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SUPPLEMENTARY MATERIAL 

 

Supplementary methods 1: Quantitative structure modelling 

QSMs were generated with TreeQSM v.2.4.0 (https://github.com/InverseTampere/TreeQSM). 

The tree point clouds were initially filtered to remove leaves and noise using the filtering function 

in the TreeQSM package using MATLAB. Low point-density regions with points whose spherical 

neighbourhood of 3 cm radius contained less than 4 points were removed. Small separate regions 

of the point cloud were also removed by covering the points with patches of size 10-20 cm in 

diameter with overlapping neighbours up to 13 cm from the patch centres and removing the 

clusters of patches that had less than 3 overlapping neighbours. Finally, some leaves and small 

branches were removed based on the number of shortest paths. The point cloud was covered with 

patches whose minimum diameters were 2-4 cm and the maximum diameter was based on a rough 

DBH estimate and then the shortest paths from each patch to the tree base were defined. This yields 

information on how many shortest paths go through every patch - most paths are close to the tree 

base and only one or few paths near the branch tips. Thus, we removed all the patches whose 

https://github.com/InverseTampere/TreeQSM


number of paths going through them was sufficiently low compared to the path length: below 15 

at the maximum path lengths and linearly smaller threshold for smaller path lengths. We ensured 

that there was a path to every branch tip and that patches with sufficiently high path numbers had 

always their neighbourhoods included. The QSM generation with TreeQSM needed the 

optimization of the input parameters PatchDiam1, PatchDiam2Min, and PatchDiam2Max. For 

each tree a few values for these parameters were selected based on the rough DBH estimate. Then 

we generated QSMs with all different parameter combinations and finally selected the optimal 

input values by minimising the average point-model-distance (Supplementary Figure 1).  

 

 

Supplementary Figure 1. Quantitative structure modelling (QSM) of a tree (in this example, 

belonging to the species Eschweilera truncata) in Central Amazonia. Green points represent the 

tree point cloud obtained using high-resolution terrestrial laser scanning (TLS). The fitted brown 

cylinders represent the tree QSM used to estimate woody volume and architectural traits.  



Supplementary methods 2: Estimation and ecological significance of architectural traits 

We calculated six architectural traits using established methods and explain their ecological 

significance. A distribution of values for each architectural trait can be found in Supplementary 

Figure 2.  

 

Surface area per unit volume:  Despite the importance of surface area per unit volume to 

understand vegetation dynamics, traditional methods to quantify woody surface area are highly 

laborious. It requires destructive sampling to cut up trees into components for direct measurements 

of surface areas1. TLS provides direct measurements of surface area and volume 

compartmentalised into stems and branches, without the need of destructive sampling. The 

reconstruction of surfaces and volume are described in detail in      

<https://github.com/InverseTampere/TreeQSM/blob/master/Manual/TreeQSM_documentation.p

df>.  

The amount of surface area per unit volume is primarily determined by the average diameter of 

branches and stems, despite surface irregularities that may affect this relationship. Although 

surface area and volume are linked to each other, the surface area reflects exchange capacity with 

the environment (i.e. gas exchange with the atmosphere), whereas the volume is linked to the 

internal redistribution of energy resources. Thin stems and branches of trees imply a larger surface 

area of metabolically active wood (cambium and phloem cells) for a given volume of sapwood 

parenchyma2. Thus, surface area per unit volume is linked to the tree controls of internal 

physiological processes. A large proportion of carbon resulting from autotrophic respiration 

associated with maintenance and growth processes of trees is released to the atmosphere through 

stems and branches3–5, with larger surface area per unit volume linked to higher woody CO2, 

methane, N2O and volatile organic compounds effluxes6–8. Small diameter wood such as thinner 

branches can account for most of the total woody tissue CO2 efflux in Costa Rican tropical forests2. 

The CO2 efflux of small branches may be linked to the larger proportion of live cells in the inner 

bark in comparison to the proportion of live cells in the xylem9. Thereby, CO2-budget models of 

plant growth and carbon dynamics are based on whole-tree respiration rates in relation to plant 

surface area10,11.   
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This relationship has also large effects on the tree interaction with external biophysical elements. 

In particular, the wood surface area per unit volume is directly linked to the amount of habitat for 

plants, microorganisms, insects, birds, and mammals in forest canopies12, and modifies biophysical 

variables, including wind speed, light intensity13 and rainfall storage capacity14.  

   

Path fraction: What are the lengths of paths from tree base to each branch tip? TLS provides 

indirect measurements of path length and parent-child relations of the branches to calculate the 

number of terminal branches. The mean path length divided by the maximum path length of a tree 

provides measures of an architectural metric known as path fraction15,16. The path length is the 

length that water needs to travel to reach the leaves, and thus path fraction is directly related to 

hydraulic conductivity and nutrient transportation that ultimately may limit the plant 

photosynthetic capacity16.  

Path fraction was calculated from the QSMs using the calculate_PathFraction function in 

TreeQSM_Architecture (https://github.com/TobyDJackson/TreeQSM_Architecture). Path 

fraction varies between 0 and 1, with values of 1 indicating that the tree has a small number of 

twigs and all the path lengths are equal. An increase in path fraction is linked to a reduced hydraulic 

conductivity, because the average transport distance from trunk to twig increases16. Thereby, high 

values represent umbrella-shaped crowns that prioritize sun exposure and light capture but is 

structurally expensive to build and hydraulically inefficient17, as trees with longer water and 

nutrient transport distances can require more construction tissue16.   

   

Asymmetry: Trees were split into eight segments centered around the stem, and stems and branches 

woody volume were summed. The maximum volume observed among the 8 segments by the mean 

volume represents a measure of crown asymmetry18. Asymmetry was calculated from the QSMs 

using the function calculate_CrownAsymmetry in TreeQSM_Architecture 

(https://github.com/TobyDJackson/TreeQSM_Architecture).  

There is evidence that crown asymmetry is an adaptation to maximise solar radiation capture by 

shifting their trunks and branches towards canopy gaps or away from their neighbours to avoid 

competition19–21. Thus, competition pressure may induce crown asymmetry of supressed trees 
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competing for light22. However, crown asymmetry is linked to regulation of the mechanical 

stability of trees, with asymmetrical crowns more vulnerable to wind23,24. The mechanical stability 

of trees is of particular importance for tall trees in fragmented forests, where canopy openness 

leads to higher air turbulence caused by strong winds and exposure of tall trees to wind25,26. Indeed, 

asymmetrical trees in forest edges can be vulnerable to wind and leads to higher risks of snapping 

and uprooting during wind27, which is a strong driver of tree mortality in Amazonian forests28.   

   

Relative crown dimensions: Here, crown is defined as the upper part of a tree from the first major 

branch and also based on the horizontal distance from the base to the tip divided by DBH, namely 

crown reach. A major branch is defined as a branch whose diameter is larger than 5% of the tree's 

DBH or larger than 5 cm. The reach is defined as a reach larger than the median reach or 10. Three 

metrics were derived from the TLS-based crown dimensions: 1) relative crown width, calculated 

as the average crown diameter by DBH; 2) relative crown depth, calculated as the crown height 

by tree height; and 3) crown volume.   

Investment in crown diameter and crown height represents a trade-off between size and shade-

tolerance29. Plants in light-limited environments in the forest understory tend to have shallow 

broad crowns with minimal leaf overlap to maximise light capture and withstand falling debris, 

which leads to positive increments in growth30–32. Trees growing in the light-richer environments 

of forest edges may be able to invest in vertical crown growth to better compete with neighbours 

that grow taller29, despite the higher self-shading within crown33. However, the lower soil moisture 

and higher temperatures of forest edges may affect crown growth, with crowns becoming smaller 

in diameter to reduce path lengths34. However, regardless of the environmental conditions driving 

crown variability, crown dimensions depend on the proportion of biomass allocated to the 

branches35, with effects on the growth and mortality of trees36,37.     
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Supplementary Figure 2. Distribution of architectural traits estimated from Quantitative Structural 

Modelling (QSM) for 315 trees in Central Amazonia. 



Supplementary methods 3: Tree size and year of recruitment 

Changes in tree architecture may arise from a combination of phenotypic plasticity as a response 

to changes in microclimatic conditions and light abundance, as well as shifts in species 

composition that prioritise species that are more adapted to these conditions. Considering that the 

forest fragments of our study area were isolated in 1979, with the first tree measurements in 1980, 

we may expect that the majority of the short trees of our study measured in 2019 using TLS 

comprise of recruits that have colonised the area after the start of the project, whereas upper canopy 

and emergent trees may have been in the area much longer than the establishment of the 

fragmentation experiment. Using tree height above 20 m as a reference point to designate taller 

trees, long-term field measurements of a subset (N = 112) of our TLS dataset show that tall trees 

have been first measured during the initial years of the BFFDP experiment before 1990, which 

indicates that tall trees are those that have survived the fragmentation effects (Supplementary 

Figure 3). Thereby changes in the architecture of tall trees may indicate how the structure of plants 

may change as a result of acclimation or adaptation. However, our results also indicate that ~ 33% 

of trees smaller than 20 m in height have also been in the area during the initial stages of the 

BDFFP experiment, which suggests that not all small trees are new, young recruits, but also include 

slow-growing trees that may have created mechanisms of adaptation to edge effects.   

 

 



 

Supplementary Figure 3. Tree height of 112 trees and year of their first DBH measurement in the 

field (once these trees reached > 10 cm in DBH). These results provide a perspective of tree height 

and their ontogenetic stage to which trees were subject to fragmentation effects.  

   

Supplementary methods 4: Extent of edge effects on architectural metrics 

To estimate the extent of edge effects on each architectural trait, we used mixed linear models 

(LME, Eq. 1) that contained a variable representing the plot category of location near an edge or 

in the forest fragment interior (edge effects), following Nunes and colleagues38. The model also 

included a variable that represented tree height (H), considering that architectural traits co-vary 

with tree size and ontogenetic stage17,39. Edge effects and tree height were treated as additive terms 

to examine the significance of fragmentation and tree height on the variation of architectural traits. 

We also included an interaction term edge effects × tree height, as fragmentation may have 

different effects on trees of different heights (Eq. 5). To examine the influences of distance from 

edges on the allometric relationships between woody volume and DBH2 H or woody volume and 

DBH, we tested how the log transformed variables interacted with edge effects (Eq. 6 and Eq. 7). 

https://paperpile.com/c/8yNxfg/pdWVW
https://paperpile.com/c/8yNxfg/JSJRw+5tCjf


Nested effects of forest site (Colosso versus Dimona sites), fragment size (1, 10 or 100 ha) and 

plot (or transect) identity were treated as random variables (μ), allowing us to account for the 

nested spatial variation in architectural traits and to include any idiosyncratic differences between 

forest site, fragment size and micro-environmental variation (i.e., topography, soil) between plots. 

We then tested the influence of distance to edges on each architectural trait with distances to edges 

varying between 1 and 100 m, including tree woody volume. We then tested the influence of 

distance to edges, varying from 1 to 100 m, on each architectural trait; we determined the edge 

effects extent for each architectural trait based on the maximum absolute t-value of the term “edge 

effects” of the model (Supplementary Figure 4). The edge effects extent was then used to 

categorise our analysis into edge versus interior trees during all trait analyses.  

The distance by which trees have been affected varies depending on the architectural attribute and 

hence the number of trees classified as edge versus intact was dependent on the architectural metric 

(Supplementary Figure 4). Surface area-to-volume ratio of the branches was sensitive to the first 

38 m from forest edges (t =  5.568; P-value =  0), varied with tree height (t =  -8.91; P-value =  0) 

and had a statistically significant interaction between tree height and edge effects (t =  -5.27; P-

value =  0). Surface area-to-volume ratio of the trunk was sensitive to the first 47 m from forest 

edges (t =  -1.77; P-value =  1e-03), varied with tree height (t =  -26.15; P-value =  0) and had a 

statistically significant interaction between tree height and edge effects (t =  3.58; P-value =  4e-

04). Path fraction was sensitive to the first 19 m from forest edges (t =  -2.22; P-value =  0.0267), 

did not vary with tree height (t =  1.5636; P-value =  0.1189) and had a significant interaction 

between tree height and edge effects (t =  2.20109; P-value =  0.0285). Asymmetry was sensitive 

to the first 55 m from forest edges (t = -3.22; P-value = 0.0014), varied with tree height (t =  17.98; 

P-value = 0. 0000) and had a significant interaction between tree height and edge effects (t =  3.73; 

P-value =  0.0002). Relative crown width was also sensitive to the first 10 m from forest edges 

(t =  2.538; P-value =  0.0116), varied with tree height (t =  -3.1849; P-value =  0.0016), but did not 

have a statistically significant interaction between tree height and edge effects (t =  -1.688; P-

value =  0.0924). Relative crown height was sensitive to the first 10 m from forest edges (t =  -2.22; 

P-value =  0.0270), did not vary with tree height (t =  -1.63; P-value =  0.1027) and had no 

interaction between tree height and edge effects (t =  1.734; P-value =  0.0838). 

  



Supplementary Figure 4. Edge effects extent can vary for each architectural metric. We 

demonstrate the edge effects size as the maximum or minimum local t-value in metres (vertical 

red line) from mixed linear models.  

  

Supplementary methods 5: Partitioning of variance  

The spatial position with plot identity nested within landscape, and landscape nested within forest 

region had effects that varied depending on the architectural metric (Supplementary Figure 5). We 

examined the explained variance by the random variables of Eq.5 to investigate the spatial 

variability of architectural traits arising from region, landscape and plot. The LME models were 

fitted using the lme function in the “nlme” R package.   

Region - Colosso versus Dimona - had relatively large effects on the relative crown height and 

path fraction. Landscape, seen as the position of the fragment in the landscape alongside the effects 

of fragment size, had particularly large effects on the surface area per unit volume of branches. 

Plot identity, with small-scale variations such as topography and soil, influenced most variables, 

with a particular influence on tree asymmetry. The within-plot variability, that can be seen as local 

effects arising from edge effects, as well as species-specific and ontogenetic influences accounted 



for most of the trait variability (50 – 85%). The within-plot variability also includes analytical 

errors, such as those arising from measurement, co-registration, tree extraction and QSM – 

although we were unable to quantify them. The results may help elucidate the generality of our 

findings in architectural variation across Central Amazonia, although large-scale Amazonian 

gradients in topography, edaphic properties and climate remain to be tested. 

 

Supplementary Figure 5. Partitioning of variance using mixed-effects models. We used the 

variance explained by the random variables of Eq.1 to investigate the spatial variability of 

architectural metrics arising from region, landscape and plot. The results may help elucidate the 

generality of our findings in architectural variation across Central Amazonia, although large-scale 

Amazonian gradients in topography, edaphic properties and climate remain to be tested. The 

spatial position with plot identity nested within landscape, and landscape nested within forest 

region had effects that varied depending on the architectural metric. 

 

 



Supplementary methods 6: Correlation among architectural traits  

A correlation matrix (Supplementary Figure 6) shows that for a given woody volume, trees that 

have high surface area in the trunks tend to have high surface area in the branches (r = 0.76). These 

high surface area trees tend to be more symmetrical (-0.94, -0.81) and have lower path fraction (-

0.73, -0.64). Our results show that wider crowns relative to their stem size are more symmetrical 

and have higher path fraction. These results indicate that trees that afford to have lengthier 

branches to have a large horizontal crown growth tend to favour traits that provide mechanical 

stability and hydraulic efficiency.  

 

 

Supplementary Figure 6. Correlation analysis of six architectural traits and woody volume using 

hierarchical clustering. Red indicates positive correlation and black indicates negative correlation.  

 



Tree architecture reflects a combination of architectural traits that co-vary in Central Amazonian 

forests. We demonstrate that a principal component analysis decomposed in two independent axes 

explained 65% of the total variation (Supplementary Figure 7a). The first component explained 

43.7% of the total variation in tree architecture, and was tightly linked to variation in the woody 

volume. These results indicate that variation our chosen architectural metrics had a strong link 

with the woody volume of individual trees. Trees with higher woody volume have thicker trunks 

and branches, and have traits that maximise light capture, such as higher asymmetry and higher 

path fraction (Supplementary Figure 7b).    

 

Supplementary Figure 7. Principal component analysis indicating the multidimensional space of 

tree architecture. Two independent principal components explain 2/3 of the total trait variation. 

The first component, PC1, explains 43% is tightly linked to the logarithm of aboveground woody 

volume (R2 = 0.78, P-value < 0.001).  

  

  

  



Supplementary Figure 8. Relationship between distance from edges in m and the t-value for the 

mixed-effects models that predict the logarithm of aboveground woody volume as a function of a) 

the logarithm of DBH2 H (cm m2) and b) the logarithm of DBH (cm). DBH is the diameter at breast 

height measured at 1.3 m above the ground in cm, and H is the total tree height in metres. Each 

point represents the t-value of the interaction between the independent variable and edge effects, 

with the latter as a categorical variable representing the plot category of location near an edge or 

in the forest interior. Edge effects extent is denoted as a vertical red line, when the t-value saturates 

and no significant improvement of the model is observed (black horizontal line).  

  

 

 

 

 

 

 

  

  



 Supplementary Table 1. Allometric model specification and comparison. Results from linear 

models: ln (Woody volume) ~ ln (DBH2 x Tree Height) and ln (Woody volume) ~ ln (DBH). Let Y 

= Woody volume (m3); x = DBH2 x H or DBH, where DBH is the stem diameter at breast height 

measured at 1.3 m height in cm and H the total tree height in m. We compared these linear models 

with linear models that included a quadratic term of the independent variable to include potential 

effects of time of establishment (surviving trees versus colonising recruits) on the allometric 

relationships. Model explanatory power was assessed in terms of AIC. The model with the lowest 

AIC for interior and edges was selected (in bold). 

Model DBH2 x Tree Height DBH 

Interior Edge Interior Edge 

Y ~ X 70.5 292.4 71.9 308.3 

Y ~ X + X2  72.4 290.4 73.7 309.0 

  

Supplementary Table 2: Estimates of parameters β0, β1 and β2, alongside their P-values, obtained 

using mixed-effects models: ln (Woody volume) ~ ln (DBH2 x Tree Height) and ln (Woody volume) 

~ ln (DBH). DBH is the stem diameter at breast height measured at 1.3 m in height. R2  here is used 

as a statistics to depict goodness-of-fit of each model.  

Parameters 

DBH2 x Tree Height DBH 

Interior Edge Interior Edge 

β0 (P-value) -0.2166 (<0.001) -0.1354 (<0.001) 2.81307 (<0.001) 2.4798 (<0.001) 

β1 (P-value) 0.8114 (<0.001) 0.7240 (<0.001) 1.99525 (<0.001) 1.7337 (<0.001) 

β2 (P-value)  0.0162 (0.0491)   

R2   0.8956 0.8882 0.8832 0.8687 



 

Supplementary Figure 9: Linear mixed model regressions between the logarithm of DBH2 H (m3) 

and a) the logarithm of trunk volume (m3) and b) the logarithm of branch volume for trees in forest 

edges (orange) and forest interior (green). Let volume in m3, diameter at breast height (DBH) in 

cm and tree height (H) in m. Plot identity nested within landscape (position of fragment within the 

landscape and fragment size) and region within Central Amazonia were included as random 

variables. Each point represents an observed value and each line corresponds to the model 

prediction obtained by fitting 200 randomised permutations of subsets split into 80/20 for 

calibration and validation, respectively.   



 

Supplementary Figure 10: Diameter at breast height (DBH, cm) versus tree height (m) for trees in 

forest edges (orange) and forest interior (green). Tree measurements were acquired using a 

Terrestrial Laser Scanner (TLS) within the Biological Dynamics of Forest Fragments Project 

(BDFFP) in Central Amazonia. This relationship demonstrates that some trees are 

disproportionately shorter for a given DBH in the edges, which may reflect damages that affect 

tree height common near forest edges or selective forces that have favoured trees with lower height. 

Here, we did not attempt to predict tree height as a function of DBH to avoid ignoring these 

disproportionally shorter trees. However, we do acknowledge them as a potential cause for the 

smaller volume of tall trees near the edge when volume is predicted as a function of DBH only.   
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