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A B S T R A C T

Naturally regenerated herbaceous species play a significant role in shaping community structure and stand 
dynamics, particularly through their interactions with tree seedlings in early-successional stands. The seedling 
and grass competition can affect seedling crown complementarity, a key canopy process that enhances the 
productivity of tree mixtures compared to monocultures by optimizing light capture and resource use. However, 
little is known about how their competition advantages shift from "grass to seedling" or "seedling
—grass—seedling" or just grass. We conducted a four-year tree diversity experiment involving weeded versus 
unweeded treatments, with eight functionally divergent woody species comprised of 17 functional combinations. 
We examined how crown complementarity, crown volume, and stem basal area of tree seedlings varied between 
weeded and unweeded treatments along the gradients of tree species richness and functional diversity over time. 
Crown complementarity and crown volume of tree seedlings were positively affected by tree species richness and 
functional diversity, and the positive tree diversity effects on seedling crown complementarity strengthened over 
time under both weeded and unweeded treatments. On average, seedling crown complementarity was greater in 
unweeded than weeded treatments. Herbaceous plants increased crown volume but decreased stem basal area 
after three years, and the tree diversity effects on stem basal area were not significant in both weeded and 
unweeded treatments. Overall, herbaceous plants did not change the tree diversity effects on seedling crown 
complementarity, but mediated biomass allocation trade-offs between crown expansion and horizontal growth of 
stem in tree seedlings during the early stage of stand development. Our results suggest that herbaceous plants can 
boost seedling crown complementarity but their competitive effects are not large enough for affecting the pos
itive tree diversity effects on seedling crown complementarity in the early stage of stand development. This study 
provides mechanistic insight into the role of herbaceous plants in shaping tree diversity effects on canopy 
processes and stand structures through resource competition during the early successional period of forest 
communities.

1. Introduction

Unfolding stand dynamics through tree-crown patterns is pivotal for 
understanding the ecological processes that govern ecosystem structure 
and functioning (Seidel et al., 2011). Crown complementarity, increased 
crown engagements among interacting species, is a key mechanism that 

drives the positive diversity – productivity relationship by maximizing 
the use of canopy space among coexisting trees (Williams et al., 2017; 
Ali et al., 2019; Zheng et al., 2019; Kunz et al., 2019; Xu et al., 2022). In 
both natural and experimental forest stands, tree and herbaceous species 
are two main components of plant diversity that interactively shape 
community structure and dynamics (Germany et al., 2017). Herbaceous 
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plants can influence the growth and crown complementarity of tree 
seedlings in contrasting directions. On the one hand, they may inhibit 
seedling growth by competing for limited resources, particularly during 
the early successional stage (Watt et al., 2003a; Gilliam, 2007), and on 
the other hand, herbaceous plants can promote seedling growth by 
increasing nutrient availability through their faster decomposition rates 
(D’Hervilly et al., 2021). Over the last decade, numerous tree diversity 
experiments have demonstrated that spatial complementarity in tree 
crowns contributes to the diversity effects on overyielding of tree mix
tures (Williams et al., 2017) and underyielding of understory herba
ceous biomass (Zheng et al., 2022). However, since these experiments 
often involve weed non-target species to prevent the immigration of 
herbaceous plants (Grossman et al., 2017; Williams et al., 2017; Huang 
et al., 2018), little is known about whether understory herbaceous plants 
play an interactive role with tree seedlings in structuring seedling crown 
complementarity.

The effects of tree diversity on seedling crown complementarity can 
be altered by the presence of understory herbaceous plants due to their 
significant influence on seedling growth through resource competition 
during the early stand development stage (Richardson et al., 1996; Watt 
et al., 2003a). The tree diversity-productivity relationship intricately 
ties to competition between tree seedlings and early colonizing herba
ceous plants, which influences the biomass allocation of seedling crowns 
during stand development (Watt et al., 2003b). Tree seedlings tend to 
prioritize crown growth over stem and root growth when facing inten
sive herbaceous plant competition (Vandenberghe et al., 2006). 
Compared to small-stature herbaceous plants, fast-growing tree species 
can quickly outcompete herbaceous plants by developing large and 
broad crowns at the expense of stem growth (Kirongo et al., 2002; 
Fichtner et al., 2017; Van de Peer et al., 2018) and root development to 
optimize light capture (Watt et al., 2003a). As such, the biomass allo
cation patterns toward crown expansion in both width and depth in
crease the crown complementarity among functionally different tree 
seedlings under intensive competition between tree seedlings and her
baceous plants (Zheng et al., 2022). Therefore, we hypothesize that the 
presence of herbaceous plants strengthens tree diversity effects on 
seedling crown complementarity, in other words, competition advan
tages shift from grass to seedling, during the early stage of stand 
development.

However, the effects of herbaceous competition on seedling crown 
complementarity may depend on the functional characteristics of her
baceous species (Depauw et al., 2020). Competition from tall and 
fast-growing herbaceous species may impede the growth of tree seed
lings by casting shade on their crowns (Watt et al., 2003a). Fast-growing 
herbaceous species can also outcompete tree seedlings by harming tree 
crowns (Roberts and Long, 1992). For instance, broadleaved (Convol
vulus arvensis L.) and vining weeds (Parthenocissus quinquefolia L.) can 
exacerbate physical abrasion and shading of the surrounding tree crown 
(Llorens and Leishman, 2008). In contrast, small and slow-growing 
herbaceous species may exert less competition for light due to their 
low light compensation points (Givnish, 1988), but they may increase 
competition for belowground resources such as soil nutrients and water 
(Rey et al., 2003; Watt et al., 2015). Such intensive belowground 
competition can shift carbon allocation in tree seedlings towards root 
growth at the expense of crown development (Raison et al., 1992; 
Richardson et al., 1996; Reich et al., 2012), ultimately reducing crown 
area (Kirongo et al., 2002). For instance, herbaceous competition can 
substantially reduce stem growth by 64 % (Watt et al., 2003b) and 
crown growth by 95 % (Kirongo et al., 2002). In this context, we hy
pothesize further that the presence of herbaceous plants weakens or does 
not change the tree diversity effects on seedlings crown complemen
tarity during the early stage of stand development.

Functional diversity is a main determinant of the effects of tree 
mixtures on the efficient utilization of aboveground space (Williams 
et al., 2017). Functionally diverse tree species may strengthen seedling 
crown complementarity by adjusting crowns in different heights across 

vertical canopy space (Zheng et al., 2022). In monoculture stands, tree 
seedlings increase height to pre-empt light and space (Lines et al., 2012), 
but with similar crown architecture, thereby decreasing seedling crown 
complementarity. In contrast, in functionally diverse stands, tree seed
lings with divergent crown morphologies (i.e., vertical and horizontal 
crown extensions) enable them to make efficient use of available light 
resource and space, thereby promoting horizontal crown adjustments 
without overlapping (Dieler and Pretzsch, 2013; Tobner et al., 2016; 
Forrester et al., 2017; Grossman et al., 2017). Concurrently, variation in 
height of interacting species promotes the complementary vertical 
placement of tree crowns (Jucker et al., 2015). Overall, variations in 
vertical and horizontal crown extensions (crown plasticity) strengthen 
crown engagement in both directions (Purves et al., 2007; Seidel et al., 
2011; Longuetaud et al., 2013). Therefore, crown complementarity is 
likely to be stronger in compositionally and functionally diverse stands 
than in monoculture stands (Williams et al., 2017; Kunz et al., 2019; 
Hildebrand et al., 2021; Zheng et al., 2022).

As tree seedlings grow to larger, the competition effects of herba
ceous plants on seedling crown complementarity may weaken, because 
of intensifying interactions among tree species (Gilliam et al., 1995, 
Bongers et al., 2021) and increasing influence of their distinct archi
tectural differences on alignments of their crowns (Williams et al., 
2017). Both long-term and short-term experiments have demonstrated 
that complementarity effects tend to increase with stand age (Cardinale 
et al., 2007; Bongers et al., 2021; Trogisch et al., 2021). This suggests 
that tree species with varying crown architectures tend to optimize 
crown alignments for efficient resource usage (Jucker et al., 2015; 
Huang et al., 2018). Therefore, the influence of herbaceous on seedling 
crown complementarity is expected to weaken over time as tree stands 
tend to develop dense canopy cover, which can impede the growth of 
herbaceous plants by capturing resources, especially light (Zheng et al., 
2022).

Here, we conducted a four-year tree diversity experiment in sub
tropical China by using eight functionally distinct tree species. The 
experiment included four diversity levels including 1, 2, 4, and 8 species 
and 17 functional combinations, and each diversity level had both 
weeded and unweeded treatments. Specifically, we aimed to answer two 
questions: i) do herbaceous plants increase or decrease seedling crown 
complementarity at the early stand development stages? ii) whether the 
temporal shifts of tree diversity effects on seedling crown complemen
tarity as well as growth of tree stems and crown volume are consistent 
between weeded and unweeded treatments?

2. Methods

2.1. Study site and experimental design

We conducted a tree diversity experiment on Putu Island, Zhoushan 
Archipelago (29◦ 97 ́ N, 121◦ 38 ́ E), eastern China. Putu Island has 
featured a subtropical monsoon climate, with a mean annual tempera
ture of 16 ◦C and mean annual precipitation of 1358 mm. The soil at this 
site is characterized by sandy clay laterite with 20–40 % sand and 
10–15 % clay. The natural secondary vegetation around the experi
mental site is the broadleaved and coniferous mixed forests, with the 
dominant species being Pinus massoniana, Liquidambar formosana, Cin
namomum camphora and Celtis sinensis (Yan et al., 2018). The forest at 
this experimental site was transformed to cropland by local people in 
1988, but agricultural activities stopped in 2016. In the 2017, all 
remaining crops, vegetables and weeds were removed, and the soil was 
plowed to a depth of 30–40 cm using a land preparation machine to 
establish the tree diversity experiment. To determine the effects of 
herbaceous plants on the tree diversity-ecosystem function relationship, 
we retained seed banks of herbaceous species by preventing the use of 
herbicide or other chemical agents in unweeded plots.

The tree diversity experiment was established in April 2018 and 
included 8 tree species located in various positions on the ‘fast-slow’ 
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economic spectrum (Zheng et al., 2022). This species set included four 
light demanding fast growing species (Sapindus mukorossi, Koelreuteria 
bipinnata, Liquidambar formosana and Sapium sebiferum) and four shade 
tolerant species (Machilus thunbergii, Neolitsea sericea, Cyclobalanopsis 
glauca, Schima superba). The experiment included two treatments: 
weeding, with two levels (unweeded and weeded), and tree species 
richness, with four levels (combinations of 1, 2, 4, or 8 species). We 
manipulated 17 functional combinations: eight monocultures, four 
two-species mixtures, four four-species mixtures, and one mixture 
including all eight species. The functional characteristics of the species 
were dissimilar, ranging from the acquisitive to the conservative end of 
the plant functional spectrum (Table S1). The weeded and unweeded 
treatments were nested within functional diversity treatments, i.e., all 
17 functional combinations were implemented under both weeded and 
unweeded treatments.

The experiment laid out four random blocks for each treatment to 
buffer random environmental variations, and the plots were randomized 
within each block. The plot size was 4.2 × 4.2 m2 plots and 64 one-year- 
old tree seedlings of the selected species were planted on 8 × 8 grid with 
0.6 m distance between individuals. Seedlings were grown in containers 
under standard nursery environment for one season and then trans
planted into the field. The size of the transplanted seedlings in terms of 
diameter and height were detailed in Zheng et al. (2022). For a given 
species mixture plot, species were planted randomly in equal pro
portions but avoided having the eight nearest neighbors of each focal 
seedling belong to the same species. This approach ensures that diversity 
effects occur at the neighborhood level in tree mixtures, as neighboring 
tree individuals interact strongly and contribute to the diversity effects 
in forest communities (Grossman et al., 2017). The plots were spaced 
1 m apart to allow movement and to minimize inter-plot interactions. In 
total, there were 136 plots (17 tree combinations × 2 treatments 
(weeded and unweeded) × 4 blocks) and 8704 tree individuals. After 
two months of the experiment establishment, dead tree seedlings were 
replanted to mitigate the shock of planting (Figure S1; Figure S2; Zheng 
et al., 2022).

In all weeded plots we clipped off the herbaceous plants at ground 
level by using sickles, which avoided the soil disturbance. Weeding was 
performed with one-month intervals in the first two years (2018–2019) 
and at three-month intervals through the third year after the establish
ment of experiment. In contrast, for the unweeded plots, weeding and 
any other human interference were banned to allow the plots to develop 
naturally. This management approach allowed us to test how herba
ceous species and tree species interactively affect community structure 
and ecosystem processes over time. There were different types of her
baceous plants in our experiment plots, including grasses, forbs, fern and 
sedges (Table S2).

2.2. Measurements of seedling crown and stem

Tree crown measurements and stem basal area were recorded each 
September (end of the growing season) every year by using a meter stick 
and Vernier caliper; respectively. We measured the tree seedling height 
(H) from the base of the stem to the crown top, the height of the first 
branch (BH) from the ground, and the stem diameter (D) for each in
dividual tree across 136 plots. For a given individual tree, we also 
measured crown radii (R) from two directions (east–west and north
–south). The crown depth (CD) was calculated as the difference between 
plant height and the height of the first branch. As this experiment 
included all broadleaved tree species with spherical crown shapes, we 
calculated the crown volume (CV, m3) for each tree according to Eq. (1). 

CV =
4
3

π Ca

2
Cb

2
CD
2

(1) 

Where Ca and Cb represent the maximum crown radius calculated from 
the east-west and north-south directions, respectively, while CD denotes 

the crown depth, as determined by Zheng et al. (2019). We calculated 
the stem basal area (BA, m2) by following the Eq. (2). 

BA = D2 ×
π
4

(2) 

Where D is the stem diameter at the height of 5 cm from the ground 
surface (Oyebade and Anaba, 2018).

In our studied subtropical region with plenty availability of sunshine, 
temperature and precipitation, that is, superior thermal and water 
conditions, plants grow very fast. Often, as showed for the mean crown 
diameter, crown volume, basal diameter and height of each tree species 
across four experimental years in Table S3, tree seedlings especially 
those pioneer species can grow 0.6–1 m in the second year, and excee
ded 1 m by the third year. The average plant height of each species was 
2.5 m in second year and surpassed this height by the third year. As 
shown in Table S4, the plot-level average crown area coverage increased 
over time, reaching 28.10 %, 45.40 %, 73.40 %, and 275.32 % in the 
first, second, third, and fourth years, respectively. The rapid crown 
development and increase in seedling height ensured crown interaction 
from the early years of the experiment. Therefore, in our experimental 
plots, the crowns of tree seedlings not only horizontally overlap, influ
enced by the 0.6 m spacing between them, but also vertical overlap due 
to variations in crown depth between acquisitive and conservative tree 
species.

2.3. Estimation of crown complementarity of tree seedlings

We estimated the plot-level seedling crown complementarity (CC) by 
following the approach in Williams et al. (2017) and Zheng et al. (2019). 
We first calculated the crown complementarity for a pair of tree seed
lings as the difference in crown size between two individuals along the 
height axis, according to Eq. (3): 

CCij =

⃒
⃒ViO ̶ VjO

⃒
⃒ + V in + Vjn

Vi + Vj
(3) 

Where Vio and Vjo represent the crown volume of individuals i and j, 
respectively, within the overlapping section along the vertical axis of 
canopy. Vin and Vjn are the crown volume of individuals i and j in the 
non-overlapping section along the height axis. Vi and Vj indicate the 
total crown volume of individual i and j, respectively.

The plot level CC was then calculated by averaging the CCij of all 
possible pairs of measured individuals according to Eq. (4). 

CC =
Σ
(
CCij

)

n
(4) 

Where n is the number of all pairs of individuals in each plot.
To remove edge effects, we excluded data from the outer rows of 

seedlings in each plot by using a central area of 3 m × 3 m out of 4.2 m 
× 4.2 m. We included 36 seedling individuals for data analysis out of 64 
individuals in each plot. This strategy was applied for calculating the 
plot-level seedling crown complementarity, total crown volume and 
basal diameter.

2.4. Calculation of the functional identity and diversity of the tree mixture

We used species richness to represent species diversity for each tree 
mixture. We estimated the functional identity of the tree mixtures by 
using the community-weighted mean values (CWM). These values of six 
traits recognized as important for resource capture and usage and key 
features of the plant leaf and wood economic spectra. The six traits were 
leaf longevity (LL, month), specific leaf area (SLA, cm2 g− 1), leaf area 
(LA, cm2), leaf dry mass content (LDMC, %), leaf nitrogen content (LNC, 
mg g− 1), and wood density (WD, g cm− 3). These traits are known to 
determine key features of plant leaf and wood economic spectra, in 
relation to resource capture and usage (Reich, 2014). The functional 
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trait measurements were detailed in Zheng et al. (2022). These CWM 
values were calculated as the average trait values of each species 
mixture. We conducted a principal component analysis (PCA) using the 
CWM values of six traits to derive a comprehensive predictor of the 
combination of each tree mixture. We then extracted the first principal 
component, CWMPC1, which accounted for 79.3 % of the total vari
ability, to represent the functional identity of the tree mixtures 
(CWMPC1), with high value of CWMPC1 representing the acquisitive 
economic strategy of a tree mixture. The functional trait measurement 
and CWM calculation processes are detailed in Zheng et al. (2022).

The functional diversity of each tree mixture was quantified as the 
Rao’s quadratic entropy index (RaoQ). RaoQ is a measure of trait 
dissimilarity weighted by species abundances according to Eq. (5). 

RaoQ = Σ s
i =1Σ s

i=1dij pi pj (5) 

Where S is the species number in a given tree mixture. pi and pj denote 
the relative abundance of species i and j, respectively, and dij is the 
functional dissimilarity of interacting species in a given tree mixture 
(Ricotta, 2005). The CWM values and RaoQ were determined using the 
FD package (Laliberte and Legendre, 2010).

2.5. Statistical analysis

We employed linear mixed effect models to examine how tree species 
richness (SR), functional diversity (RaoQ) and functional composition 
(CWMPC1) and treatment (i.e., weeded or unweeded) interactively 
impact CC, CV and BA of tree seedlings over time. SR was log2- 
transformed, BA and CV were natural logarithm-transformed to 
improve the normality of the residuals of the models. The first model 
(Eq. 6) tested the effects of SR, treatments, experimental years and their 
interactions on the CC, CV and BA. The second model (Eq. 7) was used to 
observe the effects of RaoQ, treatments, experimental years and their 
interactions on CC, CV and BA. The third model (Eq. 8) was used to 
examine the effects of CWMPC1, treatments, experimental years and 
their possible interactions on the CC, CV and BA.      

Where yi symbolizes CC, CV, and BA of tree seedlings, respectively for 
three models (Eqs. 6–8). These variables are associated with partial 
regression coefficients, and βi are partial regression cofficients to be 
estimated. The ’Treatments’ represent weeded and unweeded treat
ments to indicate the influence of herbaceous plants; πBlock and πPlot.ID 
are the random effect factors originating from ’Block’ and ’Plot iden
tity’; respectively; while ε are the sampling errors.

It was noted that crown volume can also directly affects CC. Even 
though there was a moderate positive correlation between CC and CV 
(Pearson correlation coefficient was 0.58 and 0.59 under weeded and 
unweeded treatments, respectively). The alternative model for CC 
considering CV as a covariate yielded similar AIC values compared with 
the models not including CV as a covariate. Therefore, we selected the 
simpler model (i.e., not including CV as a covariate) as our final model 
(Table S5).

We performed type III analysis of variance (ANOVA) to assess the 
effects of SR, RaoQ or CWMPC1, treatments, year and their interactions 
on CC, CV and BA of tree seedlings using the “effects” package in R. To 
test the differences in average CC, CV and BA between weeded and 
unweeded treatments within each year, we utilized the R package 
“emmeans” (Liepins et al., 2023). All of the above statistical analyses 
were performed using R version 4.3.1 (R Development Core Team, http: 
//www.R-project.org).

3. Results

3.1. Differences in CC, CV and BA of tree seedlings between weeded and 
unweeded treatments across years

On average, seedling crown complementarity (CC) increased with 
the experimental year under both weeded and unweeded treatments, 
and was significantly lower in the weeded than the unweeded treat
ments after the first year (Fig. 1a). However, crown volume (CV) did not 

yi ∼ β◦ + β1SR + β2Treatment + β3 Year + β4(SR × Treatment) + β5(SR × Year)
+ β6(Treatment × Year) β7(SR × Treatment × Year) + πBlock

/
πPlot.ID + ε

(6) 

yi ∼ β◦ + β1RaoQ + β2Treatment + β3 Year + β4(RaoQ × Treatment)+ β5(RaoQ × Year) + β6(Treatment × Year)
+ β7(RaoQ × Treatment × Year) + πBlock

/
πPlot.ID + ε

(7) 

yi ∼ β◦ + β1CWMPC1 + β2Treatment+ β3 Year + β4(CWMPC1 × Treatment)+ β5(CWMPC1 × Year)+ β6(Treatment × Year)
+ β7(CWMPC1 × Treatment × Year) + πBlock

/
πPlot.ID + ε

(8) 
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differ between weeded and unweeded treatments in the first three years, 
but was significantly higher in the unweeded than the weeded treat
ments in the fourth year (Fig. 1b). Tree basal area (BA) did not differ 
significantly in the first three years between weeded and unweeded 
treatments, but was significantly higher in the weeded than the 
unweeded treatments in the fourth year (Fig. 1c).

3.2. Effects of species richness on CC, CV and BA of tree seedlings 
between weeded and unweeded treatments over four years

The positive effects of tree species richness (SR) on tree CC increased 
with the experimental year in both weeded and unweeded treatments. 
However, herbaceous plants did not influence the effect of tree species 
richness on CC, and the temporal shifts of tree species richness effects on 
seedling crown complementarity were consistent between weeded and 
unweeded treatments (SR × Treatment and SR × Treatment × Year 
interactions were nonsignificant; Fig. 2a; Table 1).

The positive effects of tree SR on CV also strengthened over time in 
both weeded and unweeded treatments. On average, the CV in the 
unweeded treatment was higher than in the weeded treatment over 
time, whereas herbaceous plants did not influence the effect of tree 
species richness on CV over time (Fig. 2a; Table 1). The interactive ef
fects among SR, treatment and experimental years on CV was also non- 
significant (Fig. 2b; Table 1).

Tree SR did not increase the BA in both weeded and unweeded 
treatments, but the BA was on average lower in the unweeded than the 
weeded treatments (Fig. 2c; Table 1). Tree SR and its interaction with 
treatment and experimental year did not affect BA (Fig. 2c; Table 1).

3.3. Effects of functional diversity on CC, CV and BA of tree seedlings 
between weeded and unweeded treatments over four years

Tree functional diversity (RaoQ) had significant positive effects on 
CC of tree seedlings and the effects strengthened over experimental 
years. The CC of tree seedlings was not influenced by treatment and its 
interaction with RaoQ, but was significantly impacted by the interaction 
between treatment and experimental year. There was none-significant 
interactive effect of tree RaoQ, treatments and experimental year on 
CC of tree seedlings (Fig. 3a; Table 2). Tree CV was also positively 
influenced by tree RaoQ, experimental year and their interaction. The 
temporal shifts of tree RaoQ effects on CV were also consistent between 
weeded and unweeded treatments. The three-way interaction among 
tree RaoQ, treatment and experimental year did not affect CV (Fig. 3b; 
Table 2). Similar to the effects of tree species richness, tree RaoQ did not 
increase the BA in weeded and unweeded treatments, but the BA was on 
average lower in the unweeded treatment than in the weeded treatment 
(Fig. 3c; Table 2). The interaction among tree RaoQ, experimental year 
and treatment did not affect BA (Fig. 3c; Table 2). In addition, tree 
functional composition (CWMPC1) did not influence CC and BA, but 
increased CV (Figure S3; Table S6).

4. Discussion

This experiment disclosed that crown complementarity and crown 
volume of tree seedlings increased with time and on average were 
greater in unweeded than in weeded treatments. This finding supports 
our first hypothesis that the presence of herbaceous plants promotes 
seedling crown complementarity through increasing canopy develop
ment during the early stage of stand development. Although seedling 
crown complementarity increased significantly with increasing in spe
cies richness and functional diversity in both weeded and unweeded 
treatments, the presence of herbaceous plants did not alter the tree di
versity effects on seedling crown complementarity. These results sup
port our second hypothesis that herbaceous plants competition does not 
affect the tree diversity effects on seedling crown complementarity 
during the early stage of stand development. Together, our findings 
contribute to understanding the role of herbaceous plants in mediating 
the tree diversity effects on canopy processes and growth of tree seed
lings during the early stand development stage.

4.1. Influence of herbaceous plants on canopy processes of tree seedlings 
in early-successional stands

We found that seedling crown complementarity in unweeded plots 
exceeded that in weeded plots after one-year of stand development. This 
result suggests that tree seedlings experience high resource competition 
with herbaceous plants during the early stage of stand development. 
Logically, compared with herbaceous plants, tree seedlings have lesser 
ability to compete light aboveground and soil nutrients and water un
derground due to poor root establishment just after planting (Adams 
et al., 2003). For instance, fast-growing herbaceous plants hinder the 
crown growth of tree seedlings by casting shade (Roberts and Long, 
1992) and exacerbating physical abrasion (Watt et al., 2003a), while 

Fig. 1. Temporal changes in crown complementarity, crown volume and stem 
basal area between weeded and unweeded treatments. The letters “a” and “b” 
indicate significant differences between two treatments within a given year. 
Crown volume and stem basal area were natural log-transformed.
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slow-growing perennial grasses with their extensive root systems can 
deplete relatively more soil water and nutrients than tree seedlings 
(Moore, 1975; Remaury et al., 2019). However, when tree seedlings are 
successfully established during stand development (after one year in our 
experiment), they can overcome the growth of herbaceous plants 
through the rapid acquisition of both soil water and nutrients by 
installing root systems at variable soil depths (Liu et al., 2021), and light 
interception by extending crown volume and optimizing canopy packing 
(Jucker et al., 2015; Williams et al., 2017; Zheng et al., 2022). Alto
gether, this stand age-dependent variation in resource competition be
tween herbaceous and tree seedlings suggests that herbaceous plant 
competition plays a crucial role in shaping stand dynamics, particularly 
in canopy processes and stem growth of tree seedlings.

Herbaceous plants can induce differences in crown development and 
stem growth in tree seedlings through altering available resources (e.g., 
light, water and nutrients) (Valladares et al., 2002; Watt et al., 2003a). 
Our result showed that herbaceous plants facilitated an increase in 
crown volume but hindered the horizontal growth of the stem (i.e., stem 
basal area) of tree seedlings in the early stage of stand development 
(Fig. 1b-c). The biomass allocation trade-off between crown expansion 

and horizontal growth of the stem of tree seedlings is relevant to 
resource competition by herbaceous plants (Watt et al., 2003a). To 
effectively intercept light, tree seedlings tend to invest greater biomass 
in stem growth vertically than horizontally (Falster and Westoby, 2003). 
Concurrently, intensive competition for light favors great biomass 
allocation toward crown development in tree seedlings (Watt et al., 
2003b).

As a result, in response to herbaceous competition, tree seedlings 
improve their access to light through the efficient distribution of leaves 
and branches in both vertical and horizontal directions (Jucker et al., 
2015). With a great ability to increase crown volume and vertical 
growth of stems, tree seedlings may benefit more from increasing leaf 
area, improving physiological activity and the photosynthetic rate 
(Mohammed et al., 1998; Adams et al., 2003), and expanding crown 
width and depth (Williams et al., 2017). In mixed stands, tree species 
with inherent divergence in growth rate and crown morphology enable 
them to fit limited space efficiently, regardless presence of understory 
herbaceous plants.

Fig. 2. Relationship of crown complementarity (a), crown volume (b) and stem basal area (c) with tree species richness between weeded and unweeded treatments 
across four years. Crown volume and stem basal area were natural log-transformed and tree species richness was log-2 transformed. Refer to Table 1 for the detailed 
statistical analyses.
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4.2. Tree diversity effects on canopy processes are independent to 
herbaceous competition in early-successional stands

We observed that seedling crown complementarity positively asso
ciated with both species and functional diversity. Tree seedlings in 
mixtures increase crown complementarity due to variant capabilities for 
crown development among functionally divergent species (Williams 
et al., 2017). Compared with those in monocultures, functionally diverse 
tree seedlings in mixed stands with variable growth rates can partition 
spatial space efficiently through optimizing canopy packing plastically 
(Jucker et al., 2015) and placing crown complementarity along the 
height profiles (Van de Peer et al., 2018). In other words, their variant 
crown morphologies (e.g., slim, wider or laterally expanded) can in
crease crown adjustments for efficient space usage (Dieler and Pretzsch, 
2013; Forrester et al., 2017). Moreover, there are advantages to 
strengthen crown complementarity for functionally dissimilar tree 
seedlings due to different branching patterns and frequencies, distinct 
crown plasticity, variable crown repositioning tendency and contrasting 
leaf attributes (e.g., phenology and leaf size) (White, 1983; Valladares 
et al., 2002; Longuetaud et al., 2013). Concurrently, functionally 
different tree species in mixed stands may have variable rooting depths 
which enables them to use nutrients and water more efficiently (Com 
and Eissenstat, 2012; Liu et al., 2021), thus benefiting to canopy 
development and crown complementarity of tree seedlings.

Canopy processes of functionally divergent tree species with varying 
crown architectures and resource economics might be unaffected by 
small-stature herbaceous plants. Acquisitive species mainly extend their 
branches by investing greater biomass in foliage production (leaves) at 
the expense of branching frequency per unit crown area (morphological 
trade-off) (White, 1983). Acquisitive species also have great crown 
repositioning ability in both horizontal and vertical directions in order 
to enhance light capture and occupy more canopy space (Purves et al., 
2007; Valladares et al., 2002, Holzwarth et al., 2015; Díaz et al., 2016). 
Simultaneously, tree seedlings can absorb large amount of water and 
nutrients through high fine root production and installing root system 
away from weed zone of influence (Costantini, 1989). In short, these 
competitive advantages may allow acquisitive tree species to outgrow 
herbaceous plants by rapidly developing their crowns (Depauw et al., 
2020; Zheng et al., 2022).

In contrast, crown architectural plasticity (crown adaptive capacity) 
tends to be low in conservative species due to their high shade tolerance 

tendency (Valladares and Niinemets, 2008). Conservative tree species 
often invest heavily for inner crown development (White, 1983), which 
favour to high branching frequency per unit crown area for the shade 
tolerance. Generally, the shade that is exerted by overstory tree crowns 
can favour crown growth in conservative understory species (Hart and 
Chen, 2008; Bartels and Chen, 2010; Depauw et al., 2020). Therefore, in 
mixed stands, acquisitive and conservative tree species with varying 
crown architecture configuration strategies and great interspecific 
complementarity often lead to greater degree of crown complementarity 
due to more efficient space usage (Huang et al., 2018), regardless of the 
presence of herbaceous plants.

We also observed that the positive tree diversity effects on seedling 
crown complementarity increased over the experimental years (Figs. 2a-
3a). The increase in tree diversity effects on seedling crown comple
mentarity might be primarily attributable to the emergence of more 
variant crown architecture due to increased functional differences over 
time (Williams et al., 2017; Bongers et al., 2021; Zheng et al., 2022). 
Conversely, community functional composition (CWMPC1) did not 
significantly impact seedling crown complementarity. This might be 
caused by the presence of relatively identical crown architectures when 
communities are dominated by tree species with similar economic 
strategies, i.e., acquisitive or conservative (Zheng et al., 2019).

Although herbaceous plants do not alter the tree diversity effects on 
crown complementarity and crown volume of tree seedlings in the early 
stage of stand development as observed in this study, from the long-term 
perspective, functional reorganization in herbaceous plants might 
significantly impact the tree diversity effects on stand structure and 
dynamics and even productivity (Depauw et al., 2020; Zheng et al., 
2022). For example, the presence of large-statured herbaceous plants or 
vines may hinder tree growth by creating stressful limitations on light 
availability, as they overshadow the tree crown (Llorens and Leishman, 
2008). Moreover, vines can create groves on tree stems and branches 
through twisting and winding, and their excessive growth can increase 
the loads on tree stems and crowns, potentially leading to stem breakage 
(Rowe and Speck, 2015). Future research should investigate how tree 
diversity interacts with large-statured herbaceous plants in shaping 
canopy processes over time.

5. Conclusion

Based on a tree diversity experiment that included the weeded versus 

Table 1 
Results of the linear mixed effect models for the effects of tree species richness (SR), treatments, year, and their interactions on crown complementarity, crown volume 
and stem basal area of tree seedlings. NumDF, numerator degrees of freedom; DenDF, denominator degrees of freedom; F and the P-value of the significance test, 
respectively.

Dependent variable SOV SumSq NumDF DenDF F P

Crown complementarity SR 0.81 1 527.36 135.17 < 0.001
​ Treatment < 0.001 1 527.36 0.16 0.686
​ Year 1.96 1 404.00 325.63 < 0.001
​ SR × Treatment < 0.001 1 527.36 < 0.001 0.988
​ SR × Year 0.14 1 404.00 23.35 < 0.001
​ Treatment × Year 0.01 1 404.00 2.27 0.132
​ SR × Treatment × Year < 0.001 1 404.00 0.14 0.708
Crown volume SR 5.65 1 405.32 44.53 < 0.001
​ Treatment 0.21 1 405.32 1.65 0.199
​ Year 266.35 1 404.00 2100.67 < 0.001
​ SR × Treatment 0.01 1 405.32 0.09 0.768
​ SR × Year 1.17 1 404.00 9.23 0.002
​ Treatment × Year 0.75 1 404.00 5.88 0.015
​ SR × Treatment × Year < 0.001 1 404.00 0.02 0.878
Stem basal area SR 0.02 1 307.94 0.22 0.642
​ Treatment 0.55 1 307.94 4.89 0.027
​ Year 168.85 1 404.00 1490.91 < 0.001
​ SR × Treatment < 0.001 1 307.94 0.02 0.9
​ SR × Year < 0.001 1 404.00 0.03 0.865
​ Treatment × Year 8.06 1 404.00 71.12 < 0.001
​ SR × Treatment × Year 0.18 1 404.00 1.56 0.211
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unweeded treatments, this study demonstrated that herbaceous plants 
increased seedling crown complementarity by enhancing crown volume 
at the expense of stem growth for better light capture and space 
coverage, during the early stage of stand development. However, her
baceous competition could not alter the tree diversity effects on seedling 
crown complementarity because tree species with contrasting functional 
strategies in the mixed stands are advantageous to light interaction and 
water and nutrients acquisition, thus outcompeting small stature her
baceous plants. These findings hence provide mechanistic insight into 
the functioning of herbaceous plants in shaping seedling crown 
complementarity through mediating biomass allocation trade-offs be
tween crown expansion and horizontal growth of stem in tree seedlings 
during the early stage of stand development. Moreover, this study 
highlights the non-negligible role of naturally regenerated herbaceous 
plants in shaping canopy processes and stand structure and dynamics in 
the beginning of forest succession.
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