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Abstract: Increasing plant diversity commonly enhances standing biomass and other ecosystem 
functions (i.e., carbon fluxes, water use efficiency, herbivory). The standing biomass is correlated 
with vegetation volume, which describes plant biomass allocation within a complex canopy struc-
ture. As the canopy structure of plant communities is not static throughout time, it is expected that 
its changes also control diversity effects on ecosystem functioning. Yet, most studies are based on 
one or two measures of ecosystem function per year. Here, we examine the temporal effects of di-
versity of grassland communities on canopy structural components in high temporal (bi-weekly 
throughout the growing season) and spatial resolutions as a proxy for ecosystem functioning. Using 
terrestrial laser scanning, we estimate metrics of vertical structure, such as biomass distribution 
(evenness) and highest biomass allocation (center of gravity) along height strata. For horizontal 
metrics, we calculated community stand gaps and canopy surface variation. Our findings show that 
species-rich communities start filling the vertical space (evenness) earlier in the growing season, 
suggesting a more extended period of resource use (i.e., light-harvesting). Moreover, more diverse 
communities raised their center of gravity only at the peak of biomass in spring, likely triggered by 
higher interspecific competition inducing higher biomass allocation at upper layers of the canopy. 
Furthermore, richer communities were clumpier only after mowing, revealing species-specific dif-
ferences in regrowth. Lastly, species richness strongly affected canopy variation when the phenol-
ogy status and height differences were maximal, suggesting differences in plant functional strate-
gies (space to grow, resource use, and flowering phenology). Therefore, the effects of diversity on 
ecosystem functions depending on those structural components such as biomass production, de-
composition, and herbivory, may also change throughout the season due to various mechanisms, 
such as niche differences, increased complementarity, and temporal and spatial variation in biolog-
ical activity. 

Keywords: growing season vegetation dynamics; diversity effects; community canopy structure; 
grassland; and 3D point cloud 

1. Introduction
Compelling evidence shows that biodiversity enhances ecosystem functioning—an 

effect best studied for plant community biomass [1–5]. Standing biomass has been shown 
to be directly correlated to the volume of vegetation, which was recently successfully es-
timated using terrestrial laser scanning techniques [6–8], as well as shown to be positively 
correlated with plant height (a basis for volume calculation) also using the same technique 
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[9]. Within a given volume of vegetation, differing plant biomass allocation patterns may 
create complex canopy structures with variations in height and density of different plant 
organs such as leaves, stems, and flowers. These patterns in canopy structure can change 
with plant species richness and exhibit characteristic spatial (i.e., biomass distribution 
along vertical or horizontal profiles) [10] and temporal patterns (i.e., seasonal variation of 
canopy height) [11,12]. Given that light capture and downstream processes related to pho-
tosynthesis strongly depend on where leaf biomass is allocated within the canopy [13], an 
optimal distribution of canopy structural components may be an important prerequisite 
of complementarity in light use in more diverse vegetation [14–17]. Therefore, a precise 
characterization of the canopy structure has the potential to elucidate underlying mecha-
nisms of biodiversity–ecosystem functioning relationships [10,18]. However, which com-
ponents of canopy structure relate to plant diversity and how these relationships change 
throughout the growing season in grassland communities still merits thorough investiga-
tion. Here, we study the phenology of canopy components with high spatial and temporal 
resolution in dynamic, managed grassland communities. 

Previous studies have shown that coarse measures of plant community structural 
components like canopy height, vegetation density, and the vertical distribution of bio-
mass could drive plant diversity effects on different ecosystem functions. For instance, 
positive effects of biodiversity on plant biomass were associated with diverse mixtures 
attaining taller canopy heights in grassland plant communities [9,13,19,20] and forests 
[21,22]. Moreover, increasing vegetation density triggers an asymmetric competition for 
the light, driving higher biomass with increasing plant diversity in grasslands [18,23]. Var-
iation in plant height (represented by vertical stratification of the plant canopy) also me-
diated positive effects of plant diversity on habitat provision quantified as arthropod 
abundance in forests and on arthropod species richness in grasslands ecosystems [10]. In 
addition, a study on the abundance and richness of carnivorous arthropods showed their 
positive association with diverse plant communities via increased canopy space-filling by 
small-statured forbs [24]. Overall, these findings suggest that investigating determinants 
of canopy structure could advance our mechanistic understanding of biodiversity–eco-
system functioning relationships. However, so far, we lack information on quantitative 
measures of canopy structural components in grassland communities concerning plant 
species richness and, in particular, their spatial and temporal changes. As canopy struc-
tural components are not static but change over time (here we consider changes through-
out the growing season), one can expect a change in the strength and direction of their 
impact on the biodiversity–ecosystem functioning relationship over time. Even though 
grassland ecosystems are highly dynamic [25–27], most of the studies in grasslands focus 
on the peak of biomass and therefore do not reflect and integrate over seasonal changes 
in the canopy structural components and their diversity signature. 

Temporal variability in Central European grasslands is induced by species-specific 
asynchrony in phenology and modified by species interactions [28,29]. Grassland species 
exhibit distinct activity periods of plants throughout the growing season and management 
regimes (e.g., mowing or grazing), leading to seasonal changes in vegetation structure. 
Canopy structural components (volume, height, density) reflect the spatial heterogeneity 
of vegetation in terms of overall volume and vertical and horizontal architecture of plant 
community stands and how these structures change throughout sward development [30]. 
To shed light on the relationship between plant diversity and canopy structural compo-
nents throughout the growing season, it is essential to differentiate between effects on 
vertical structural components (i.e., evenness and center of gravity) and horizontal struc-
tural components (i.e., canopy clumpiness and canopy variation), as these two dimensions 
of canopy structure may have distinctly different functional consequences 

Vertical structural components evaluate total plant height and how biomass is dis-
tributed along the vertical dimension [31]. For instance, when plant communities develop 
throughout the growing season, biomass gradually fills the vertical profile from the bot-
tom to the top until it peaks. The extent to which the vertical gradient is progressively 
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filled with biomass can be captured using canopy evenness. Likely, more diverse commu-
nities, where species differ in shade tolerance, size, and arrangement of leaves and flow-
ers, will fill the vertical profile in a more complementary way, i.e., more evenly, as the 
sward development approaches the biomass peak. Apart from the evenness of biomass 
distribution throughout the canopy, it is also important to know in which height layer the 
majority of the biomass is concentrated. This is captured via the center of gravity. At the 
peak of biomass, an intensification of light competition within plant communities may 
induce a higher biomass allocation to height growth and leaves positioned at the top of 
the canopy, thus raising the center of gravity of plant communities. If diverse mixtures 
grow taller canopies with higher density, they may be characterized by a higher center of 
gravity [32]. However, it has also been shown that more diverse communities invest more 
biomass in lower height layers rather than increasing their center of gravity [11,18,32]. 

Horizontal structural components depict the patchiness and topography of the can-
opy. At the start of the growing season and during recovery after mowing, interspecific 
aboveground interactions within plant communities are minimal [33], allowing for more 
unhampered vegetation growth due to higher canopy openness. The resulting structural 
patchiness (as opposed to a fine-grained homogeneous mixture of canopy elements) is 
detectable via the measure of canopy clumpiness. In more diverse plant communities, phe-
nological asymmetry will promote early and fast-growing species to build or expand their 
canopies faster, leading to higher canopy clumpiness during the onset of the growing season 
or the recovery after mowing. Another essential metric of horizontal canopy structure de-
picts the topography of the canopy, i.e., the horizontal variation in canopy height introduced 
by peaks, valleys, and gaps [34]. Height differences in the canopy may arise from differ-
ences in maximum plant height and species-specific differences in phenological height 
development. In species-rich plant communities, height variation should be the strongest 
midway of the development towards the peak of biomass, when early species have al-
ready advanced to grow tall. In contrast, species with late phenologies did not yet have 
enough time to catch up.  

To better depict the effects of plant diversity on different canopy structural compo-
nents, including their changes throughout the growing season, we need a non-destructive 
approach. With the advances in remote sensing techniques, such as light detection and 
ranging (LiDAR), we have an innovative way to quantify metrics characterizing the can-
opy structure and complexity of grassland communities with high precision throughout 
the entire growing season [9,10,34]. Such techniques have so far been primarily employed 
in forests, increasing the understanding of variability and location of canopy structural 
components in space in forest ecosystems [35] and their relation to diversity [36] as well 
as ecological functions such as light absorption [37,38], and carbon storage [39]. Temporal 
LiDAR data allow a precise estimation of all canopy structural components mentioned 
above.  

Here, we use one type of LiDAR technique, the so-called terrestrial laser scanning 
(TLS) in grasslands, to investigate the relationship between plant diversity and canopy 
structural components throughout the growing season in a long-term biodiversity exper-
iment (Trait-Based Biodiversity Experiment; Ebeling et al., 2014). The Trait-Based Experi-
ment manipulates species richness in a managed temperate grassland. We used the high-
resolution 3D point clouds data to extract two vertical structural components (canopy even-
ness and center of gravity) and two horizontal structural components (clumpiness and can-
opy variation) measures. We test the following hypotheses: (1) Plant species richness in-
creases vertical canopy evenness, most pronounced during the biomass peak due to more 
complementary filling of niche space and the height profile. (2) Plant species richness in-
creases the vertical center of gravity well before reaching and during the peak of biomass 
due to increased light competition and canopy height. (3) Plant species richness will most 
strongly affect horizontal canopy clumpiness at phenological phases with lower interspe-
cific interactions (at the start of the growing season and during recovery after mowing). 
(4) Species richness will increase the horizontal canopy variation when height differences 
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are most pronounced between component species, which may occur midway between the 
start of the growing season and the biomass peak. 

2. Material and Methods 
2.1. Study Site and Trait-Based Experiment 

This study was conducted within the Trait-Based Biodiversity Experiment (TBE; [40] 
in 2014 at the field site of Jena Experiment (Thuringia, Germany; 50°55′ N, 11°35`E, 130 m 
above sea level) [29,41]. The TBE was established in 2010 and manipulated plant species 
richness of 48 non-legume species [41] and functional trait diversity of plant communities, 
i.e., plant height, leaf size, rooting depth, root length density, the onset of flowering, and 
the start of the growing period (see [40]). Despite the advantage of functional trait manip-
ulation at the TBE for better understanding the mechanism of biodiversity effects on eco-
system functioning, we only used species richness as a diversity predictor for two reasons. 
First, the plant functional traits were not measured in the same temporal scale as the can-
opy structure campaign. Second, as the functional traits values in the TBE were derived 
from monocultures and databases, they are assumed to be constant along species richness 
gradient [29]. Moreover, a recent study has shown that even if a plethora of plant traits 
were measured at the same field site, functional diversity metrics were shown to have 
similar explanatory power as plant species richness in predicting productivity [42]. Yet, it 
is known that plant species can respond to changes in the biotic and abiotic environment, 
which might favor some species over others due to a selective environmental gradient. As 
shown by [43], some functional traits (such as height and leaf specific area) can differ be-
tween plant individuals of the same species growing in mixture and monocultures over 
time, which might influence the predictive power based on trait approaches [29]. 

The Trait-Based Experiment consists of 138 plots arranged in 3 blocks, covering a 
plant species richness gradient of 1, 2, 3, 4, and 8 species. In Thuringia, where the Jena 
Experiment is located, the most common practice of extensively managed grasslands is 
no fertilization with 2–3 cuts per year [41]. The Trait-Based Experiment mimics this prac-
tice and maintains experimental plots with biannual mowing (June, September) and no 
fertilization. To maintain the sown species richness gradient, plots are weeded three times 
per year (April, July, and October). For the present study, a subset of 92 plots was chosen 
to balance the time used to scan and process data biweekly and cover the species pools. 
This means that in the 92 plots, we covered the entire pool of species based on resource 
use along the vertical gradient (light, water, and nutrient) and the temporal pool related 
to life history and phenology. The remaining 46 plots present the extreme species that 
maximized spatial and temporal functional diversity (see details on species pool distribu-
tion in Ebeling et al., 2014). We conducted our community scanning measurements in 16 
monocultures, 32 two-species mixtures, 24 three-species mixtures, 18 four-species mix-
tures, and 2 eight-species mixtures. 

2.2. Terrestrial Laser Scanning: Data Acquisition and Processing 
To conduct a non-destructive measurement of the canopy structure at high temporal 

resolution, we used a terrestrial laser scanner (TLS) Faro Focus 3D X330 [44]. We scanned 
the 92 plots biweekly from April to September 2014, resulting in 11 time-steps. The TLS 
was mounted upside-down on a tripod elevated 3.35 m above soil level. The tripod legs 
were centered on permanent survey markers to guarantee identical scanning areas over 
time. For each plot, we extracted an area of 3.75 m2 (1.5 m × 2.5 m) below the scanner to 
reduce the effect of leg shadows within scans. The laser scanner measures the distance 
between the surface of an object and the scanner. The discrete returns of laser beams reg-
istered by the laser scanning produce a point cloud image of the surface of the grassland 
vegetation. The laser device emits an infrared pulse of 1550 nm with a beam divergence 
of 0.011° (0.19 mrad) at a range of 0.6 to 130 m. The scanning parameters used for resolu-
tion were (i) 44.4 million points (full scan) and (ii) the first level of quality (1×) to maximize 
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the efficiency of the scanning processes [44], yielding 3D point clouds with a scan size of 
10,154 × 1138 points horizontally x vertically. The point cloud of all scan plots was con-
verted into XYZ coordinates using the proprietary software “Scene” (version 5.2.0, [45]. 

We adopted two filtering processes on the point cloud data to reduce errors and pro-
mote higher accuracy. First, we applied a statistical outlier removal, which computes the 
average distance of every sixth point to its neighbors and rejects points that are farther 
than the average distance (N = 6, ∑ = 1.5). Second, a noise filter removed the points far 
away from the fitted plane in a plane of 2 mm circumference. The software ‘CloudCom-
pare 2.8.1’ performed both filtering processes using the function SOR [46]. LAS format 
files were derived from the XYZ coordinates of the point clouds. To obtain height above 
ground level, we normalized the Z coordinates of the community canopy returns and ap-
plied a digital terrain model based on a triangular irregular network (TIN) approach. It is 
important to note that although Faro Scanner produces discrete-return laser beams that 
can reduce the information below the canopy, we still believe that, due to the density of 
points obtained in all plots, it provides a good proxy for the height distribution of struc-
tures. 

2.2.1. Canopy Structural Components 
To characterize the canopy volume of the grassland community, we calculated vol-

ume based on the voxelization technique (Figure 1). A ‘voxel grid’ is a digital description 
of a volumetric object that subdivides the point clouds into a regular grid in three-dimen-
sional space with a defined size [7]. We only used voxels that contained at least one 3D 
point. To determine the voxel grid size, we checked the density of points per m2. To com-
pute the density of points, the number of neighboring points (inside a sphere of radius R 
= 0.05 m) was counted for each point. As a result, we obtained the volume density classes 
per cubic meter distribution, which presented a normal distribution as calculated via the 
Gauss distribution fitting function in the CloudCompare software [46]. Hence, for each 
scanned plot, a voxel grid with a resolution of 5 cm was created, and the volume was then 
calculated as the product of the cell area and the attributed height. Further, we split 
scanned plots based on the voxel grids into five different strata of height (0.3–20 cm, 20–
40 cm, 40–60 cm, 60–80 cm, and 80–100 cm). We calculated the sum of all voxels separately 
for each of the five strata. As a result, we obtained volumetric data based on 3D point 
clouds for five different strata along the vegetation height. 

 
Figure 1. Visualization of the canopy structural component metrics using a subset of 3D point clouds 
of a sampling plot in which we calculated volume based on voxel grids with a resolution size of 5 
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cm. The volume is distributed in 5 height strata varying from (1: 0.3 - 20 cm, 2: 20 - 40 cm, 3: 40 - 60 
cm, 4: 60 - 80 cm, and 5: 80 - 100 cm) and used to measure evenness and center of gravity indicated 
by the *. Further, the 3D point clouds were rasterized to calculate Geary´s C index (clumpiness); and 
using Poisson reconstruction surface of canopy surface, we calculate canopy variation by dividing 
the canopy surface area by the area of the ground plot. More details described in Methods the sec-
tion about canopy structural components. 

The vertical metrics of canopy structure components—the evenness and center of 
gravity—are based on voxel grid estimations of the 3D point clouds for each plot (Figure 
1). To measure the evenness of canopy volume along with vegetation height, we calcu-
lated: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = �(
𝑛𝑛

𝑖𝑖=1

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑒𝑒𝑖𝑖/�(
𝑛𝑛

𝑖𝑖=1

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑒𝑒𝑖𝑖)2)/5  

Evenness is the sum of volume proportions of each of the five strata per total volume 
of the plot divided by 5, where i is each stratum of height and n is the number of plots. 
The evenness describes the homogeneity of the point cloud density in their vertical distri-
bution. The center of gravity, in turn, used the volume of voxel grids per height strata to 
identify the location—height stratum (definition see above)—with the highest density of 
points (adapted from Barry et al., 2020; Spehn et al., 2000). Then, we calculated as follows: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑒𝑒𝑖𝑖=1𝑛𝑛 /�(
𝑛𝑛

𝑖𝑖=1

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑒𝑒𝑖𝑖))2  

Based on calculating the sum of volume proportions along strata of height, we iden-
tify the stratum with the highest volume allocated. The center of gravity ranges from 1 to 5, 
where 1 is the bottom layer (0–20 cm), and 5 is the top canopy (80–100 cm) (Figure 1). 

To assess the spatial heterogeneity of the plant community for each plot, we also cal-
culated two horizontal metrics of canopy structural components describing the canopy 
roughness and clumpiness based on the rasterization of 3D point clouds. We used the 
surface reconstruction method, which fits a mesh on each plot’s 3D point cloud density 
(the filtered point clouds and not voxel grids) [47]. We applied the Poisson Surface Recon-
struction method, which fits a mesh on all oriented points (perpendicular vectors to the 
tangential plane to the surface at that point) [48]. After producing the surface mesh for all 
plots, a surface area of the mesh in square meters was calculated and divided by the area 
of the plot (3.75 m2) (Figure 1). For clumpiness, we evaluated the size and distribution of 
clusters in the spatial arrangement of the point cloud into two dimensions based on the 
rasterized 3D point clouds. For this, we computed Geary´s C index, an identifier of cluster 
points with similar attributes, assessed by the pixel spatial autocorrelation [49]. The 
Geary´s C index lies between 0 and some unspecified values greater than 1. Hence, values 
lower than 1 display an increase in positive spatial autocorrelation (more similar clus-
ters—less clumpiness), while values close and higher than 1 demonstrate increasing neg-
ative spatial autocorrelation (more dissimilar clusters—high clumpiness). We used the 
function Geary from the R package “raster” (Figure 1). 

2.3. Data Analyses 
2.3.1. Intra-Annual Diversity Effects on Plant Communities Canopy Structure 

To investigate the temporal changes in diversity effects on the volume and the can-
opy structure of grassland communities, we fitted separate mixed-effects models for vol-
ume and each metric of canopy structural components using the lme function in the nlme 
package of the statistical software R (version 3.6.3). We examined the relationship between 
diversity (experiment design species richness as predictors) and volume and canopy 
structural component measures (response variables) using the TLS measurements 
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obtained on 11 dates throughout the growing season. We checked for each model if the 
residuals were temporally auto-correlated (via the ACF function) within the 11 dates [50]. 
Therefore, the mixed-effects models were fitted with a correlation structure function. First, 
we assessed the standardized residuals using an empirical autocorrelation plot and com-
pared the performance of models for different auto-correlation structure functions such 
as AR1 and ARMA (1,0) and ARMA (2,0) with distinct error structures based on AIC val-
ues [50]. In the final mixed-effect model, we used the autoregressive correlation structure, 
which displayed the lowest AIC value (for volume, we used the R function corAR1 (0.5); 
for the four canopy metrics we used corARMA (2,0); package nlme, version 3.1-128) for 
the times of measurement [50,51]. The mixed-effects models treated block and plot as ran-
dom factors in which plots are nested in blocks because we have repeated measurements 
(11 times) in each plot. Moreover, this parameterization allows responses to vary ran-
domly between blocks and plots throughout the growing season. For all mixed effect 
models, we chose a parameterization without intercept so that the individual coefficients 
at each sampling time vary around zero and indicate the occurrence of significant positive 
or negative effects (instead of expressing the difference to some arbitrary reference sam-
pling time). We fitted all final models with the REML approach of parameter estimation. 
We assessed the homogeneity of residuals with residuals vs. fitted values plots and Q-Q 
plots for data normality using “Pearson” correlation [52]. We used the anova function for 
mixed-effects models using the F-statistic (likelihood ratio test). 

3. Results 
3.1. Plant Diversity Effects on Volume Distribution across the Season 

The volume calculated from the voxel grid approach varied strongly across gradients 
of species richness, the height strata (Figure S1), and throughout the growing season (Fig-
ure 2). The TLS point clouds of plant communities showed a high density of points in the 
lowest layer of the height strata irrespective of the sampling time (Figure S1). This sug-
gests that the TLS sensors provided a good vertical representation of all canopy elements 
even during biomass peak. Our data show that most of the volume was concentrated be-
tween 0.3 to 20 cm (Strata of height 1) (Figure S1). 

 
Figure 2. Temporal distribution of total volume per time slice throughout the growing season in 
2014. The total volume calculated based on voxelization technique is displayed across the experi-
mental species richness gradient in colored code. Note that the eight-species communities represent 
two communities in our database, therefore the mean lines have lower variance than other commu-
nities and the interquartile ranges in the boxplot are not shown. 
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In a second step, we found that the effect of plant diversity on the total volume per 
plot changed significantly over time (significant interaction between species richness and 
time in Table 1). The volume increased with plant diversity, but this relationship was not 
consistently strong over the growing season (Figures 2 and 3A). We found a significantly 
positive effect of plant diversity on accumulative volume during the peak of biomass in 
May (15 and 31 May; p values < 0.001 for both dates, Figure 3A). In addition, after the 
mowing and during the summer, species richness significantly promoted total volume 
before the peak of biomass in August (10 and 28 July, 12 August; p values of 0.006, 0.004, 
and 0.006 respectively; Figure 3A). Notably, there was no significant effect of species rich-
ness on total volume at the biomass peak on 20 August (p-value of 0.135). 

 
Figure 3. Coefficient plot showing the variation of estimates (effect sizes) of species richness (SR), 
its contrast to zero with 95% confidence intervals. (A) shows the slope each of the cumulative vol-
ume and (B) for evenness, (C) for Clumpiness, (D) for center of gravity, and (E) for canopy variation. 
The slopes are based on mixed-effects models during the growing season in 2014 with codes for 
significant relationships: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’.  

Table 1. Type II analysis of variance table with Kenward–Roger’s method showing the results with 
the fixed-effects part of the mixed-effects models considering the effects of plant species richness 
(‘SR’) on the total volume over the growing season (“Time”). Restricted maximum likelihood esti-
mated the variance components of the mixed effect models. Values in the columns are numerator 
degrees of freedom (Df), chi-square test (Chisq), and p-values (Pr (>Chisq)). Significant relationships 
at level 0.05 are in bold. 

 Df Chisq Pr (>Chisq) 
Time  11 10,122.029 2.2 x 10-16 

Time × SR 11 69.421 1.574 x 10-7 

3.2. Seasonal Diversity Effects on Canopy Structural Components 
Further, we extracted the slopes for individual dates from mixed effect models to test 

how diversity affects community canopy structural components over time. Our results 
show significant differences in the effect of plant diversity on canopy structural compo-
nent metrics throughout the growing season (Figures 3 and 4). In spring, richer commu-
nities presented a more even volume distribution during periods close to the peak of 
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biomass (15 and 31 May, p = 0.01 and p = 0.03, respectively; Figure 3B). In the summer, 
plant diversity displayed even stronger effects on evenness of volume distribution along 
the height profile (on 10 July with a p-value of 0.0001 and 28 July, a p-value < 0.0001) than 
at the biomass peak on 20 August (p-value of 0.02). The center of gravity exhibited the high-
est volume in the lowest height layer over time (Figure 4C), except for the dates of highest 
biomass in May and August (Figure 4C). Moreover, the models testing the effects of di-
versity on the center of gravity showed a significant effect of time, that was, however, in-
dependent of species richness (Table 2). Despite this fact, species richness emerged as a 
significant predictor for the center of gravity during peak biomass in spring (31 May 31; p 
= 0.03; Figure 3D). 

 
Figure 4. Temporal distribution of four community canopy structural components throughout the 
growing season: (A) evenness (calculated as the sum of volume proportions of each of the five strata 
per total volume of the plot divided by 5); (B) clumpiness (calculated via Geary´s (C) index that 
measures the spatial distribution of clusters in the rasterized 3D point cloud for each plot where 
values close to zero indicates less clumpiness (similar clusters) while values close to 1 display high 
clumpiness (dissimilar clusters)); (C) center of gravity (displayed as a categorical measure of the strata 
of height with the highest volume proportion to the total volume per 5 strata); (D) canopy variation 
(calculated as the area of fitted surface mesh on the canopy divided by plot area). See details in 
Section 2.2.1. 

Table 2. Type II analysis of variance table with Kenward–Roger’s method showing the results with 
the fixed-effects part of the mixed-effects models considering the effects of diversity (“SR”) on each 
community canopy structure metrics over the growing season (“time”). Restricted maximum likeli-
hood estimated the variance components of the mixed effect models. Values in the columns are 
numerator degrees of freedom (Df), chi-square test (Chisq), and p-values (Pr (>Chisq)). Significant 
relationships are in bold and follow the codes for significant relationships: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 
0.05 ‘.’.. 

Evenness Clumpiness 
 Df Chisq Pr (>Chisq)  Df Chisq Pr (>Chisq) 

time 11 9022.90 <2.2 x 10-16 *** time 11 2419.695 2 x 10-16 *** 
SR x time 11 39.53 4.301 x 10-5 *** SR × time 11 14.373 0.213 

Center of Gravity Canopy variation 
 Df Chisq Pr (>Chisq)  Df Chisq Pr (>Chisq) 

time 11 6038.5361 <2 x10-16*** time 11 4740.987 <2.2 x 10-16*** 
SR x time 11 8.3985 0.6772 SR × time 11 47.521 1.738 x 10-6 *** 
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For the metrics describing the horizontal canopy components, the model testing the 
effects of diversity on clumpiness showed an overall significant effect with time (Table 2). 
Even though the analysis of variance of the main effects showed an overall not significant 
interaction between time and species richness, we found that, by considering only the 
variation of the slopes, diversity had a negative effect on the clumpiness of vegetation 
patches during the recovery period after the mowing. The strengths of the negative rela-
tionship between clumpiness and species richness, only considering the variation of esti-
mates, increased from 17 June to 10 July (p values varied between 0.01 and 0.007, respec-
tively) but did not remain significant in the consecutive dates when the plant community 
again filled the available canopy space (Figure 3C). Lastly, canopy variation increased 
with species richness and time (Figure 4E), but with higher variability in dates just before 
the biomass peak on 15 May and 12 August (Figure 3E). The canopy variation increased 
with diversity and particularly at the dates before the peak of biomass (in spring 15 May; 
p = 0.0001, and in autumn for the days on 10 and 28 July and 12 August; p values of 0.003, 
0.01, 0.002, respectively) species richness emerged as a highly significant predictor (Table 
2, Figure 3E). 

4. Discussion 
We expected that the effect of species richness on canopy structural components 

would differ between vertical and horizontal components and show pronounced but 
changing effects throughout the growing season related to plant community development 
over time. For the vertical structural components, we predicted that species richness 
would positively affect canopy evenness, especially during the peak of biomass due to more 
intense space-filling along the height profile. In addition, we hypothesized that more di-
verse and dense swards concentrate leaf biomass at the top of the canopy (higher center 
of gravity) during phases of intense competition for light. Instead, we found that the 
strongest influence of plant diversity on canopy evenness occurred at dates well before the 
peak of biomass and strongly increased after the mowing. This finding demonstrates that 
in species-rich plant communities, vertical space-filling starts well before the phase of 
peak biomass in spring and autumn and may lead to an extended period of near-complete 
absorption of light due to a better three-dimensional canopy arrangement [13]. In line with 
our expectation, we found that more diverse communities had a higher center of gravity 
at the biomass peak, but this was only observed in spring. This result indicates that the 
height of biomass concentration (calculated on a volume basis) during the peak of biomass 
may result from a higher probability of encountering taller species in diverse communities 
and stronger etiolation responses and shifts in biomass allocation towards the top canopy 
due to intense competition for light. We further expected that species richness would in-
fluence horizontal clumpiness mainly at the time of lower interspecific interactions (start 
of the season and after mowing). We found that more diverse communities are clumpier 
only after mowing, potentially revealing species-specific differences in regrowth. Lastly, 
as expected, when the differences in phenology status and height were maximal (before 
the biomass peak), canopy surface variation was most strongly affected by species rich-
ness. In summary, our findings revealed that the effect of plant diversity on different com-
ponents of canopy structure changed throughout the growing season and is not neces-
sarily strongest at the biomass peak. Thus, we presume that diversity effects on ecosystem 
functions related to canopy structure, such as carbon fluxes, water use efficiency, light 
availability, and consumer communities within the canopy, may be equally variable over 
time. 

4.1. Diversity Effects on Vertical Metrics of Canopy Structural Components 
Vertical metrics of canopy structural components are known to mediate the effects of 

plant diversity on ecosystem functions, such as carbon gain, gradients in leaf nitrogen 
concentration relevant for photosynthesis, water use efficiency, and surface temperature 
[11,34,53–55]. These findings result from studies in which canopy structures such as 
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height and density are measured at the peak of biomass of dynamic plant communities 
such as grasslands. Here, we report that positive plant diversity effects on vertical struc-
tural components such as canopy evenness start earlier in the season and are even more 
important during the recovery period of the vegetation after disturbances such as mow-
ing. These findings suggest that corresponding effects on ecosystem functions mediated 
by, e.g., a more even vertical leaf distribution, might also vary in response to different 
gradients of diversity in distinct periods of the growing season. Our results show that 
canopies of plant mixtures reach high levels of vertical evenness quickly before the peak 
of biomass in spring and after mowing in summer, thus extending the total time during 
which canopies are more homogeneously filled with biomass. The circumstance that di-
verse communities can fill the vertical dimension of the growing space more evenly has 
been reported earlier, although only from snapshot measurements. It has been argued that 
the high level of variation in leaf sizes, orientation, and physiology, which is needed to fill 
the vertical profile evenly, requires interspecific variation rather than the intraspecific var-
iation realized in monocultures [19]. Indirect evidence for the temporal aspect of an ex-
tended period of even space-filling comes from a study conducted by [14], who showed 
that in diverse mixtures, shorter species started to grow earlier, storing resources earlier 
in the season to compensate for the light competition from taller species later on at the 
peak of biomass. Moreover, there is a trade-off between height and leaf area, meaning that 
plants that invest earlier in leaf area at the beginning of the growing season, such as young 
rosette plants, may not grow taller and fill the canopy space from bottom to top close to 
the peak of biomass [56]. This strategy leaves space for taller species that do not grow 
many leaves in the lower strata of the canopy but are specialized at exploiting the light 
more at the top of the canopy (often tall herb species or tall-statured grasses) towards the 
peak of biomass. This scenario might explain our results in the sense that the canopy is 
filling over time with shorter species with more leaves close to the ground and taller spe-
cies with leaves closer to the upper layer of the canopy, resulting in a canopy with higher 
evenness before the peak of biomass already in May. This pattern also reflects interspecific 
differences in biomass allocation across the growing season and allows the “division of 
labor” in mixtures which may promote ecosystem functioning by stacking more biomass 
into a given canopy space and improving light-harvesting [55]. At the end of the growing 
season, we observed richer communities having a more even vertical canopy distribution. 
However, another process might play a role within plant communities. The phenological 
stages of plant species may impact canopy structure in more diverse communities. Be-
tween 3 July and 12 August is a period of biomass increase after the recovery from the 
first mowing. Still, it is also a period in which plants face nutrient deficiency and less water 
than in spring, leading to early senescence. For instance, most grass species reduced their 
leaf greenness in more diverse communities [11], reflecting leaf senescence in the upper 
canopy layers. This gives space for tall and short herbs, with late flowering phenology 
taking over the job of forming a dense and low canopy dominated by small herbs. [57] 
showed that at the end of the growing season, plant communities with more inter-specific 
interactions (as expected in more diverse communities) increased leaf area index exhibit-
ing a denser canopy, despite senescing leaves dropping from the upper layer of the can-
opy. In our case, despite lower overall heights and a potential earlier start of leaf senes-
cence of some species in August, mixtures still provided a more even vertical canopy dis-
tribution likely due to higher interspecific interactions of late flowering species. 

In our study, a positive influence of plant diversity on the center of gravity commenced 
in mid-May and became significant on 31 May when the center of gravity was raised to 60 
cm (stratum 3) in more diverse communities. As biomass reaches its maximum and can-
opy height increases, it is expected that species-rich communities potentially trigger a 
strong asymmetric competition for light. Moreover, as in our study, grass-dominated 
communities are known to develop and flower earlier in the season [40]. It is, therefore, 
reasonable to assume that the height increase, reflected by a higher center of gravity in 
richer communities, might be due to grass species with long leaves such as Dactylis 
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glomerata L. and Helictotrichon pubescens (Huds.) Pilg. After the mowing, there was no evi-
dence of plant diversity effects on the center of gravity. Likely, as the swards from 3 June 
to 20 August started displaying a more evenly distributed volume (Figure 3A) within the 
canopy, a prominent layer of more biomass accumulation was not detected in more di-
verse communities. This scenario reveals an opposing mechanism between evenness and 
the center of gravity at this time of the growing season. Although it is known that more 
diverse communities potentially increase the center of gravity due to high competition for 
light at high densities [13], at the recovery period after the mowing, biomass production 
of plant communities is lower compared to spring and is mostly allocated at the lower 
layer of the canopy which increases canopy evenness in species-rich communities. Roscher 
et al. (2011) observed that the highest photosynthetic activity was detected mainly at lower 
canopy layers from the middle of August onwards. This result was attributed to small-
statured species (such as Prunella vulgaris L. present in our experiment) that have a greater 
capacity to grow under unfavorable conditions, such as low light availability when the 
canopy becomes denser at the peak of biomass. These findings could support our expla-
nation for the lack of diversity effects on the center of gravity and the concomitant increase 
in canopy evenness since functional strategies of plant species might contribute to filling the 
canopy space from bottom to top, preventing a higher biomass allocation at the top layers 
of the canopy at the end of the growing season. 

4.2. Diversity Effects on Horizontal Components of Canopy Structure 
The way that plant species are spatially aggregated or forming areas of clumping 

within the communities are also potential drivers of biodiversity–ecosystem functioning 
relationships [58,59]. This is because interspecific interactions between close neighbors 
can cause different diversity effects (i.e., resource use complementarity, the selective dom-
inance of more productive species, abiotic facilitation [2,58,60]. Here we predicted that 
plant communities’ degree of aggregation or clumpiness would change over time and 
would be lower in species-rich communities due to higher interspecific interactions, forc-
ing species to arrange to finer-grained patterns spatially. Indeed, we found that species-
rich communities were less clumpy than species-poor communities and this was particu-
larly pronounced during the second part of the growing season (four weeks after mow-
ing). 

These findings support the assumptions that diversity has a negative effect on clump-
iness as already tested in conceptual mathematical models [61,62] and in experiments con-
sidering only the peak of biomass [20,59]. However, for the first time, we showed that this 
negative effect of diversity on clumpiness is not consistent over the growing season and 
is much more pronounced later in the season than earlier. One potential reason for the 
strong seasonality in diversity effects on clumpiness could be that plant species show phe-
nological asymmetry which might lead to prolonged periods of low plant–plant interac-
tion. In addition to the phenological asymmetry, there is a higher likelihood of having 
stronger competitors in more diverse communities [63–65]. This is both true for Geranium 
pratensis L., which is a dominant and late flowering species. The species is known for 
forming dense patches of fast sprouting leaves in the beginning of the growing season but 
even more so during the recovery period after mowing due to extensive belowground 
storage organs. This may contribute to an increase in community clumpiness especially 
during re-sprouting. However, as plants grow taller between June and July, G. pratensis 
leaves form a dense, homogeneous canopy which might decrease community clumpiness 
by covering neighboring plants towards the peak of summer biomass [66]. Hence, our 
study endorses that the degree of clumpiness (spatial aggregation) may serve as a poten-
tial parameter to understand the temporal variation of intra- and interspecific competition 
within plant communities and how it influences biodiversity–ecosystem functioning rela-
tionships. 

Our findings support our hypothesis that species richness increases canopy variation 
when height differences are highest between species, which would occur midway 
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between the onset of the growing season and the biomass peak. Our results likely reflect 
that species-rich communities contain species with larger architectural differences, such 
as a broader range of statures and inflorescence types and distinct flowering phenology. 
In contrast, species-poor communities consist of a more comparable height, structure, and 
more similar flowering patterns [67]. The differences in plant species’ phenological char-
acteristics and resource use may promote temporal growth variation mainly expressed by 
plant height variation, as found in [67]. In the midway of the development towards the 
peak of biomass, species-rich communities containing early flowering species might al-
ready grow taller than species with late phenology that did not have enough time to in-
crease in height. This scenario is observed in both growing periods (before and after mow-
ing) but is more pronounced in summer in our data. In our experiment, the grasses An-
thoxanthum odoratum L., Dactylis glomerata, and Helictotrichon pubescens (Huds.) Pilg. 
mainly flower in May together with a small-statured forb (Plantago lanceolata L.) and a tall 
herb (Leucanthemum vulgare Lam.). These species grow tall early in the season while late-
flowering species, such as the tall herb Geranium pratensis, the small herb Prunella vulgaris, 
and the grasses Festuca rubra L. and Holcus lanatus L. only catch up and reduce overall 
canopy variation at peak biomass. These differences in height may have contributed to 
the high correlation between species richness and canopy variation on 15 and 31 May. 
After the first mowing, species richness increased canopy variation even more strongly 
from 10 June to 12 August. Multiple, not mutually exclusive, factors might explain the 
strong positive effects of diversity on canopy variation in summer. First, the late-flowering 
species recover faster and have a substantial effect on canopy variation midway during 
summer, the same as early-flowering species in spring. Second, the cumulative volume of 
plant communities along the species richness gradient also reveals a strong positive signal 
of diversity effects on the total volume between 10 July to 12 August. During this period, 
there was a clear increase in volume from 0.3 to 20 cm and from 20 to 40 cm of the canopy 
layers. However, after 12 August, this signal on total volume disappeared, as did the effect 
on canopy variation. Therefore, late phenology species, high photosynthetic activity, and 
total volume associated with diverse communities midway during recovery after mowing 
and the second biomass peak might support our results. 

Our study shows that plant diversity effects on different canopy structural compo-
nents extend our understanding of biodiversity–ecosystem functioning relationships, as 
the effects vary largely across the growing season and are not necessarily strongest at the 
biomass peak. We also observed that the duration of positive structural features, such as 
evenness, is positively related to diversity. Hence, the effects of diversity on ecosystem 
functions depending on structural components, such as biomass production, decomposi-
tion, and herbivory, may change throughout the season due to various mechanisms, such 
as niche differences, increased complementarity, and temporal and spatial variation in 
biological activity. We show that non-destructive techniques such as terrestrial laser scan-
ning improve our capacity to screen vegetation changes with high temporal and spatial 
resolution. Future studies should invest in combining different technologies such as hy-
perspectral signal and structural data from TLS to automatically identify species and es-
timate their distribution and relative abundances. Further, simultaneously examining the 
temporal and spatial variation of belowground and aboveground organisms and their ac-
tivities [68] would expand our understanding of long-term ecosystem functioning, since 
their inter-relation may determine the total ecosystem production and stability and mul-
tifunctionality. 

Supplementary Materials: The following information can be downloaded at www.mdpi.com/xx. 
The material are Figure S1: Temporal distribution of point cloud volume occupying five different 
strata of heigh and Figure S2: Correlation between the centre of gravity and proportion of grasses 
dominated communities throughout the growing season. 
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