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Wind damage is a significant driver of forest structure, ecology and carbon cycling in both temperate and tropical regions, but most of the literature on wind damage focusses on conifer plantations. Previous studies in broadleaf forests have been limited by a lack of data on tree architecture, a problem that is potentially overcome by terrestrial laser scanning (TLS). Here we apply novel approaches to estimate the critical wind speeds at which trees will break in a temperate, deciduous forest plot in Wytham Woods, UK, using a combination of field data and finite element analysis. Ash trees (Fraxinus excelsior) tend to have lower critical wind speeds than sycamores (Acer pseudoplatanus), while English oak (Quercus robur) are the most mechanically robust. This difference in critical wind speed (CWS) is driven by tree size and architecture, rather than material properties. We observe a trade-off between CWS and growth rate, both within and across species. Our estimates of critical wind speeds from field data are lower in summer than in winter, emphasizing the importance of the spring and autumn transition periods. Of the three species we studied, those with lower critical wind speeds drop their leaves earlier in autumn, suggesting that the timing of leaf shedding may be under selection pressure to minimize risk of tree damage from winter storms. These results are tentative, but also intriguing and intuitive.
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HIGHLIGHTS

- We employ a novel laser scanning and finite element analysis approach to estimate critical wind speed for 397 trees, and to explore the influence of tree architecture.

- We find that critical wind speed is related to a number of key ecological variables such as tree species, size and growth rates.

- Tree architecture is described in detail and shown to be an important driver of wind damage risk.

- We find a tentative relationship between variation in the timing of leaf drop and critical wind speed. This suggests that a potential factor in timing of autumn leaf shedding is the reduction of damage risk from winter storms.

INTRODUCTION

Wind damage causes billions of euros of loss to the forestry sector (Schütz et al., 2006) and is a major focus of scientific attention. Previous work on forest wind damage risk has focused on relatively simple single-species, evenly-spaced plantation forests (Gardiner, 1995; Hale et al., 2015). However, wind damage is a major driver of the terrestrial carbon cycle in natural forests through its influence on the rates and patterns of tree mortality and branch loss. In the Amazon, wind damage rates have been estimated as 1.3 Pg carbon per year, compared to the 0.2 Pg carbon per year lost through logging in the 1990's (Espírito-Santo et al., 2014). Risk of wind damage is also a potentially limiting factor for maximum tree height and forest carbon storage, since trees sense their wind environment and respond with increased diameter growth (Niklas, 2007; King et al., 2009; Bonnesoeur et al., 2016; Coomes et al., 2018).

The critical wind speed (CWS) is a common measure of a tree's susceptibility to wind damage (Gardiner et al., 2000; Moore et al., 2018). CWS is defined here as the wind speed that would cause the tree to snap at 1.3m on the trunk. More generally, CWS estimates should take into account the risk of overturning (failure at the root soil boundary), but this requires extensive destructive tests, which have been carried out on some species of conifer but rarely broadleaf trees (Nicoll et al., 2006). However, mode of death surveys show that snapping and overturning occur at comparable rates across many forest types (Everham and Brokaw, 1996; Gale and Hall, 2001; Chao et al., 2009; de Toledo et al., 2012), suggesting that CWS estimates will be broadly unaffected by this simplification, except on sites with restricted rooting. In order to fully understand wind damage risk we would also need information on wind exposure, which is affected by tree-level effects such as sheltering, which are beyond the scope of this study.

When modeling critical wind speeds, natural broadleaf forests present a challenge because of their more variable and complex tree architecture and forest structure, compared to plantation forests. The links between a trees architecture and its response to wind forcing are poorly understood. There has been some important work on urban trees in the wind, which describes the effect of tree architecture, but usually only in a qualitative manner (Roodbaraky et al., 1994; Baker, 1997; Kane et al., 2014). Finite element modeling can overcome this difficulty by explicitly modeling the effect of the branches on tree sway. However, finite element analyses have mostly been limited to single tree studies due to the difficulty of accurately mapping the 3D architecture of trees (Moore and Maguire, 2008; Sellier and Fourcaud, 2009; Ciftci et al., 2013). This limitation is being overcome by recent advances in terrestrial laser scanning (TLS) and associated data processing techniques, which have the potential to give us access to large-numbers of accurately mapped 3D tree models (Calders et al., 2015; Raumonen et al., 2015; Åkerblom et al., 2017; Burt, 2017; Malhi et al., 2018). These 3D model trees can be used as the basis of a finite element analysis (Jackson et al., 2019).

In this paper, we present a novel exploration of CWS in the context of a natural mixed-species and mixed-age woodland. We first estimate CWSs from field measurements of tree strain in summer and winter for 13 trees, in order to explore the effect of leaves. Next, we conduct a finite element analysis for each tree in the 1ha plot, a total of 397 trees (Graphical abstract) for which TLS data are publicly available (Calders et al., 2018). We then use our model predictions of CWS to explore three questions about the ecological relevance of wind damage risk:

(1) What controls critical wind speed? We use generalized linear models to test the relative importance of tree size, shape and material properties as drivers of CWS.

(2) Is there a trade-off between growth rate and critical wind speed? Trees which grow tall quickly, driven by competition for light, necessarily invest less in diameter growth. As a result, are these slender trees most at risk from wind damage?

(3) Is there a relationship between critical wind speed and the timing of autumn leaf drop? It has been often observed in urban settings that more trees snap or uproot during early winter storms than in mid-winter (Wessolly and Erb, 2016). There are a number of mechanisms that drive leaf bud in spring, including the trade-off between maximizing growth while avoiding damage risk from late spring frosts (Vitasse et al., 2009a,b), but the factors driving the exact timing of leaf drop in autumn is less well understood and may be partly driven by a need to reduce risk of damage from early winter storms.


[image: image]

GRAPHICAL ABSTRACT. Estimated critical wind speeds for 397 broadleaf trees.



MATERIALS AND METHODS

Field Data and Critical Wind Speed Estimates

The field study was conducted in Wytham Woods, Oxford, a mature temperate woodland in southern England (51°46′27.2″N 1°20′20.1″W). The woodland contains ~950 trees per hectare and the dominant species are sycamore (Acer pseudoplatanus), ash (Fraxinus excelsior), birch (Betula spp.) and English oak (Quercus robur). Wytham Woods has long been a testbed for ecological experiments and numerous complementary data sets are available. Most important for this study are the 10 years of census data from the 18 ha plot (Butt, 2009) and a co-located TLS scan conducted in 2015–2016 (Calders et al., 2018). This TLS data set is of very high quality, since it was conducted in the absence of leaves and at high scanning resolution, using a Riegl VZ-400 and based on a 10 m grid with 0.04 degrees angular resolution (Wilkes et al., 2017).

We collected long-term field data on the wind speeds and strains (extensions/original length) produced in the trunks of 17 trees Wytham Woods, Oxford. We measured the bending strains in these trees at 4 Hz for a period of 8 months from October 2015 to June 2016. Strain was measured using the sensors and method developed by Blackburn (1997) and Moore et al. (2005); details are given in Jackson et al. (2019) and the data are available online. Local climate data are available from a meteorological station ~1 km away, just outside the forest, operated by the Center for Ecology and Hydrology (Figure SI-1). This station records mean hourly wind speed as well as the maximum 5 s mean within that hour (5 s maximum gust speed).

We used these data to estimate CWS for 17 trees. It is important to note that none of the monitored trees snapped during the experiment and, as in previous studies (Hale et al., 2012; Peltola et al., 2013), we rely on extrapolation from field data to estimate the critical wind speed. Our estimates should, therefore, be looked upon as a means to compare the vulnerability of different trees to wind damage, rather than a rigorous determination of CWS.

The wind-strain relationship follows a power law ε = av2, where ε is strain and v is wind speed (Hale et al., 2012). We separated the data into summer and winter sections, avoiding the transition period, and fitted a linear model to the strain against squared wind speed relationship. We used the fits to extrapolate up to the breaking strain, which was calculated from literature values on the strength of green wood (Figure SI-2) (Niklas and Spatz, 2010). This approach assumes that the wind-strain relation follows a similar relation for low wind speeds and high wind speeds. There are likely to be non-linear effects at high wind speeds associated with change in the aerodynamic drag factor and crown streamlining, but these are beyond the scope of the current study.

We investigated the relationship between growth rates and CWS using the repeat dbh measurements available at Wytham Woods. In order to test whether leaf phenology was related to critical wind speed, we estimated the leaf-on and leaf-off timings of the three main tree species in this study: ash, English oak and sycamore using data collected by the Woodland Trust's citizen science project “Nature's Calendar” over the last 10 years (Woodland Trust, 2014).

Model-Based Critical Wind Speed Predictions

Individual trees in the 1 ha plot were automatically extracted from the plot level point cloud and 3D cylinder models fitted to each of these (Åkerblom, 2017; Calders et al., 2018). The 3D model trees were then simplified by removing cylinders under 2 cm in diameter and combining neighboring cylinders to reduce the number of cylinders and increase their length to radius ratio. We then used the finite element method to estimate the CWS of 3D model trees from TLS data (Jackson et al., 2019). We exposed the model trees to an artificial wind forcing, consisting of a stepwise increasing wind speed (Figure 1), and extracted the strain at each wind speed. We then interpolated between these points to find the wind speed at which the strain on the basal cylinder (corresponding to the position of our strain gauges in the field) equaled the literature-reported breaking strain, this was designated as the CWS. If the breaking strain was not reached by the maximum wind speed of 100 ms−1 the CWS was not determined, we did not attempt to estimate CWS higher than 100 ms−1.
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FIGURE 1. (Left) Raw strain output from simulation showing steps of increasing strain, corresponding to the stepwise wind ramp used to force each tree. (Right) Strain against squared wind speed. The red line indicates the breaking strain and the point at which it intersects the interpolation is the critical wind speed. No breakage condition was included in the finite element analysis, but values beyond the critical wind speed are unreliable and non-linear effects, presumably due to large deformation in the tree, are apparent.



Recent work has shown that such simplified treatment of wind forcing, considering only time periods longer than the tree sway, dominated the motion of four Pinus sylvestris trees in Germany (Schindler and Mohr, 2018). The 1 ha area we studied had a ground surface height range of 20 m and was surrounded by forest for at least 20 tree heights in all directions. The vertical wind profile applied in the model was fitted to wind speeds measured at 5, 10, and 15 m within the forest and the wind amplitude was defined at a resolution of 10 Hz. The TLS scan mapped 557 trees in this 1 ha area (Calders et al., 2018). We filtered out trees under 5 m tall, species with under five individuals, those whose CWS was not reached by 100 ms−1, and those for which the simulations did not converge, giving 397 trees in total (330 sycamore, 44 ash and 23 oak trees).

Importantly, each tree was simulated individually so stand level effects such as sheltering were not included. However, trees are likely to respond to their local wind environment through changes in growth patterns (Bonnesoeur et al., 2016). These will be captured by the TLS data and so included in the finite element analysis. To test the significance of this neighborhood effect, we calculated a competition index for each tree by finding all trees within a 10 m radius and taking the sum of their diameters divided by their distance from the focal tree (Hale et al., 2012). We used this competition index as a crude test of whether residual variation is explained by the trees immediate surroundings. In order to test the influence of material properties on CWS, we first applied identical material properties, those of a sycamore tree, to all our model trees. Secondly, we applied the species-specific material properties to the oak and ash trees (Niklas and Spatz, 2010). We assumed isotropic material properties throughout the tree due to a lack of data on wood material properties, although wood is in fact a highly complex material (Mackerle, 2005).

Tree Architecture

Previous studies have found that the dynamics of trees in the wind are determined mostly by tree architecture, rather than material properties (Sellier and Fourcaud, 2009; James et al., 2014). In order to test whether architecture drives CWS we extracted architectural measures from the cylinder models. The architectural measures we used were:

• Sail area—The total area of the cylinders (branches) projected into the x-y plane, i.e., the 2D area upon which wind drag is incident.

• Crown volume ratio (CVR)—the ratio of whole tree volume to crown volume.

• Crown asymmetry—the ratio of mean to maximum woody volume contained in each segment of crown. These segments are defined by splitting the crown into eight “pizza-like” slices, centered on the stem.

Generalized Linear Model Selection

In order to test what drives CWS, we used the fitglm function in matlab (Mathworks, 2017) to fit generalized linear models of the form CWS~Height*dbh+Species+Architecture. Prior to model fitting, all variables were centered and scaled to a standard deviation of 1. Sail Area and CVR were log transformed. We selected models with highest coefficient of determination (R2) and lowest Akaike's information criterion (AIC). The results of these model fits are summarized in Table 1 and further information is given in Figure SI-4.


Table 1. Generalized linear model results showing the key drivers of simulated critical wind speeds.
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RESULTS

The Effect of Leaves on Critical Wind Speed

We first review the CWS estimates from our field data in summer and winter. Our hourly CWS estimates from field data range from 28 to 56 ms−1 in winter and 23–53 ms−1 in summer (Figure 2). On average, each tree's CWS decreased by 9% in summer. The fact that CWS estimates were generally lower in summer means that trees are at a higher risk of breaking for a given wind speed when in full leaf. This is presumably due to the additional drag from the leaves transmitting a higher force to the trunk. However, the role of leaves in wind damage is complex, since they also lower the tree's fundamental frequency and alter the wind regime. The likelihood of strong winds is much higher in winter than in summer, demonstrating CWS is not an absolute measure of damage risk. However, this difference between summer and winter suggests that the transition periods are likely to be significant, we discuss this further in section Is There a Relationship Between Critical Wind Speed and the Timing of Autumn Leafdrop?
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FIGURE 2. (Left) Critical wind speed estimates for a single tree from field data in summer and winter using maximum hourly wind speeds. (Right) Histograms of CWS estimates from field data in winter (above) and in summer (below). The solid line through the histograms represent the mean and the dotted line the median.



 Jackson et al. (2019) showed that finite element analysis predicts the field estimated CWS with R2 = 0.40 and concordance correlation coefficient (CCC) of 0.66, for 17 trees in Wytham Woods. At lower wind speeds the model predicts the strains produced in the tree more accurately (R2 = 0.81, CCC = 0.91 at 5 ms−1, and R2 = 0.79, CCC = 0.89 at 15 ms−1 wind speed). It is in the high wind speed regime (i.e., the part where we do not have field data and are extrapolating) that the model and field predictions diverge. The model tends to estimate a higher CWS than the extrapolations from field data. Importantly, the modeled wind speed is a steadily increasing wind ramp applied at the position of the tree, whereas the field data wind speeds were measured ~1 km away and the extrapolation relates hourly wind speeds to hourly strain values. Also, the geographical separation of the two groups of trees used for validation is much larger (~350 m) than the total size of the 1 ha plot. The fact that, despite these significant differences, a similar pattern of CWSs was estimated from both field data and finite element analysis shows that the two methods are comparable.

What Drives Critical Wind Speed?

The three species in our plot had significantly different CWSs (Student's t-test, p < 0.001), with oak having the lowest risk of wind damage and ash the highest risk, for a given wind regime (Figure 3). This difference was evident in both the constant material properties simulations (oak CWS = 72 ± 20 ms−1, sycamore CWS = 50 ± 15 ms−1, ash CWS = 35 ± 19 ms−1, where the values given are mean ± standard deviation) and in the species-specific material properties simulations (oak CWS = 72 ± 20 ms−1, sycamore CWS = 50 ± 15 ms−1, ash CWS = 37 ± 19 ms−1). This suggests that it is the size and shape of the different species that drive differences in critical wind speed, rather than their wood properties.
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FIGURE 3. Simulated critical wind speeds for the three species in our 1 ha plot, “on” signifies species-specific material properties, “off” signifies uniform material properties across all species. The coloured '+' symbols represent outliers. The black “x” markers are field data overlaid for sycamore and ash trees. CWS estimates above 100 ms−1 were excluded.



Figure 4 clearly shows that the different species in our plot occupy different height ranges for a given dbh: oak trees tended to have a large dbh for their height, whereas ash trees tend to be tall and slender. This range reflects both the growth form of that species and the age of the trees in this plot. There is also a range of heights for a given dbh within each species, most clearly in the sycamores that dominate this plot. More slender trees tend to have a higher risk of wind damage and are concentrated on the upper edge of this height to dbh relationship.
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FIGURE 4. (Left) Tree height against dbh for 397 model trees from the 1 ha plot and the 17 trees for which we have field data. The points are scaled by dbh and colored by species. (Right) Tree height against dbh for the same trees, but colored by simulated CWS (with species-specific material properties).



The results for species-specific material properties and uniform material properties simulations were similar (Table 1), we discuss the former. We found that the competition index accounted for only 4% of the variation in CWS. Tree size, modeled as the interaction of height and dbh, and species accounted for 23 and 19% of the variation in CWS, respectively. However, when combined the prediction accuracy increased only slightly, showing that tree size and species explain much of the same variation, as expected from Figure 4. The addition of architectural measures significantly increased the model accuracy. The most significant architectural measure was the CVR, which describes the size of the crown relative to the stem, but sail area also increased the prediction accuracy significantly. Crown asymmetry was not strongly correlated with CWS. As in the case of species and tree size, the architectural measures tended to covary (Figure SI-5). See Figure SI-4 for estimates of effect size for each continuous variable. Overall, this shows that measures of tree architecture, in addition to the commonly measured tree height and dbh, are needed to accurately predict CWS in natural forests.

Is There a Trade-Off Between Growth Rate and Critical Wind Speed?

Figure 5 shows that faster growing trees tended to have a higher risk of wind damage, for a given wind regime. Ash trees are the fastest growing in our sample and had the lowest CWSs, whereas the slow growing oaks had a larger mechanical safety margin. The sycamore trees occupied the middle ground, and are the most abundant species in this plot. Interestingly, plotting only the larger trees (dbh>40 cm, Figure 5B) shows a clearer relationship between growth rate and CWS. This suggests that it is not tree size which is driving this relationship. However, the growth rate data relies on repeat dbh measurements and so only reflects radial growth. We therefore cannot determine whether a high growth rate is the cause or the effect of low critical wind speed.
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FIGURE 5. (A) Critical wind speed against radial growth rate for the 397 trees modeled in the 1 ha plot with the trees measured in the field overlaid. The marker size represents the tree dbh. (B) subset of (A), with modeled trees over 40 cm dbh only and a best fit line overlaid. (C) Subset of (A), with field data trees only and a best fit line overlaid. All plots have the same axes.



Is There a Relationship Between Critical Wind Speed and the Timing of Autumn Leaf Drop?

We found that the leaf-on and leaf-off timings of our three species differ consistently (Woodland Trust, 2014). Figure 6 overlays these timings onto a graph of the wind regime in Wytham Woods (defined as the maximum wind speeds for the last 10 years). In autumn, the order of leaf senescence between the three species reflected that of decreasing wind damage risk—as calculated both from both field and modeling work. Ash trees, the most at risk of wind damage for a given wind regime, drop their leaves first and so expose themselves to lower risk from early winter storms. Of the three species we measured, oak trees, the least at risk of wind damage, consistently drop their leaves last. The same ordering does not occur in spring, when other factors are known to drive the timing of bud burst (Vitasse et al., 2009a,b).
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FIGURE 6. Wind regime, calculated as the maximum occurring wind speed in each hour from 2008 to 2017 at the ECN weather station at Wytham Woods. Overlaid box and whisker plots represent leaf-in/leaf-out timings for the same period.



DISCUSSION

We present a plot-scale estimate of CWS in a natural forest. This study demonstrates the potential of TLS data to bring new insights into forest ecology by accurately mapping tree architecture and allowing us to question how tree form affects function. Understanding the relationship between CWS and other ecological processes is essential in predicting how forest ecosystems will respond to climate change.

Limitations

Since no field study has measured a tree breaking in the wind, estimating CWS necessarily involves extrapolation beyond the range of field data (Hale et al., 2012; Moore et al., 2018). In the 8 months of data collection the maximum recorded wind speed was 15 ms−1. Within this range of wind speeds, we found that the wind-strain relationship follows the square law predicted by theory, but were unable to test if non-linear effects are significant beyond this range. Finite element predictions of CWS are also uncertain, but follow a similar trend to those from field data. We therefore use finite element analysis to scale-up to the plot level. We do not intend our CWS estimates as predictions for management purposes, but rather as a useful measure with which to compare relative wind risk between trees and to gain ecological insight into the role of wind damage risk as a driver of ecosystem structure.

One source of uncertainty in the finite element prediction of CWS is the treatment of material properties. We use uniform material properties throughout each tree and across all trees of the same species (Table SI-2). In reality, material properties vary within individual trees, within species and also between species (Lavers, 1983; Niklas and Spatz, 2010). A sensitivity analysis showed that the most important material property driving the variation in response to wind forcing is green wood elasticity (Table SI-2). The inter-specific variation in elasticity is 25% for the four species in this study, and the intra-specific variation in elasticity is lower than 20%. Changing the model elasticity by this amount caused a 12% change in CWS (Table SI-2), compared to the two-fold variation in CWS for trees of similar sizes evident in Figure 4. In line with previous studies, our sensitivity analysis shows that architecture is a stronger driver of tree response to wind than material properties (Sellier and Fourcaud, 2009; Kane et al., 2014).

Another important limitation of this study is that local wind sheltering effects are not accounted for. The effect of sheltering between trees cannot be explored without intensive wind speed measurements at multiple locations within a forest plot. In this study all trees were forced with an identical wind forcing (Table SI-3). In reality trees growing close to large neighboring trees may be sheltered from the full force of the wind (Hale et al., 2012; MacFarlane and Kane, 2017). Finally, we assume that cylinder reconstructions from TLS data accurately represents tree architecture, but we do not validate this. A number of studies have used these 3D cylinder model trees under the same assumption and found that they can predict tree biomass, and even differentiate between different species (Calders et al., 2015; Åkerblom et al., 2017; Disney et al., 2018). A direct validation of TLS derived tree architecture using field data would be very useful, but highly time-consuming.

Seasonality

The interaction between wind damage risk and the presence or absence of leaves is complex, since leaves alter the wind regime as well as the trees response to wind forcing (Roodbaraky et al., 1994; Finnigan, 2000). Our field data predicted lower CWS in summer than in winter, meaning that trees were at a higher risk from the same wind speed in summer. This is not a measure of absolute risk, and Figure 6 clearly shows that wind speeds are generally much lower in summer, but it does emphasize the importance of transition periods when trees are either growing or losing their leaves. In these transition periods, early or late winter storms can bring strong winds and, if a tree still has increased sail area due to leaves, it may be at a higher risk of damage. To add to this effect, if the surrounding trees have lost their leaves, wind will more easily penetrate into the canopy and the total drag force will be higher (Dolman, 1986).

The three species in our plot display distinct leaf phenology, particularly in autumn (Woodland Trust, 2014). The timing with which they drop their leaves reflects their predicted critical wind speeds, with the ash trees being the most at risk and dropping their leaves first, while the oaks keep their leaves the longest. As would be expected, this order does not hold in spring when other factors (e.g., avoidance of frost risk) determine leaf out timing (Vitasse et al., 2009a,b). As we have only studied three species our conclusion is highly tentative, but our findings provide a novel strand of evidence that the timing of leaf drop in autumn may be a trade-off between decreasing marginal returns on photosynthesis and increasing risk of wind damage from winter storms. These findings need to be further explored with other tree species and in other forests. This hypothesis could be tested at scale by analyzing remotely sensed leaf phenology in combination with wind field data.

Drivers of CWS

Tree size and architecture were the main drivers of CWS in this study. Specifically, CVR was positively correlated with CWS while total sail area was negatively correlated with CWS (Figure SI-4). We saw clear differences in CWS between species, but also a wide range within each species (Figure 3). This was partly driven by tree slenderness, the thinner ash trees having a lower critical wind speeds than the wide oaks (Figure 4). Trees with a higher radial growth rates tended to have lower critical wind speeds. However, repeat dbh measurements alone cannot disentangle the cause from the effect in this process, since height growth and dbh growth are confounded. A high radial growth rate may indicate fast height growth, leading to low critical wind speed. On the other hand, trees with a high risk of damage will tend to increase their radial growth rate (Bonnesoeur et al., 2016), giving the same pattern. This interplay demonstrates the balance between competition for light and risk of damage from wind storms that trees must maintain to endure wind storms and survive within a forest ecosystem.

DATA AVAILABILITY

The field data are available online (https://doi.org/10.5285/533d87d3-48c1-4c6e-9f2f-fda273ab45bc) along with the software developed to convert 3D tree models to Abaqus input files (https://github.com/TobyDJackson/WindAndTrees_FEM). The TLS data are available online (Calders et al., 2018), as is the software used to create cylinder models from raw TLS data (Åkerblom, 2017). Summary data used for statistical analysis are available on request to the corresponding author.
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