stand development, SGR generally
exhibits three distinct patterns: asymmetric, symmetric, and inversely asymmetric [8].
A symmetric pattern (SGR = 1) indicates proportional growth with tree size, while an
asymmetric pattern (SGR > 1) implies that larger trees exhibit higher relative growth
rates than small ones. Conversely, an inversely asymmetric pattern (SGR < 1) denotes a
scenario where the relative growth rate of small trees surpasses that of large trees. The
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intensity of competition between trees of different sizes undergoes changes during stand
development [3], consequently influencing SGR patterns.

From the early to the advanced stages of stand development, SGR may pass through
symmetric, asymmetric, and inversely asymmetric stages [9], or transition directly from
asymmetric to symmetric [10]. However, in managed Pinus resinosa stands, SGR consistently
demonstrates a symmetric pattern throughout stand development [11]. The temporal
variability in SGR patterns may be related to the shade tolerance of tree species and stand
density [12]. Binklyd et al. [13] propose that SGR pattern depends on stand age, stand
density, and tree size variability. In addition to age and density, an increasing body of
research indicates that SGR responds differently to climate change during the growth
process [14–16]. During drought years, tree growth rate decreases significantly, altering
the relationship between tree size and growth [5]. Looney et al. [7] observed a decrease in
SGR associated with drought, while Trouvé [17] believes that SGR increases during climatic
drought. A higher SGR suggests a rapid growth of large trees, leading to an increase in size
inequality within the stand [6]; conversely, a lower SGR indicates relief in growth pressure
on small trees, leading to a reduction in size inequality [11].

Similar to SGR, the growth dominance coefficient (GD) serves as a valuable metric
for quantifying the relationship between tree size and growth [4]. It reflects the relative
contribution of tree groups of different sizes to the overall stand growth. When the contri-
bution of large trees surpasses that of small trees, the stand exhibits strong positive growth
dominance. Conversely, if small trees play a more significant role in stand growth, the
stand exhibits negative growth dominance. Throughout stand development, the growth
dominance pattern can generally be divided into four stages: neutral growth dominance
(GD = 0), positive growth dominance (GD > 0), a stage characterized by trees with similar
relative dominance (GD = 0), and a stage of reverse growth dominance where smaller
trees contribute more to growth (GD < 0) [1,18]. Some studies have shown that shift in
growth dominance is associated with stand density and is influenced by tree competition
interactions [19], resource availability, and other factors [20,21]. The GD has been widely
used to assess the effect of stand age and density on stand growth [4,22]. Together, SGR
and GD provide a comprehensive understanding of the intricate relationship between tree
size and growth [23].

Larch (Larix principis-rupprechtii Mayr) is one of the main timber cultivation species
in China, renowned for its rapid growth, adaptability, and versatile applications [24]. De-
spite these attributes, larch forests face challenges related to suboptimal quality, leading
to lower productivity and stability, thereby hindering the realization of the forests’ multi-
functional benefits [25]. Previous studies have suggested that the growth of larch forests
is mainly influenced by factors such as neighboring competition, stand age, and site con-
ditions [24,25]. Additionally, drought has differential effects on the growth of large and
small larch trees [26], with younger stands experiencing more significant impacts from
drought events [17,27]. However, few studies have explored larch growth dynamics and
the mechanisms of competitive action based on drought intensity, tree size, and growth
relationships. To address these gaps, this study aims to clarify the response mechanism
of tree size and growth relationships in larch forests under different drought conditions,
stand ages, and stand densities based on SGR and GD indices. The study seeks answers
to the following three questions: (1) How do patterns of stand size–growth relationships
change with increasing stand age in larch forests? (2) How does stand density impact
stand differentiation, and how does it affect stand size–growth relationships? (3) How does
drought affect tree size–growth relationships?

2. Materials and Methods
2.1. Study Area

The study area is located in the Saihanba Mechanical Forest Farm in the northern
part of Chengde City, Hebei Province, China (116◦53′–117◦31′ E, 42◦22′–42◦31′ N). The
topography of the region is characterized by hills and plateaus, with elevations ranging
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from 1010 m to 1940 m. The prevailing climate is a cold temperate continental monsoon
climate. The average annual temperature is −1.40 ◦C, with extreme maximum and min-
imum temperatures recorded at 33.4 ◦C and −43.3 ◦C, respectively. The average annual
precipitation is 460 mm and the evaporation is 1230 mm [28]. The predominant soil type
is dark grey forest soil. Tree species in the study area include larch, Pinus sylvestris L.
var. mongholica Litv., Betula platyphylla Suk., Picea asperata Mast., etc., with larch as the
dominant tree species. The SI of larch in the study area ranges from 6.5 m to 13.0 m (base
age: 20 years) [28].

2.2. Data Collection
2.2.1. Study Plots and Sample Trees

In July to September from 2019 to 2022, using a stratified random sampling sur-
vey method, we conducted field surveys in pure larch forests with different stand ages
(17–19, 20–29, 30–39, and 40–46 years) and stand densities (300–1400 trees·ha−1 and
1400–3300 trees·ha−1). A total of 55 plots were established in the study area (Figure 1). The
plot size was 20 m × 30 m. All trees with a diameter at breast height (DBH) greater than
5 cm within the sample plots were measured and recorded. The survey indicators included
species name, DBH, tree height, crown width, and the relative coordinates of the trees. We
measured the DBH using a breast gauge, tree height using a height meter, crown width
using a steel ruler, and the relative coordinates of the trees using a rangefinder. For tree
core sampling, at least one sample tree per diameter class was selected from the survey
plots. Using an increment border, two cores were drilled in each sample tree, oriented in the
eastern and northern directions. A total of 832 core samples were collected. Subsequently,
the core samples underwent a series of procedures, including drying, fixing, and polishing.
Cross dating was performed, and annual ring widths were measured using the WinDEN-
DRO image analysis system 2022b (Regent Instruments Inc., Quebec, QC, Canada) [29]
with an accuracy of 0.001 mm. The sequence of annual ring widths was examined using
the COFECHA 3.0 program (The University of Arizona, Tucson, AZ, USA) [30]. The basic
details of the sample plots are summarized in Table 1.
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Table 1. Basic conditions of the sampling plots.

Stand Age
(Year)

Density
(Trees·ha−1)

Number of
Plots

Mean DBH
(Min–Max) (cm)

Mean Height
(Min–Max) (m)

Mean BAI
(cm2·year−1)

Crown Width
(m)

17–19 2270 13 11.82
(9.21–14.54)

10.86
(6.47–16.08) 7.63 0.7–1.9

20–29 2049 13 12.58
(9.07–18.66)

10.66
(7.38–19.85) 8.48 0.9–2.6

30–39 1034 23 20.51
(15.88–26.38)

15.49
(7.89–23.06) 10.32 0.9–3.0

40–46 785 6 23.93
(21.77–26.49)

20.47
(16.67–24.20) 8.99 1.0–3.3

2.2.2. Climate

To assess the effect of drought on SGR, climatic data were generated using the latitude,
longitude, and elevation of the sample plots through ClimateAP v3.10 software (University
of British Columbia, Vancouver, BC, Canada) [31]. The ClimateAP software [31] uses
bilinear interpolation and local elevation adjustment approaches to downscale and generate
scale-free, high-precision climate datasets for random points in the Asia-Pacific region.
Recognizing the substantial influence of precipitation and temperature during the growing
season (June to August) on the tree growth [32], we focused on mean annual precipitation
(MAP) and mean annual temperature (MAT) for this period. Subsequently, these were used
to calculate the mean annual hygrothermal index (AHM) as an indicator of drought [33,34].
The formula for AHM is as follows:

AHM = (MAT + 10)/(
MAP
1000

) (1)

The AHM values in the study area ranged between 19.8 and 27.9.

2.3. Statistical Analysis
2.3.1. Calculation of Size Inequality

The Gini coefficient (GI) was used to measure the size distribution of trees [35]. GI,
ranging between [0, 1], reflects the uniformity of tree size distribution in a stand. A GI close
to 0 suggests an absolutely uniform size distribution, where all trees are precisely equal in
size. Conversely, a GI nearing 1 indicates a high degree of variability in tree size. Compared
to other indicators, basal area has obvious advantages in practicality and accuracy [36].
In this study, basal area was employed to calculate the GI [18], and the calculation was
performed using the following formula:

GI =
2∑n

i=1 iBAi

n∑n
i=1 BAi

− n + 1
n

(2)

where n represents the number of trees in the sample plot; BAi represents the ith tree basal
area in the sample plot.

2.3.2. Calculation of Productivity

Forest growth was expressed using basal area increment (BAI). BAI for each sample
tree was calculated using the formula [37]:

BAI =
π ×

(
R2

ti
− R2

t0

)
(ti − t0)

(3)

where BAI represents the average basal area increment (cm2·year−1) between ti and t0; Rti

and Rt0 are the radii at ti and t0, respectively.
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Stand level productivity was calculated by estimating the weighted BAI of all trees
using the DBHc/DBHss in the sample plot. The DBHc was the square of the diameter of
the object tree. The DBHss was the mean square of diameters of all trees in the stand.

2.3.3. Calculation of the Size–Growth Relationship

SGR is the slope of the linear regression between the proportional stand growth and
proportional tree size [38]. Basal area at height 1.30 m and basal area increment were used
as measures of tree size and growth [14], and a center log-ratio transformation was applied
to both growth and size in order to ensure that the intercept was equal to 0 [39]. A value of
SGR = 1 indicates that tree growth is proportional to size and that size growth is perfectly
symmetric; SGR > 1 indicates that size is asymmetric and that the growth rate of a large tree
is too high; SGR < 1 indicates that the growth rate of a large tree is too low; and SGR ≈ 0
indicates that tree growth is absolutely equal regardless of size.

2.3.4. Calculation of Growth Dominance Coefficient

As defined by West [40], the growth dominance coefficient (GD) is calculated by
subtracting the area under the growth dominance curve from the area under the 1:1 line.
The growth dominance curve is plotted with relative cumulative relative basal area on
the x-axis and cumulative relative basal area growth on the y-axis. The GD values range
from −1 to 1. GD = 0 indicates that a proportional contribution of tree growth to total
stand growth based on size; GD < 0 indicates that smaller trees contribute more to stand
growth than to stand basal area (above the 1:1 line), while GD > 0 suggests that larger
trees contribute disproportionally more to stand growth (below the 1:1 line). The GD was
calculated using the following formula:

GD = 1 −
n

∑
i=1

(si − si−1)(φi + φi−1) (4)

where i is the order of the trees in each stand; si and si−1 are the cumulative proportional
basal area of tree i and tree i − 1; φi and φi−1 are the cumulative proportional basal area
increment of tree i and tree i − 1.

2.3.5. Construction of the Linear Mixed Model

To quantify the impacts of stand age, stand density, and drought severity on SGR, we
developed models specifically for SGR. Recognizing the influence of sample plot variations
on SGR, we added sample plots as a random effect to the model to eliminate variability
arising from differences in sample plots. A linear mixed effects model was constructed
using the lme4 package [41] in R 4.1.3 software (R Foundation for Statistical Computing,
Vienna, Austria) [42]. The null hypothesis model was initially formulated as a linear mixed
model with SGR as the dependent variable, stand density as the independent variable,
and sample plots as a random effect. Subsequently, interaction terms involving stand age,
drought indicator, and stand age and stand density were progressively introduced into
the model as independent variables (Table 2). Evaluation metrics, including Coefficient of
Determination (R2), Akaike Information Criterion (AIC), Bayesian Information Criterion
(BIC), and Mean Absolute Error (MAE), were calculated to select the optimal model.

One-way ANOVA with the least significant difference (LSD) test was used to analyze
the significant differences in GI, SGR, and GD among stand ages and stand densities. Linear
regression was used to analyze the relationship between SGR and GD. All analyses were
performed using R 4.1.3 [42].
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Table 2. List of different hypothesis models evaluated for size–growth relationship (SGR).

Response Hypothesis Response Varies as a Function of:

SGR SGR0 Null model (P)
SGR SGR1 Null model, Age
SGR SGR2 Null model, Age, P × Age
SGR SGR3 Null model, AHM
SGR SGR4 Null model, Age, AHM
SGR SGR5 Null model, Age, P × Age, AHM

The independent variable in the null model is P. P: stand density; Age: stand age; AHM: drought indicator. The
same applies below.

3. Results
3.1. Change in Size Inequality with Tree Age and Stand Density

Stand density exhibited a significant impact on GI (p < 0.01), which tended to increase
with stand density (Figure 2). In high-density stands (1400–3300 trees·ha−1), GI demon-
strated minimal variation with age. Conversely, in low-density stands (300–1400 trees·ha−1),
GI showed a significant increasing trend after 40 years of stand age. Notably, in high-density
stands, which usually had higher GI, greater size inequality was observed compared to
low-density stands of the same age class.
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Figure 2. Changes in Gini coefficient (GI) with stand age and stand density. The symbol “.” and “..”
in figure indicate outliers. Uppercase letters above the box indicate significant differences among
different age groups in high-density stands (p < 0.05). Lowercase letters above the box indicate
significant differences among different age groups in low-density stands (p < 0.05).

3.2. Change in SGR and GD with Tree Age and Stand Density

In stands aged 39 years or less, SGR was significantly greater than 1, indicating
asymmetric growth characterized by the dominance of large trees (Figure 3). At the same
stand age, SGR was always higher in low-density stands than in high-density stands. The
decline in SGR was significant with age across different density classes. In stands aged
>40 years, SGR transitioned from greater than 1 to less than 1, signifying a shift from
asymmetric to symmetric competition in growth dominance. In low-density stands, SGR
was consistently greater than 1, whereas in higher-density stands, SGR tended to decrease
with age until approaching 1.
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In stands less than 39 years, GD showed values greater than 0, indicating asymmetric
growth characterized by the dominance of large trees. GD in low-density stands showed
a decreasing trend with age. Conversely, GD in high-density stands showed a slightly
increasing trend with age. GD in low-density stands was higher than that in high-density
stands in stands aged 20–29 years.

A notable correlation between SGR and GD was observed (r = 0.729) (Figure 4). The
trends in SGR and GD demonstrated strong similarity, reinforcing the connection between
these two parameters.

3.3. The Impact of Drought on Size–Growth Relationship

The values of R2, AIC, BIC, and MAE of the model SGR4 were 0.47, 69.52, 79.56, and
0.21, respectively, indicating more accurate predictions than other models, especially the
null model (Table 3). The results of the mixed effects model showed that the drought
indicator (AHM) was significantly and positively correlated with SGR (p < 0.01). AHM
played a predominant role in explaining SGR, accounting for over 56% of the model’s
explanatory power, surpassing the contributions of stand density (20%) and stand age
(24%) (Figure 5).
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Table 3. SGR model coefficients and evaluation indicators.

Model P Age AHM R2 AIC BIC MAE

SGR0 −0.003 0.40 70.83 82.87 0.23
SGR4 0.300 0.328 0.558 * 0.47 69.52 79.56 0.21

P: stand density; AHM: the mean annual hygrothermal index; R2: Coefficient of Determination; AIC: Akaike
Information Criterion; BIC: Bayesian Information Criterion; MAE: Mean Absolute Error. The symbol * indicates
that this independent variable has a significant effect on the dependent variable (p < 0.05).
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4. Discussion
4.1. Effects of Stand Age and Stand Density on Size Inequality

The main reasons for the variation in individual growth within a stand are the differ-
ences in their efficiency in acquiring and utilizing growth resources, as well as differences
in the supply capacity of habitats in terms of light, soil moisture, and nutrients [36,43].
These discrepancies result in the variability of tree sizes within a stand [44], exerting a
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significant influence on stand competition dynamics [36]. Stand structural heterogeneity,
as measured by the Gini coefficient, is strongly associated with stand density [6]. In stands
characterized by low density and a stand age below 40 years, the trend of the GI with
age was not obvious. This is attributed to the more abundant growing space, mitigating
differences in resource utilization and stand growth. However, as tree individuals continue
to grow, intraspecific competition increases, leading to increased tree size differentiation
in the stand [45]. Consistent with this, Looney et al. [46] found that GI increased with
stand age in unthinned Pinus resinosa forests, suggesting that this phenomenon is more
pronounced in older forests.

The impact of stand density on GI was more significant compared to stand age. Our
study indicated that GI was significantly higher in high-density stands than in low-density
stands. The same pattern in GI was found in other plantations [47–49]. As stand density
increased, the differentiation between individuals became more significant before canopy
close occurred. The ongoing growth led to intense intraspecific competition within the
stand, resulting in increased size inequality [50].

It is crucial to acknowledge that the impact of stand density on the GI is a complex
process influenced by multiple factors. Metsaranta’s study [9] revealed that the GI initially
increased slightly and then gradually decreased with rising mortality rates. Furthermore,
varying planting densities and management approaches also played a role in influencing
the Gini coefficient. In populations with high tree densities, Gini increased at a faster rate,
while in populations with low densities, the increase was slower [51].

4.2. Effects of Stand Age and Stand Density on Size–Growth Relationship

Competition for light is considered to be the main competitive process in stands, and
its asymmetric competition is an important mechanism influencing tree size differentia-
tion [18,52]. This study’s results showed a general decreasing trend in SGR, changing with
stand age from SGR > 1 to SGR ≈ 1. The above result implied that the growth dominance
shifted from asymmetric competition to relatively symmetric competition [53]. This is
consistent with the study of Looney et al. [7] on size–growth relationships in western US
forests. The large SGR in young and middle-aged forests may be due to the dominance of
access to light resources by large trees [54] or the dominance of access to other resources
by a strong underground root system [55]. In the later phase of stand development, as the
productivity of large trees declines, SGR decreases, leading to a decrease in the proportional
contribution of larger tree growth relative to the total stand growth. Size-symmetric-SGR
or inverse size-asymmetric-SGR is due to accelerated growth of non-dominant trees [13]
or declining importance of light competition [56]. Additionally, smaller trees in the stand
undergo natural thinning and regeneration mortality due to intraspecific competition
within the stand. This, coupled with a slowdown in the growth of large trees, results in a
gradual shift in growth dominance towards the average tree [9]. However, a comprehensive
understanding required long-term monitoring of individual tree growth. Our study also
revealed a lower SGR in the high-density stand compared to the low-density stand, with
an early emergence of an SGR < 1 pattern. This suggested that within the limited growth
space of the high-density stand, the growth rates of large trees started diminishing when
they reached a certain size.

This study’s findings on GD showed that the relative contribution of large trees to
stand growth was higher than that of small trees at ages 17–46 years. The GD during
this period was greater than 0, indicating that larger trees possessed a superior ability to
capture resources, thus inhibiting the growth of smaller trees. In pure larch forest stands,
as the stand progressed into the maturity stage, the growth of large trees slowed down,
and the GD exhibited a decreasing trend. This pattern was consistent with the findings
of Qu et al. [57], who observed a similar change in growth dominance with age in an
unthinned Cunninghamia lanceolata (Lamb.) forest. It was also found that the differences
in GD between planting densities were not significant [57]. Similarly, Looney et al. [24]
found that in high-density stands, large trees exhibited significant growth dominance
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(GD > 0) due to abundant growth space and resources, when the stand age was small.
As the stand developed and competition increased, strong competition from larger trees
drove disproportionate growth, creating an environment conducive to positive growth
dominance [22,57,58]. In low-density stands, when the stand age exceeded 40 years, GD < 0,
suggesting that small trees contributed more than their proportional growth to the stand.
Furthermore, the results from both SGR and GD support Binkley’s four-stage hypothesis of
stand growth and development, providing a robust verification of the proposed model.

4.3. Effects of Drought on Size–Growth Relationship

The relationship between tree size and growth is influenced by moisture factors [59,60].
Drought conditions contribute to a reduction in the growth rate of forest trees, with varia-
tions in the water trapping capacity among trees of different sizes [61]. Drought intensifies
competition among trees due to limited resource availability [62]. Compared to small trees,
larger trees characterized by a wider canopy and deeper and denser root prospection may
intercept and access a disproportionate fraction of water resources [63]. Therefore, there is
a clear growth superiority in large compared to small trees during drought periods [64].
Our study showed that the drought indicator (AHM) was significantly and positively
correlated with SGR. Larch plantations exhibited an asymmetric competition pattern in tree
size and growth under drought conditions. As drought stress was alleviated, the relation-
ship between tree size and growth gradually shifted from an asymmetric to a symmetric
pattern. Similar findings were found in other studies. Bose et al. [65] found a significant
positive correlation between soil water-holding capacity and dominance coefficient. Small
trees tend to experience more severe stress than larger trees during drought [66]. Trouvé
et al. [17] observed that during summer soil moisture deficit, stand growth decelerated due
to asymmetric competition for water resources. This effect is particularly evident in sup-
pressed trees, where large trees contribute more than their proportional growth to the stand,
leading to an increased GD. Overall, drought limits resource availability by intensifying
competition among individuals, consequently impacting SGR in larch plantations.

5. Conclusions

In this study, we examined tree size inequality, SGR, and GD across various stand ages
and stand densities to elucidate growth partitioning and stand growth dynamics during
stand development. Our analysis revealed that the GI exhibited a gradual increase over
stand ages. Particularly noteworthy was the significantly higher GI observed in stands
with higher densities compared to those with lower densities, with a clear differentiation in
tree size in the stand. Furthermore, our study demonstrated a general trend of decreasing
SGR and GD with increasing stand age. The transition in SGR in larch forests was evident,
shifting from an asymmetric to a symmetric pattern, ultimately trending towards an
inversely asymmetric stage. These findings emphasize the importance of adjusting stand
density and optimizing tree size structure to enhance larch resilience against warming and
drying effects.
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