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Abstract

:

The use of unmanned aerial vehicles (UAVs) for remote sensing of natural environments has increased over the last decade. However, applications of this technology for high-throughput individual tree phenotyping in a quantitative genetic framework are rare. We here demonstrate a two-phased analytical pipeline that rapidly phenotypes and filters for genetic signals in traditional and novel tree productivity and architectural traits derived from ultra-dense light detection and ranging (LiDAR) point clouds. The goal of this study was rapidly phenotype individual trees to understand the genetic basis of ecologically and economically significant traits important for guiding the management of natural resources. Individual tree point clouds were acquired using UAV-LiDAR captured over a multi-provenance common-garden restoration field trial located in Tasmania, Australia, established using two eucalypt species (Eucalyptus pauciflora and Eucalyptus tenuiramis). Twenty-five tree productivity and architectural traits were calculated for each individual tree point cloud. The first phase of the analytical pipeline found significant species differences in 13 of the 25 derived traits, revealing key structural differences in productivity and crown architecture between species. The second phase investigated the within species variation in the same 25 structural traits. Significant provenance variation was detected for 20 structural traits in E. pauciflora and 10 in E. tenuiramis, with signals of divergent selection found for 11 and 7 traits, respectively, putatively driven by the home-site environment shaping the observed variation. Our results highlight the genetic-based diversity within and between species for traits important for forest structure, such as crown density and structural complexity. As species and provenances are being increasingly translocated across the landscape to mitigate the effects of rapid climate change, our results that were achieved through rapid phenotyping using UAV-LiDAR, raise the need to understand the functional value of productivity and architectural traits reflecting species and provenance differences in crown structure and the interplay they have on the dependent biotic communities.
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1. Introduction


Emerging advances in unmanned aerial vehicles (UAVs) and miniaturization of sensors allow the acquisition of ultra-high-resolution data (>1000 points/m2) for phenotyping and studying biological processes at the individual tree level in ways never before imagined [1,2]. Phenotyping is the first step in unravelling the genetic control of traits of ecological and economical significance. This understanding is important as the genetic variation in traits among populations often reflects plant adaptation to environmental variation [3], and allows the prediction of population responses to selection, be it artificial (breeding) or natural (evolutionary response) [4]. In the case of quantitative genetics, such studies require phenotyping a large number of individuals to allow the accurate estimation of genetic parameters, such as provenance differences and heritability. Achieving the required large-scale phenotyping is particularly difficult and costly for large, long-lived lifeforms such as trees. While traditional phenotypic traits, such as tree height, can be quantified using remote sensing with greater speed and precision than on-ground measurements [5], dense UAV-derived point clouds allow the estimation of difficult-to-measure traits (e.g., above-ground biomass or crown architectural traits) and the development of novel crown shape and density traits.



While there are obvious advantages in the use of remote sensing for phenotyping forest trees [4], its uptake in genetics and breeding studies has been slow. Recently, UAV technologies have been used for phenotyping genetic trials of Norway spruce (Picea abies) through RGB-derived (red, green, blue) photogrammetric point clouds [6]. The authors attempted to estimate tree height, intra-annual height increment and phenology at an individual tree level but were only able to accurately estimate tree height using the RGB-derived point cloud. Although the use of photogrammetric point clouds has become increasingly common in forest tree studies, higher rates of canopy penetration are achieved using light detection and ranging (LiDAR) [7]. For example, UAV-LiDAR was used to quantify structural differences among three genetic populations of Douglas-fir (Pseudotsuga menziesii) with different predicted genetic gain using area-based [8] and individual tree-level [9] analysis. Results showed high concordance between predicted population rankings and derived traits from the dense LiDAR point cloud, such as tree height, crown dimensions and leaf area.



In the field of ecological restoration, remote sensing of tree architecture and productivity traits is important for large-scale monitoring, as these traits are known to influence ecosystem services and functions [10]. However, the challenge remains to understand how species and provenances differ in these traits, especially as there is now a paradigm shift towards the development of climate-resilient restoration plantings using local and non-local species and provenances [11]. This is important as the extent to which provenances are locally adapted affects provenance choice and translocation decisions, and is a fundamental concept that underpins many of the provenancing strategies designed to develop resilient restoration plantings in the face of climate change [12]. The other relevant component of quantitative genetic variation is the within provenance variation which, in the case of wild seed collections, is reflected in the trait differences between individual open-pollinated seed lots (hereafter called families) from the same population [13]. With appropriate assumptions, this family-level variation allows insights into the additive genetic variation existing within populations and the narrow-sense heritability (i.e., h2) of traits [13]. Understanding genetic variation at this level is likely to uncover whether local provenances have sufficient genetic variation in functional traits to respond to climate change [14].



We here present one of the first studies investigating quantitative genetic variation in traditional and novel traits derived from UAV-borne LiDAR data. We focus on key structural traits associated with tree architecture and productivity estimated for two Eucalyptus species regularly used for ecological restoration of temperate woodland ecosystems in south-eastern Australia. Using a multi-provenance common-garden experiment embedded within the broader restoration plantings, we develop and test a two-phased analytical framework to reveal signals of local climate adaptation. Our results highlight new opportunities for high-throughput phenotyping using remote sensing techniques and the quantification of novel tree architecture and productivity traits of putative functional value in forest ecosystems.




2. Materials and Methods


2.1. Study Site


The present study used field and remotely sensed data from a common-garden trial established at Dungrove (592 m elevation, latitude −42.2733°, longitude 146.8941°) in southern Tasmania, Australia (Figure 1a). We focused on the pedigreed eucalypt treatments of the ‘ecology trial’ reported in Camarretta et al. [15], which comprised three treatments of Eucalyptus pauciflora and Eucalyptus tenuiramis planted as monoculture or mixed species. The seed material was collected during the 2009/2010 austral summer, and at the time of trail establishment (October 2010), seedlings were approximately 10 months old. For each focal eucalypt species, sixty open-pollinated families were sampled from each of the 10 provenances across their native distribution in Tasmania (i.e., 60 families represented per species; Table S1). Families were randomized within each treatment irrespective of provenance and planted as single-tree plots. In the case of the mixed eucalypt treatment, species were alternated along cultivation rows, where each single-tree plot was randomly allocated a family irrespective of provenance. For the monoculture treatment, two provenance trial designs were overlayed. In each randomized complete block design, provenances and families were allocated randomly along rip lines. Each treatment was replicated eight times across the trial site and planted as a complete randomized block design.




2.2. UAV-LiDAR Collection, Processing and Trait Calculation


Ultra-high-density first-return LiDAR data were acquired using a Velodyne VLP-16 laser scanner (https://velodynelidar.com/vlp-16.html), mounted on a DJI Matrice 600 UAV. Flights were undertaken in January 2018 (7 years after planting) over three focal areas (total coverage = 5.8 ha) (Figure 1b). An autopiloted, cross-strip flight path flown at an altitude of 40 m above ground level at a ground speed of 3 m/s allowed a flight strip overlap of 40–50% [7,16,17], with a combined flight strip point density greater than 1000 points/m2 (Figure 2). The flight path covered six of the eight replicates of the above-mentioned treatments of the ecology trial.



Multiple, automated crown detection algorithms were employed to segment individual trees. However, the irregular crown shape of both Eucalyptus species resulted in over segmented crowns (data not shown). Thus, canopy height models (CHMs) were calculated using the Lasgrid package of LAStools (https://rapidlasso.com/lastools/lasgrid/) to manually digitize the contours of 1859 tree crowns (Figure 1c). Individual tree point clouds were then extracted from each crown using the lidR package in R [18]. Point clouds containing less than 780 points, or with a maximum 99th percentile height lower than 1.3 m (i.e., height of diameter at breast height) were removed from the analysis, leaving 1344 individual point clouds for further analysis (923 E. pauciflora, 421 E. tenuiramis). For each retained point cloud, a customized script was used to calculate 25 traits pertaining to standard descriptive traits and novel tree architectural and productivity traits (Table 1).




2.3. Statistical Analysis


All statistical analyses and data visualization were undertaken in R. Due to low survival of E. tenuiramis from the South Arm provenance, this provenance was dropped from subsequent tests. The South Arm provenance for E. pauciflora was also a significant climate outlier with high leverage and thus removed from these association analyses.




2.4. Field Validation


Field data from 557 randomly selected trees across all flown replicates of the Eucalyptus treatments were collected in May 2018 and used to validate the individual tree point clouds. Tree height (using an extendable height pole), diameter at breast height (1.3 m, DBH), cross-sectional crown width (along and perpendicular to the planting rip-line), and crown insertion height were measured for each tree. Prior to undertaking the validation analysis, slope heterogeneity among provenances within species was tested by fitting a linear model that modelled the on-ground measured trait as a function of the LiDAR-derived equivalent trait, provenance, and their interaction. Where a significant interaction was observed, the contribution of the interaction and provenance effect to the model coefficient of determination (R2) was determined by firstly removing the interaction term and then the covariate term, respectively. Linear regression models were then fitted that modelled the relationship between the ground-based trait measurement with the LiDAR-derived equivalent trait irrespective of species or provenance. Model assumptions of normality and homoscedasticity as well as overdispersion were statistically and visually assessed using simulated residuals from the fitted model using the DHARMa package, following [20]. Traits were transformed where necessary to meet model assumptions. To determine the dispersion of values around the mean, we estimated the unbiased root mean squared error (RMSE) for each trait using the following standard formula:


  R M S E =         ∑   i = 1  n     (   y i  +    y i   ^   )   2   n     



(1)




where the numerator is the Pearson residual sum of squares and the denominator is the degrees of freedom of the fitted model.





3. Trait Filtering


A two-phased analytical framework was developed to identify traits of biological interest. In all cases, a Bonferroni correction was applied to adjust for multiple testing using 0.05/m, where 0.05 is the significance level for rejecting the null hypothesis and m is the number of traits tested which reduced as trait filtering progressed. The first phase was to determine whether species significantly differed in their tree architecture and productivity traits (Figure 3a).



Species differences were tested using only the mixed-species treatment and fitting the following generalized mixed model using the lme4 package:


y = Xb + Zu + ε



(2)




where X is a matrix of dimensions N × p (where N is the number of observations and p is the number of predictor variables), b is a vector of complementary fixed-effect coefficients of length p, Z is the random-effects design matrix of dimensions N × q (where q is the number of random variables), u is a vector of complementary random-effect coefficients of length q, and ε is a vector of random residual terms. The terms in b comprised the overall mean and fixed species effect, while the terms in u comprised the random effect of replicate and species by replicate interaction. Model assumptions and overdispersion were visually and statistically assessed for each trait (see details in ‘Field Validation’). Fixed species effects were tested by a Type III F test, with degrees of freedom estimated following the Kenward–Roger method as implemented by the lmerTest package. When significant main fixed effects were detected, back-transformed (where needed) estimates of the least-square means and 95% confidence intervals (CI) were obtained using the emmeans package.



The second phase was undertaken at the provenance level within each species. The goal of this step was to filter tree architecture and productivity traits using three criteria to identify traits exhibiting signals of local adaptation. Firstly, traits were retained if significant provenance variation was detected (Figure 3b; Criteria I). This was achieved by fitting a univariate, individual tree mixed model (using a pedigree file) in the form of Equation (2) that fitted treatment as the fixed-effect term in b and replicate, treatment by replicate, provenance, and tree as the random-effect terms in u, where tree is the additive genetic effect for each individual. Model fitting was undertaken using the asreml package in R. The pedigree file for E. pauciflora was defined following Gauli et al. [21], accounting for a selfing rate of 10% and population inbreeding of 0.067. In the case of E. tenuiramis, a 30% selfing rate was assumed and no population inbreeding. Model assumptions of normality and homoscedasticity were visually assessed using QQ plots and plots of Pearson residuals vs. fitted values following Zurr et al. [20]. To determine whether there was significant variation among provenances for a given trait, we tested whether the provenance variance component was greater than zero using a one-tailed likelihood ratio test (LRT) with one degree of freedom. This was achieved by comparing a full and a reduced model with no provenance variance component [22]. Following Gauli et al. [21], the narrow-sense heritability for each trait was estimated using the variance components from the above described model as:


   h  o p  2  =    σ a 2     σ a 2  +  σ e 2     



(3)




where    σ a 2    is the estimate of the pooled additive genetic variance within populations and    σ e 2    is the residual variance. Significance of the    σ a 2    variance component was tested using a one-tailed LRT with one degree of freedom [22]. Variance components were also used to estimate the quantitative trait inbreeding coefficient (QST) as:


   Q  S T   =    σ p 2     σ p 2  + 2  σ a 2     



(4)




where    σ p 2    is the phenotypic variance component among populations and    σ a 2    is defined above. The comparison of QST to the molecular analogue FST was pursued following Gauli et al. [21] using the maximum FST of 0.07 obtained for ten putatively neutral microsatellites [23]. In the case of E. tenuiramis, only the mean of ten isozymes were available for FST within northern and southern regions and thus their average FST of 0.05 was used [24]. For traits demonstrating significant provenance differentiation (Figure 3b; Criteria II), a one-tailed LRT with one degree of freedom was undertaken to test whether QST was significantly greater than FST following [25]. This involved comparing the likelihood of the unconstrained model defined above to a model where QST was constrained to FST. Traits exhibiting a significant QST > FST signaled evidence for divergent selection driving among provenance variation [26].



Additional evidence for local adaptation was pursued by testing for an association of provenance trait least-square means with home-site climate for traits exhibiting signals of divergent selection (Figure 3b; Criteria III). Least-square means were estimated by fitting the tree mixed model described above, but fitting provenance as a fixed term in b (see above). Home-site climate data were represented by minimum temperature of the coldest week (TMNCW) and maximum temperature of the warmest week (TMXWW) obtained from ANUClim V6.1 as the mean between the 1976–2005 period [27] and annual aridity (AIANN; positive value reflect increasing home-site moisture) obtained from Atlas of Living Australia (https://www.ala.org.au/). These climate variables were selected as they have been identified as potential drivers of provenance variation in functional traits [28] and species distributions in Tasmania [29]. Following Camarretta et al. [15], the least-squares means were modelled as quadratic responses to provenance home-site AIANN, TMNCW and TMXWW using linear models. Model assumption of normality and homoscedasticity of the variance were visually assessed using QQ plots and plots of Pearson residuals vs. fitted values following Zurr et al. [20]. To avoid the high collinearity among fitted polynomial terms, orthogonal linear and quadratic coefficients were fitted using the ‘poly’ function of the stats package. A two-tailed LRT with one degree of freedom was used to assess the best fit of a linear or quadratic model to the data.
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Figure 3. Conceptual diagram of the two-phased analytical framework (a,b) used to filter the calculated canopy traits from the individual tree LiDAR point cloud. The first phase was to identify traits which exhibited significant differences between species. Traits which met this criterion are then validated for their functional significance. The second phase filtered traits within species using three criteria. The first criterion determined whether a trait significantly varied among the tested provenances. Traits that met this criterion were then assessed for signals of divergent selection (i.e., QST > FST; [26]). Traits signaling divergent selection were then modelled as a function of home-site environment to determine whether the variation among provenances covaried with the environment (Figure modified from Harrison [29]). 
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4. Results


Field measurements were generally well predicted by the same measurements derived from the LiDAR point cloud, with R2 derived from linear regressions ranging between 0.80 and 0.97, with the exception of crown insertion height (R2 = 0.36) (Figure 4). Analysis of slope heterogeneity showed statistically significant (p < 0.01) interaction effects between the LiDAR-derived trait and provenance for E. pauciflora (Height P99, DBH) and E. tenuiramis (Max crown diameter). However, even when the interaction term was significant, the comparison of the change in R2 showed that the interaction term explained less than 3% of the variation explained by the covariate for E. pauciflora and less than 16% for E. tenuiramis, and thus is considered biologically unimportant compared to the main effect of the covariate. Dispersion of the LiDAR measurements around the mean as measure by RMSE ranged between 15 cm (DBH) and 49 cm (crown insertion height). The two best-predicted traits based on the relationship between the ground-based measurements and the equivalent derived traits from the individual tree point clouds had a RMSE of 25 cm (height) and 30 cm (crown width). The strong phenotypic regressions and relatively low RMSEs translated to ground and LiDAR measurements producing virtually identical patterns in species and provenance differentiation. Thirteen of the 25 derived traits significantly differed between the two focal eucalypts after a Bonferroni correction, with E. tenuiramis showing significantly higher least square means than E. pauciflora in almost all traits (Table 2). Eucalyptus tenuiramis tended to be taller, with greater above-ground biomass accumulation, and a more complex crown structure that was less dense than E. pauciflora (Table 2).



Traits significantly varied among the tested provenances, with 20 traits for E. pauciflora and ten for E. tenuiramis meeting Criteria I and retained for further analysis. Following filtering, the observed quantitative differentiation among provenances (QST) of E. pauciflora ranged between 0.09 (trait 8) and 0.84 (trait 20), and between 0.17 (trait 3) and 1.00 (traits 6 and 24) for E. tenuiramis (Figure 5; Table 3). However, only eleven and seven of these traits exhibited signals of divergent selection based on QST being significantly greater than FST for E. pauciflora and E. tenuiramis, respectively (Figure 5; Table 3). Nine and one of these traits also showed significant levels of additive genetic variation in E. pauciflora and E. tenuiramis, respectively (Table 3). In the case of E. pauciflora, home-site TMNCW and AIANN accounted for 50–77% of the variance in the eleven traits signaling divergent selection, nine of which were significant after the Bonferroni correction (Table 3). The best three models showed home-site TMNCW linearly related with increased mean height of the widest cross-section (β = 0.58, F1,7 = 17.3, P = 0.047, R2 = 71%) but decreased number of points per unit area (β = −92.7, F1,7 = 23.5, P = 0.021, R2 = 77%) and per unit volume (β = −417.2, F1,7 = 22.6, P = 0.023, R2 = 76%), the latter suggesting that provenances originating from sites with warmer winters tend to have sparser crowns. In the case of E. tenuiramis, home-site TMNCW, TMXWW, and AIANN accounted for 30–81% of the variance in the seven traits, signaling climate as a putative driver of the observed divergent selection on these traits among provenances (Table 3). Of the seven traits, only one was significantly (after Bonferroni correction) associated with a climate variable. This involved a quadratic response with TMNCW (3D:2D area; βlinear = −0.92, βquadratic = −0.64, F2,6 = 13.1, P = 0.045, R2 = 81%), suggesting that provenances originating from home sites with warmer winters tend to have less complex crown structure.




5. Discussion


Our study demonstrates the potential of UAV-LiDAR for the quantification of traditional forest traits at the individual tree-level, as well as for the development of novel LiDAR-derived traits that can offer new insights into species differentiation and local adaptation. Most of the investigated traits showed significant differences between species. Ten of these traits also showed significant provenance differences, had signals of divergent selection and co-varied with provenance home-site climate. Such variation reflects differences in tree architecture between species and provenances, which may have extended effects on the distribution of dependent organisms [30,31,32]. This is an important finding because provenances and species are increasingly being translocated across a changing landscape for the development of resilient restoration plantings [14], which may have broader community level consequences. Although structural attributes have been studied at regional scales using remote sensing [10], they have been rarely captured at a level to allow inter- and intra-specific genetic variation to be assessed [30]. While there is an increasing number of remote sensing studies quantifying individual tree-level attributes using LiDAR or photogrammetric point clouds, they mainly focus on common attributes such as tree top height, DBH and biomass [31,32,33]. Our study represents one of the first applications of remote sensing in a quantitative genetic framework for forest trees, particularly tree architectural traits. Previous applications of remote sensing in a genetic framework have studied provenance differences in heat-sum requirements when grown in a common garden environment [34], and highlighted the use of LiDAR technology for whole forest phenotyping following an area-based approach [35].



The proposed analytical framework for high-throughput phenotyping has the potential to be broadly applied to forest restoration plantings and production plantations, where pedigree information is available. The approach we describe relies on the availability of dense LiDAR data correctly segmented at the individual-tree level. In this study, individual tree delineation was carried out manually, as the complex nature of young eucalypt crowns, although clearly identifiable through visual inspection, did not provide meaningful results when implementing readily available automated crown segmentation algorithms. Many such algorithms have been proposed in the literature [36,37,38], and have been found to perform relatively well on species with regular crown shapes [39] such as conifers. As automated individual tree segmentation performed poorly and the main focus of the current study was to demonstrate an approach to rapidly phenotype and uncover genetic differences, manual digitisation was deemed sufficient. Nevertheless, further investigation into advanced machine-learning approaches [40] or methods based on modelling the 3D-shape of the tree [41] is required to resolve the individual tree segmentation of species with irregular shaped crowns.



At the species-level, our results indicate significant differentiation between the two studied eucalypt species in most tree architecture and resource allocation traits. This variation has a genetic basis as trees of the two species were alternately planted in the studied area. Surviving trees of E. tenuiramis exhibited greater growth and less dense, but more structurally complex, crowns than trees of E. pauciflora, despite the survival of E. tenuiramis being lower than E. pauciflora at this trial site [15]. While both E. pauciflora and E. tenuiramis are from the same subgenus, Eucalyptus, and often co-occur in eucalypt woodlands [42], the observed structural difference between the two species when grown in a common garden may in part reflect differences in the functional components of the ecological niche they occupy in the wild [43].



Significant genetic variation was detected at the provenance-level for many of the LiDAR-derived traits. Provenance variation is a common feature of forest tree species [13], including eucalypts, but we emphasise the novel insights now possible with LiDAR-derived traits. This is best exemplified by the negative association shown between crown point density and minimum temperature at the provenance home-site in E. pauciflora, which suggests that provenances translocated from warmer home-sites had less dense crowns at our trial site. This phenomenon could reflect an inherent genetic-based difference in growth habit of the assessed provenances or phenotypic plasticity due to trees from warmer provenances experiencing cold stress at the higher altitude trial site. Such stress would be consistent with the poorer survival reported for the lower altitude provenances at the study site [15]. Eucalypts are ever-green trees and crown density is commonly assessed as an indicator of their health, including defoliation due to pests and drought stress [44,45] and, while normally assessed on an ordered categorical scale, it has been shown to vary among provenances in field trials [46]. Indeed, these differences in crown densities are now raising new hypotheses on the extent to which they may affect the dependent communities through changes in resource use and animal feeding/nesting behaviour. Crown complexity (i.e., crown openness, vegetation layering and cover) have been linked to arthropod [47,48], bird [49,50,51] and bat species richness [52]. The introduction of non-local provenances with different crown properties, as may occur with the implementation of climate-adjusted provenancing [12], may have a broader extended effect on dependent communities. Indeed, this could potentially result in unexpected biodiversity outcomes, such as loss of habitat specialist species [53], which is opposite to the intended restoration goals. Further research is therefore needed in this area to fully untangle the intricacies between provenance translocation, crown architecture and dependent species resource utilization and behaviour.




6. Conclusions


The present study is one ofthe first to demonstrate the role of divergent selection in shaping the phenotypic variation in tree architecture and productivity traits derived using ultra-dense UAV-LiDAR point clouds. These findings advance our understanding of how the home-site climate shapes genetic variation in traits that were impractical to assess using ground-based measurements. Indeed, most noteworthy was the trend for E. pauciflora provenances originating from home-sites with warmer winters tending to have sparser crowns when translocated to the mid-altitude field trial site. Species are being increasingly translocated across and outside their native distribution to mitigate biodiversity loss due to increasing maladaptation as climate changes. The present study highlights the need to consider whether translocated provenances with different crown architecture and productivity traits impact the habitat requirements of the biotic communities at the recipient site. Utilising rapid technological advances in UAV platform and sensor development together with data fusion approaches (e.g. UAV-LiDAR and hyperspectral imaging) will provide new understandings on the genetic diversity and functional value of the identified tree architecture and productivity traits to better guide the management of natural resources during an era of rapid change.
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Figure 1. Location of the restoration common-garden restoration trial site at Dungrove (black dot) relative to the Midlands biodiversity hotspot (grey surface) of the south-east island of Tasmania, Australia (Panel (a)). Panel b shows the layout of the various experiments established at the trail site, including the ecology trials represented by the yellow blocks. Also shown in Panel (b) are the three targeted areas flown using UAV-LiDAR represented by the red boxes. Panel (c) corresponds to the three canopy height models (CHMs) derived from the UAV-LiDAR point clouds. Heights are represented by a color gradient, where blue corresponds to ground-level returns and red corresponds the tallest canopies across the flight area. The coordinate system used for the maps is EPSG 28,355–GDA94/MGA zone 55S. 
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Figure 2. Example scenes of the LiDAR point cloud collected over the study site, colored by elevation (blue to red = 0–10 m). The left panel shows the bird’s eye view, while the right panel shows the isometric view. 
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Figure 4. Relationship between field-measured and LiDAR-derived tree height (a), crown width (b), stem DBH (c) and crown insertion height (d). Points correspond to the 557 trees sampled in the field, with the line of best fit (red line) and 95% confidence intervals (dashed black lines) shown. Within each plot, the slope (β), F statistic with its numerator and denominator degrees of freedom and corresponding p-value and the coefficient of determination (R2) are shown. 
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Figure 5. Quantitative inbreeding coefficient (QST) and narrow-sense heritability (   h  O P  2   ) estimates (with standard errors; grey lines) for traits reported in the present study for Eucalyptus pauciflora (a) and E. tenuiramis (b). The solid horizontal line indicates the maximum FST (both Eucalyptus species) based on putatively neutral molecular markers (E. pauciflora—microsatellite; E. tenuiramis—isozymes) and the dotted line indicates the mean FST of any microsatellite locus (E. pauciflora only). Symbols colored in red correspond to traits that exhibited significant signals of divergent selection (QST > FST) after filtering traits for significant provenance variation (see Figure 3). Numbers next to symbols correspond to the trait numbers in Table 1. 
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Table 1. Description of the 25 derived traits from the individual tree-level LiDAR point clouds. The unit of measurement for eachderived trait is shown after the trait name.
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	Traits
	Description of LiDAR-derived traits





	1–Number of points
	Number of points within individual point cloud.



	2–Height skewness
	Skewness of the distribution of heights of each point cloud.



	3–Height CV
	Coefficient of variation of heights from each point cloud.



	4–Quantile coefficient of dispersion
	A measure of dispersion of the height measurements comparable between trees and across studies. Calculated as Q3 − Q1/Q3 + Q1.



	5–Height mode (m)
	Mode of height within the point cloud.



	6–Height median (m)
	Median of height within the point cloud.



	7–Height P50 (m)
	50th percentile of height within point cloud.



	8–Height P75 (m)
	75th percentile of height within point cloud.



	9–Height P99 (m)
	99th percentile of height within point cloud.



	10–DBH (cm)
	Diameter at 1.3 m, derived from a general allometric equation using total tree height and maximum Euclidean crown width [19].



	11–Above-ground biomass (AGB - kg)
	AGB estimated through the allometric equation developed by Jucker et al. [19], using height P99 and max crown diameter. Measured as dry weight.



	12–Crown insertion height (m)
	Mean height from the ground to the base of the crown.



	13–Max crown diameter (m)
	The widest cross-section of the crown in any given direction.



	14–Crown surface area (m2)
	The surface area of a 3D convex hull calculated using the point cloud defined above the canopy insertion point.



	15–Crown projected area (m2)
	The area of the projected polygon (shapefile) describing the crown ground cover.



	16–Crown volume (convex hull)
	Crown volume of a 3D convex hull calculated from the point cloud defined above crown insertion. It is calculated using the ‘convhulln’ function of the R geometry package.



	17–Height to area ratio (m/m2)
	The ratio of crown height to crown area. It represents the crown height per unit of area.



	18–Height to volume ratio (m/m3)
	The ratio of crown height to crown volume. It represents the crown height per unit of volume



	19–Height of widest cross-section (m)
	Height of the crown at its widest cross-section.



	20–Mean height to height of widest cross-section ratio
	Ratio between mean tree height and the height of its widest cross-section.



	21–Points to area ratio (points/m2)
	The ratio of the number of points to crown area, representing a measure of crown density.



	22–Points to volume ratio (points/m3)
	The ratio of the number of points to crown volume, representing a measure of crown density.



	23–Crown skewness
	Skewness of the height distribution within each tree (median − Q1)/(Q3 − median).



	24–Area (3D:2D)
	The ratio between crown volume calculated from the point cloud (i.e., convex hull) and the crown area obtained from the shapefile.



	25–Rumple index
	Calculated as the ratio between crown surface area and ground-projected surface area, this index reflects crown structural complexity. Calculated using the “rumple_index” function from the lidR package.
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Table 2. Statistical results from the species-level linear mixed-effect model for 25 traits derived from individual tree LiDAR point clouds. Shown is the estimated numerator (Num) and denominator (Den) degrees of freedom based on the Kenward–Roger approximation, the F statistic, and its probability for the fixed-effect difference between E. pauciflora and E. tenuiramis. Also shown are the least-square means for each trait estimated from the fitted mixed-effects model. Values in bold correspond to traits significant after a Bonferroni adjustment.
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Trait

	
Least-Square Mean

	
Degrees of Freedom

	
F

	
P




	
E. pauciflora

	
E. tenuiramis

	
Num

	
Den






	
1

	
5035

	
8434

	
1

	
4.9

	
17.3

	
0.009




	
2

	
−0.76

	
−0.61

	
1

	
5.8

	
8.0

	
0.032




	
3

	
0.33

	
0.35

	
1

	
5.0

	
10.0

	
0.025




	
4

	
0.21

	
0.24

	
1

	
5.1

	
12.7

	
0.016




	
5

	
2.18

	
3.29

	
1

	
5.0

	
22.3

	
0.005




	
6

	
2.29

	
3.36

	
1

	
5.0

	
49.5

	
0.001




	
7

	
0.51

	
0.95

	
1

	
5.0

	
25.3

	
0.004




	
8

	
2.10

	
3.33

	
1

	
5.0

	
46.3

	
0.001




	
9

	
3.14

	
4.78

	
1

	
4.9

	
63.5

	
0.001




	
10

	
3.58

	
5.82

	
1

	
4.8

	
90.3

	
0.000




	
11

	
1.91

	
6.40

	
1

	
4.9

	
71.0

	
0.000




	
12

	
1.05

	
1.31

	
1

	
5.0

	
19.8

	
0.007




	
13

	
2.90

	
3.50

	
1

	
4.8

	
54.6

	
0.001




	
14

	
16.50

	
30.70

	
1

	
4.9

	
63.9

	
0.001




	
15

	
5.15

	
7.39

	
1

	
4.9

	
43.8

	
0.001




	
16

	
5.75

	
14.17

	
1

	
4.9

	
57.5

	
0.001




	
17

	
0.22

	
0.18

	
1

	
4.7

	
25.0

	
0.005




	
18

	
0.71

	
0.43

	
1

	
4.7

	
39.3

	
0.002




	
19

	
1.63

	
2.15

	
1

	
4.7

	
35.2

	
0.002




	
20

	
2.16

	
2.46

	
1

	
5.3

	
8.6

	
0.031




	
21

	
264

	
235

	
1

	
4.6

	
7.3

	
0.047




	
22

	
815

	
540

	
1

	
4.6

	
69.2

	
0.001




	
23

	
1.33

	
1.30

	
1

	
4.9

	
0.2

	
0.704




	
24

	
3.30

	
4.25

	
1

	
4.9

	
36.6

	
0.002




	
25

	
3.89

	
5.01

	
1

	
4.8

	
76.1

	
0.000
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Table 3. Genetic parameters for the 25 traits derived from individual tree LiDAR point clouds. Shown for each species is the provenance one-tailed Chi-squared statistic and its significance from zero, the quantitative inbreeding coefficient (QST ± standard errors) and narrow-sense heritability (   h  O P  2    ± standard errors) estimates, and the QST > FST one-tail Chi-squared statistic and its significance. Environmental association modelling of provenance least-square means for traits signalling divergent selection (QST > FST) as a function of altitude or climate showing the sign of the relationship, the best environmental predictor, the coefficient of determination expressed as a percentage, and the significance of the association. In all cases, the best environmental association models had a linear slope except for trait 24 that had a quadratic slope. Values in bold correspond to traits significant after a Bonferroni adjustment.
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Trait

	
Eucalyptus Pauciflora

	

	
Eucalyptus Tenuiramis

	




	
Provenance

	
Genetic Parameters

	
QST > FST

	
Environmental Association

	
Provenance

	
Genetic Parameters

	
QST > FST

	
Environmental Association




	
     χ 1 2     

	
QST

	
     h  O P  2     

	
     χ 1 2     

	
     χ 1 2     

	
Qst

	
     h  O P  2     

	
     χ 1 2     






	
1

	
0.4 ns

	
0.00 ± 0.00

	
0.08 ± 0.05

	

	

	
6.9 **

	
0.08 ± 0.12

	
0.14 ± 0.13

	

	




	
2

	
31.0 ***

	
0.31 ± 0.23

	
0.07 ± 0.06

	
7.7 **

	

	
29.7 ***

	
0.34 ± 0.26

	
0.14 ± 0.12

	
7.2 **

	
(+) TMNCW 50% *




	
3

	
6.0 **

	
0.87 ± 3.16

	
0.00 ± 0.04

	

	

	
12.0 ***

	
0.36 ± 0.44

	
0.07 ± 0.11

	
5 *

	




	
4

	
12.8 ***

	
0.11 ± 0.10

	
0.11 ± 0.07

	
0.5 ns

	

	
15.7 ***

	
0.17 ± 0.16

	
0.21 ± 0.14

	
3.1 *

	




	
5

	
48.2 ***

	
0.55 ± 0.37

	
0.04 ± 0.05

	
15.5 ***

	
(+) TMNCW 50% *

	
1.9 ns

	
0.34 ± 0.72

	
0.04 ± 0.11

	

	




	
6

	
136.4 ***

	
0.44 ± 0.18

	
0.14 ± 0.07

	
17.0 ***

	
(+) TMNCW 62% *

	
22.6 ***

	
1.00 ± 0.00

	
0.00 ± 0.00

	
14.3 ***

	
(−) TMNCW 64% *




	
7

	
23.3 ***

	
0.13 ± 0.10

	
0.14 ± 0.07

	
1.9 ns

	

	
82.2 ***

	
0.32 ± 0.19

	
0.25 ± 0.15

	
7.6 **

	
(+) AIANN 44% ns




	
8

	
17.0 ***

	
0.09 ± 0.08

	
0.16 ± 0.07

	
0.3 ns

	

	
1.7 ns

	
0.11 ± 0.20

	
0.08 ± 0.11

	

	




	
9

	
134.3 ***

	
0.45 ± 0.19

	
0.13 ± 0.07

	
17.7 ***

	
(−) AIANN 63% *

	
6.9 **

	
0.58 ± 1.17

	
0.02 ± 0.09

	

	




	
10

	
81.3 ***

	
0.36 ± 0.19

	
0.12 ± 0.07

	
12.9 ***

	
(−) AIANN 63% *

	
10.1 **

	
0.27 ± 0.30

	
0.09 ± 0.11

	
4.4 *

	




	
11

	
70.4 ***

	
0.36 ± 0.19

	
0.11 ± 0.06

	
12.3 ***

	
(−) AIANN 54% *

	
7.1 **

	
0.17 ± 0.22

	
0.11 ± 0.12

	

	




	
12

	
66.3 ***

	
0.80 ± 0.53

	
0.01 ± 0.05

	
20.6 ***

	
(+) TMNCW 69% **

	
5.3 *

	
1.00 ± 0.00

	
0.00 ± 0.00

	

	




	
13

	
20.5 ***

	
0.16 ± 0.13

	
0.11 ± 0.06

	
2.3 ns

	

	
5.8 **

	
0.07 ± 0.10

	
0.20 ± 0.14

	

	




	
14

	
45.3 ***

	
0.25 ± 0.16

	
0.12 ± 0.07

	
7.4 **

	

	
6.4 **

	
0.25 ± 0.33

	
0.08 ± 0.11

	

	




	
15

	
12.3 ***

	
0.12 ± 0.12

	
0.10 ± 0.06

	
0.9 ns

	

	
4.5 *

	
0.06 ± 0.09

	
0.18 ± 0.13

	

	




	
16

	
33.5 ***

	
0.19 ± 0.14

	
0.13 ± 0.07

	
4.5 *

	

	
0.5 ns

	
1.00 ± 0.00

	
0.00 ± 0.00

	

	




	
17

	
2.6 ns

	
0.05 ± 0.10

	
0.07 ± 0.06

	

	

	
4.8 *

	
0.22 ± 0.29

	
0.09 ± 0.12

	

	




	
18

	
11.1 ***

	
0.14 ± 0.14

	
0.09 ± 0.07

	
1.2 ns

	

	
5.4 *

	
0.40 ± 0.78

	
0.03 ± 0.10

	

	




	
19

	
73.8 ***

	
0.84 ± 0.52

	
0.01 ± 0.05

	
22.7 ***

	
(+) TMNCW 71% **

	
7.3 **

	
0.10 ± 0.13

	
0.18 ± 0.14

	

	




	
20

	
4.5 *

	
1.00 ± 0.00

	
0.00 ± 0.00

	

	

	
3.5 *

	
0.01 ± 0.04

	
0.30 ± 0.17

	

	




	
21

	
109.7 ***

	
0.53 ± 0.23

	
0.08 ± 0.06

	
19.9 ***

	
(−) TMNCW 77% **

	
83.0 ***

	
0.34 ± 0.20

	
0.27 ± 0.16

	
7.2 **

	
(−) TMXWW 67% *




	
22

	
203.0 ***

	
0.71 ± 0.20

	
0.07 ± 0.06

	
29.4 ***

	
(−) TMNCW 76% **

	
65.9 ***

	
0.66 ± 0.40

	
0.06 ± 0.10

	
14.6 ***

	
(+) TMNCW 56% ns




	
23

	
4.4 *

	
0.46 ± 1.13

	
0.01 ± 0.05

	

	

	
6.2 **

	
0.22 ± 0.31

	
0.08 ± 0.11

	

	




	
24

	
84.5 ***

	
0.52 ± 0.26

	
0.06 ± 0.06

	
17.4 ***

	
(−) AIANN 62% *

	
10.3 **

	
1.00 ± 0.00

	
0.00 ± 0.00

	
9.6 **

	
(−) TMNCW 81% **




	
25

	
182.9 ***

	
0.58 ± 0.19

	
0.11 ± 0.07

	
23.7 ***

	
(−) AIANN 64% **

	
32.7 ***

	
0.78 ± 0.91

	
0.02 ± 0.10

	
10.6 **

	
(−) TMNCW 30% ns








Climate variables: AIANN = mean annual aridity index; TMNCW = minimum temperature of the coldest week; TMXWW = maximum temperature of the warmest week. Significance levels: *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ns = p > 0.05.
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