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ABSTRACT  
Assessing the persistent impacts of fragmentation on above ground structure of tropical forests is essential to understanding the consequences of land use change for carbon storage and other ecosystem functions. We investigated the influence of edge distance and fragment size on canopy structure, aboveground woody biomass (AGB), and AGB turnover in the Biological Dynamics of Forest Fragments Project (BDFFP) in central Amazon, Brazil, after 22+ years of fragment isolation, by combining canopy variables collected with Portable Canopy profiling lidar and airborne laser scanning surveys with long-term forest inventories. Forest height decreased by 30% at edges of large fragments (> 10 ha) and interiors of small fragments (< 3 ha). In larger fragments, canopy height was reduced up to 40 m from edges. Leaf area density profiles differed near edges: the density of understory vegetation was higher and midstory vegetation lower, consistent with canopy reorganization via increased regeneration of pioneers following postfragmentation mortality of large trees. However, canopy openness and leaf area index remained similar to control plots throughout fragments, while canopy spatial heterogeneity was generally lower at edges. AGB stocks and fluxes were positively related to canopy height and negatively related to spatial heterogeneity. Other forest structure variables typically used to assess the ecological impacts of fragmentation (basal area, density of individuals, and density of pioneer trees) were also related to lidar-derived canopy surface variables. Canopy reorganization through the replacement of edgesensitive species by disturbance-tolerant ones may have mitigated the biomass loss effects due to fragmentation observed in the earlier years of BDFFP. Lidar technology offered novel insights and observational scales for analysis of the ecological impacts of fragmentation on forest structure and function, specifically aboveground biomass storage. 
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INTRODUCTION 
The effects of forest fragmentation on biodiversity, structure, and function of tropical forest remnants are an important issue in conservation biology due to its close association with land use change (Ewers et al 2011; Laurance et al., 2017). Globally, it is estimated that there are more than 50 million tropical forest fragments, comprising an area of almost 300 million hectares, with 50 million linear kilometers of edges (Brinck et al., 2017). The air near forest edges is drier and hotter, light incidence is higher, and winds are stronger (Kapos, 1989; Camargo & Kapos, 1995; Didham and Lawton, 1999). Such alterations in forest microclimate have favored the replacement of large late-successional trees by light-wooded, fast-growing pioneers (Bierregaard et al., 1992; Ferreira & 
Laurance 1997), and are one of the major drivers of forest biomass collapse near edges 
(Laurance et al., 1997; 2000) and net carbon emissions after fragmentation (Brinck et al., 2017). The consequences of fragmentation for tropical forest structure and function are thus critical for understanding global changes in biodiversity and climate (Laurance et al., 1998; Broadbent et al., 2008; Chaplin-Kramer et al., 2015). Prior assessments of the ecological impacts of tropical forest fragmentation, however, have primarily been shortterm studies focusing on forest plot inventories, which limits scales of inference, knowledge about canopy structure and function changes, and, broadly, understanding of the persistent impacts and global relevance of fragmentation.  
The scarce quantitative information available on the impacts of fragmentation on the canopy structure of tropical forests was gathered through time consuming, local-scale visual methods with limited accuracy and precision (Camargo & Kapos, 1995; Didham & Lawton, 1999). The findings of these previous studies have mostly shown that forest fragmentation increases the frequency of gaps and reduces canopy height due to high initial mortality of large remnant trees (D’Angelo et al., 2004; Kapos, 1989; Ferreira & Laurance, 1997; Nascimento & Laurance, 2006; Laurance et al., 2006a, 1998). For instance, Camargo & Kapos (1995) found that the density of understory trees (< 5 m height) was higher, and density of midstory trees (10-30 m height) was lower, in 4-yearold fragment edges compared to the forest interior and adjacent non-fragmented forests in the central Amazon of Brazil. Didham & Lawton (1999) found that these structural effects persisted ten years after fragmentation in the same experiment. However, it is not yet clear if the above ground biomass (AGB) decline observed in the first years of fragmentation persists over time, since initial AGB loss from remnant tree mortality can gradually recover from the regeneration of new trees in the community (Laurance et al., 2017).  
Technological advances in remote sensing now allow for high precision, fast, and broad scale quantitative three-dimensional characterization of forest canopy structure (Lefsky et al., 2002; Chambers et al., 2007). Lidar, or ‘light detection and ranging’, technology provides unique quantitative information about forest canopy structure, including vertical and horizontal variation in the density of vegetation surfaces, allowing for linkage of forest structure to forest function (Lefsky et al., 2002; Tang & Dubayah 2017; Valbuena et al., 2017). The application of lidar technology to tropical forests is rapidly expanding, and has been used to estimate canopy height, openness and spatial heterogeneity (coefficient of variation in canopy heights), leaf area index (LAI), and vegetation density profiles, which can be linked to AGB and AGB dynamics (Simonson et al., 2014; van Leeuwen & Nieuwenhuis, 2010; Stark et al., 2012; Almeida et al., 2016). The Biological Dynamics of Forest Fragments Project (BDFFP) in the Central Brazilian Amazon is one of the largest and oldest (> 30 years) controlled experiments on forest fragmentation and has contributed fundamentally to our understanding of the consequences of fragmentation for forest diversity, dynamics, and function (Lovejoy et al., 1984; Ewers et al., 2011; Laurance et al., 2017). The use of lidar technology to evaluate fragmentation impacts on forest AGB and canopy structure in this experiment offers the opportunity to complement previous studies performed with traditional methods and provide new insights about the longer-term impacts of fragmentation. 
Here, we investigated the persistent impacts of edge effects and fragment size on canopy structure and AGB at the BDFFP  in fragments that were more than 20 years old (with original boundaries continuously maintained) at the time of sampling. We associated canopy metrics generated from Portable Canopy profiling Lidar (PCL) surveys conducted in 2015, and Airborne Laser Scanning (ALS) surveys conducted in 2008, with forest inventory data from 2008-2009. We extend the previously reported AGB and forest dynamics results by 10 years (Laurance et al., 2006a most recently reported on a 1999 recensus). This study has implications for both the ecology of and technology used to monitor forest fragmentation. We addressed the following questions: 
   
(1) Is canopy height influenced by proximity to forest edges and fragment size? We hypothesized that canopy height will increase with distance from the forest edge, and that the mean canopy height of small fragments (up to 3 ha) and of the edges of larger fragments will be lower than that of the interior of larger fragments (> 10 ha) and continuous forest, as consequence of higher mortality of large remnant trees in forest edges and small fragments. 
 
(2) Are canopy openness and spatial heterogeneity influenced by proximity to forest edges and fragment size? We hypothesized that the canopy would be more open and have greater spatial heterogeneity (i.e. higher horizontal spatial heterogeneity in terms of the coefficient of variation in canopy surface height) closer to forest edges, especially in smaller fragments, as a consequence of higher mortality of large remnant trees in forest edges. 
 
(3) Are LAI and LAD profiles of different vertical strata influenced by proximity to forest edges? We hypothesized that leaf area index (LAI) and vertical profiles of leaf area density (LAD) at fragment interiors would be similar to those within continuous forest, but reduced near fragment edges. LAI and LAD of low-stature understory vegetation may be higher near edges due to higher light availability, but reduced in upper strata because of the mortality of large trees. 
 
(4) Do negative impacts of edge proximity on basal area, AGB, and density of trees persist more than 20 years after fragmentation? We hypothesized that negative influences of proximity to forest edge on basal area, AGB, and tree density observed primarily in the first five years following fragmentation will persist for more than 20 years after fragmentation. Continued degradation or partial recovery are possible alternatives.  
 
(5) Are canopy structure variables obtained by lidar able to reveal field metrics of fragmentation impacts? We hypothesized that lidar-derived metrics linked with canopy structure can be used to reliably estimate field metrics, such as of basal area, AGB, density of trees individuals, and density of pioneer trees, which can help reveal the impacts of fragmentation. 
 
 
 
 
METHODS 
Study area and forest inventories 
The study area is located in central Amazon, 80 km north of Manaus, in the state of Amazonas, Brazil (2 ° 30’ S, 60 ° 00’ W) (Figure 1). Vegetation is characterized as dense, “terra-firme” (not seasonally flooded) tropical rainforest, with more than 280 tree species per hectare (De Oliveira & Mori, 1999); soils are acidic and nutrient-poor, elevation varies from 50-100 m a.s.l., and annual precipitation varies from 1,900-3,500 mm, with a dry period from June to October (climate type: Af, Köppen classification) (Laurance et al., 2017). The study area is surrounded by continuous, non-fragmented forest (> 200 km from any forest edges) to the north, east and west. In the 1980s, eleven fragments with three distinct size classes (~2, ~10 and 100 ha) were isolated at distances between 70 and 1000 meters from a continuous forest. Fragments at the “Colosso” site (Figure 1) were isolated in July and August 1980 and the surrounding remnant vegetation and debris burned. Thereafter, some of the surrounding areas were maintained as pasture, while others were abandoned to become secondary forest. Secondary forest was re-cut in 1987 and maintained as pasture thereafter. The fragments at the “Dimona” site (Figure 1) were isolated in August and September 1984 and had their surrounding areas burned. The clear-cut area was maintained as pasture thereafter, and original borders are very distinct and have been maintained throughout the study. Fragments were not affected by logging or other disturbance factors once isolated; therefore, turnover and canopy change are purely the result of demographic and ecological processes. 
Since the start of the BDFPP experiment, forest inventories have been carried out at five-year intervals in 69 1-ha plots distributed within the forest fragments (edges and interiors) and also in control plots in the adjacent continuous forest (“Cabo frio”, 
“Florestal”, “Gavião” and “Km 41” sites - Figure 1). This study used data from 51 of the plots – those surveyed with lidar – described in the next section. To date, plots have been inventoried 5 to 8 times. All trees with diameter at breast height (DBH) > 10cm were identified and recorded. The following variables were calculated with data from each inventory: basal area, tree density, pioneer species density, and AGB, as further described.  
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Figure 1 – Location of study sites at the Biological Dynamics of Forest Fragments Project near Manaus, central Amazon, Brazil. The black polygons represent the forest fragments and controls, the dotted areas around them represent pasturelands, and the white background represents continuous forests. Colored figures show Canopy Height Model, derived by Airborne Laser Scanner, for each experimental site. The black squares within the colored figures are the 1-ha permanent inventory plots used in the study.  
 
Lidar data collection 
The Airborne Laser Scanning (ALS) data were collected in June 2008 (> 20 years after fragmentation) by a private company (Esteio company, Curitiba, PR, Brazil) using a Leica ALS50 system (Heerbrugg, Switzerland) on board a Navajo EMB 820C aircraft (Embraer company, São José dos Campos, SP, Brazil). The small footprint point cloud was acquired with a return density of 12.2 pts·m-2 (~ 10 pulses·m-2), an average flight height of 725 meters, maximum scan angle of 24° and a ground footprint diameter of 11 cm. Coverage included six forest fragments (three of ~ 2-ha, two of ~ 10-ha and one of 100-ha) and four adjacent continuous forests, totaling 51 plots (three in ~ 2-ha fragments, twelve in ~ 10-ha fragments, nine in 100-ha fragments, and twenty-seven in continuous forest; Figure 1).  
Profiling lidar (PCL) (Parker et al., 2004) data were collected in 18 plots during July 2015 (~30 years after fragmentation), of which nine were located in the 100-ha fragment (“Dimona” site) and nine in adjacent continuous forest ("Forestal" site; Figure 1). In each plot, two linear transects of 100 m each were established 40 m apart. These transects were parallel to the fragment edge, and were considered independent sampling units, each with its respective distance from the edge (Figure S1). The PCL system employs a profiling range-finder type laser, model LD90-3100VHS-FLP manufactured by Riegl (Horn, Austria). The PCL accuracy is ± 25 mm and the nominal range is 200 m. The equipment records 2,000 pulses per second (Figure S2). The instrument is held in a gimbal (one meter above the ground) to maintain vertical aim (Stark et al., 2012; Almeida et al., 2016). The operator walks at a constant pace along the transect, controlling the speed (0.33 m·s-1) with the aid of an electronic metronome and markers spaced every two meters. 
 Although we used two different lidar technologies, ALS and PCL, both are based on the same principles and produce comparable results (Stark et al., 2012, Almeida et al., 
2019). 
 
Lidar data processing 
ALS and PCL lidar pulse reflection point clouds were processed to estimate canopy biophysical properties; data processing was done in R (R Core Team, 2017). The 
ALS cloud was divided into columns of 2 x 2 x Z m ("Z" is the highest return within the 2 x 2 horizontal grid cell). After ensuring that there were no clear outlier return elevations, the Digital Terrain Model (DTM) was created by analyzing the minimum points from each 2 x 2 cell (‘raw ground’; Figure S3). A smooth quantile spline regression from qsreg 
R function in the “fields” package (Nychka et al., 2015), was applied to produce the DTM (taken as lowest values of individual lowest 0.05th quantile spline fits to all horizontal 
‘columns’ and ‘rows’ in the raw ground image) (Figure S4). This preferred DTM was selected based upon comparison, including visual analysis, against other common alternatives (see Figure S5). The Digital Surface Model (DSM) was generated using the maximum points of each column (Figure S6). The Canopy Height Model (CHM), used to estimate the structural canopy attributes, was calculated as the difference between DSM and DTM (Figure S7). Three structural canopy attributes were calculated based on ALS products: (i) the average canopy height (CHM mean), (ii) canopy openness (fraction of CHM cells lower than the 15-meter-high threshold) and (iii) spatial heterogeneity (CHM coefficient of variation) (Table 1). According to Runkle (1982), a 15-m cutoff maximizes the sensitivity of this metric to gaps spanning early through middle stages of regeneration. 
ALS scenes were classified as open matrix (cleared) or forest (fragment or otherwise) via a manual edge demarcation of CHM rasters using QGIS (QGIS Development Team, 2015). Edges were clear and distinct and easy to demarcate with reference to the CHM due to the careful maintenance of the original edges with periodic manual clearing. Distance from the edge was calculated from the median of all linear distances within the plot at a resolution of 2 × 2 m. We confirmed that distance from the edge did not consistently covary with elevation, slope, or aspect of the terrain.  
Each 100-meter PCL transect was divided into fifty 2-m columns and subdivided into 1-m intervals along the vertical profile (Figure S8a). Vertical profiles of LAD were estimated using the MacArthur and Horn (1969) equation, using the method proposed by Almeida et al., (2016) (Figure S8b). In summary, the method is based on the rates at which ranging pulses pass through (vs. are reflected) within units of canopy volume, providing a basis to estimate volumetric variation in vegetation density from optical transmission rates (MacArthur & Horn 1969; Parker et al., 2004; Stark et al., 2012). Pulses are reflected by leaves, branches, and other structural elements. The PCL approach, however, has been calibrated against independent LAI estimates, including destructive leaf area sampling, for sites in the region with the aim of effectively factoring out the influence of non-leaf area (McWilliam et al., 1993; Stark et al. 2012). LAD profiles were generated by calculating the mean LAD at each height, and LAI was calculated by summing all LAD values in the vertical profile (Almeida et al., 2019). 
We established four vertical strata within each LAD profile: understory (1-5 m), the lower-middle (5-15 m), upper-middle (15-25 m) and upper canopy (> 25m). We assessed potential relationships between these strata-specific total LAI values (LAI1-5m, 
LAI5-15m, LAI15-25m, LAI25-45m) and distance from edges with regression analysis.  
 
Field data processing 
We calculated AGB from tree inventory data applying the Chave et al. (2014) diameter allometry to all non-pioneer trees (equation 1), and Nelson et al (1999) allometry to pioneers (equation 2): 
𝐴𝐺𝐵(𝑘𝑔) = 𝑒𝑥𝑝(−1.803 − 0.976 𝐸 + 0.976 ln(𝑊𝐷) + 2.673 ln(𝐷𝐵𝐻) −
	0.0299 [ln (𝐷𝐵𝐻)]2)       	 	 	 	 	 	 	 
	(1) 

	𝐴𝐺𝐵(𝑘𝑔) = 𝑒𝑥𝑝(−1.4278 + 2.3836 𝑙𝑜𝑔(𝐷𝐵𝐻) + 0.7655 𝑙𝑜𝑔(𝑊𝐷))  
	(2) 


where, E is a measure of environmental stress (which improves estimation when field measurements of tree height are not available), WD is the wood density, and DBH is the diameter at breast height. The environmental coefficient for the study area (E = -0.127) was obtained from the retrieve_raster function (Chave et al., 2014) in R and the wood density for each tree, based on species, genera, or family identity, according to availability, was obtained from the “Global Wood Density Database” (Zanne et al., 2009). Wood density estimates were obtained at the species level for 57% of individuals, at the genera level for 39%, at the family level for 3%, and the remaining 1% of trees were assigned the plot average. Because pioneers tend to have lower wood densities and distinct allometric relations, we used the equation for pioneer species of Nelson et al (1999) to estimate their biomass (Equation 2). We determined pioneer trees based on a list of 52 species classified as pioneers by Laurance et al. (2006b). 
Tree inventory data were available for the year of the ALS survey (Table 1). PCL variables (LAD profiles), however, were collected in surveys 7 years later; thus we did not directly compare these with ALS and field variables.  
 
Table 1 – Datasets used in this study to generate forest structure metrics to evaluate research questions (described at the end of the Introduction).   
	Collection data 
	Method  
	Metrics obtained 
	Questions 

	Collected in 2008. 
	Airborne Laser 
Scanning (ALS). 
Collected in 2008. 
	Canopy height, spatial heterogeneity, and canopy openness. 
	(1), (2) and (5) 

	Collected in 2015. 
	Portable Canopy profiling Lidar (PCL).  
	Leaf area density (LAD) profiles, and leaf area index (LAI) for different vertical strata. 
	(3) 

	1980-2008, including 2008, which corresponded with the ALS survey year. 
	Long-term forest inventory. 
	Basal area, above ground biomass, density of trees, density of pioneer tree species. 
	(4) and (5) 


 
 
 
Data analysis 
We related canopy biophysical properties to fragmentation and forest plot variables with statistical model fitting. First, an exponential model (equation 3) related canopy height (CH; m) to distance from the edge of a fragment (dist; m): 
𝐶𝐻 = 𝛼 + (𝛽 − 𝛼) 𝑒𝑥𝑝 (−(𝑑𝑖𝑠𝑡))                                        (3) γ
 
where alpha (α) is the asymptote of the model representing the height of the vegetation at the interior of the fragment, beta (β) is the intercept of the model and represents the height of the vegetation at the edge of the fragment, and gamma (γ) is related to the rate of change in canopy height when increasing the distance to the edge of fragment. The model was fit with a non-linear least squares method. Values of the alpha and beta coefficients of each forest fragment were compared to assess the potential effect of fragment size. To reduce the impacts of spatial non-independence (autocorrelation) while maintaining the edge distance gradient, we rarefied CHM pixels systematically to grid with 10-m separation.  
We test the significance of edge effects on average canopy height with a nonlinear regression using all 1-ha plots as samples; this analysis is not impacted by spatial nonindependence. 
 To assess potential effects and relationships, forest inventory variables (basal area, tree density, pioneers tree density, and AGB) were regressed on distance from the edge and structural attributes of the canopy from lidar (spatial heterogeneity and canopy openness fraction). Lidar-derived canopy structural attributes were related to long-term inventory variables with Pearson's correlation and univariate standard major axis regression, which assumes measurement error in predictor and response variables 
(Warton et al., 2006). 
RESULTS  
 
Is canopy height influenced by proximity to forest edges and fragment size? 
 
 
Considering mean canopy height among the six fragment and control forest plots, we found a significant relationships between distance to forest edge and canopy height, though with substantial unexplained variation (Figure S9; canopy height = 25.7 + 
0.546*(log(edge distance)); p = 0.031; r2 =0.09). We also observed that the plots less than 40 m from the edge had the lowest canopy heights relative to the interior mean (28.8 m), averaging 12% shorter. To better assess the form of this relationship we fit Eq 3 considering the full ALS canopy height survey data (Figure 2). Coefficient values fitted for each fragment are specified in Figure 3, where α (asymptote) is the height of vegetation in meters at the fragment interior and β (intercept) at the fragment edge, while γ is related to the change rate. All model coefficients were significant at p < 0.001 (though we note that p-values may be impacted by spatial non-independence not controlled by pixel rarefaction to a 10 m grid). Canopy height was lower at the edges and increased progressively until asymptoting at 19-39 m away from the edge. It is noteworthy to mention that pixels situated out of the forest fragment were excluded from the calculation, and thus the observed decrease in canopy height near fragment edges is an effect of forest fragmentation. Smaller fragments (2 ha) appeared to have modestly, but consistently, lower canopy heights than larger fragments (maximum ~ 5 m difference at the interior; Figure 4). The canopy height in the interior of the larger fragments was similar to the mean canopy height of the continuous forest plots (28.83 ± 1.25 m; mean ± SD; Figure S9).  
As distance from the edge increases, the sample size (number of CHM pixels) inherently decreases. This may cause fragment interior estimates of mean canopy height to be more vulnerable to stochastic effects, and variation in mean height is elevated at greater distances from the edge (Figures 2 and 3). We also note that there were no clear relationships between canopy height and elevation, slope, or aspect in the BDFFP ALS survey data.  
 
[image: ] 
 
Figure 2 - Canopy height, obtained by Airborne Laser Scanning, at different distances from the edge in six forest fragments in central Amazon, Brazil. The colored raster images are the Canopy Height Model (CHM) of each fragment (2 x 2 m resolution). Lines in the graphs are the canopy height mean of all CHM cells in the respective distance class (5-meter intervals). Canopy openness is shown by the blue pixels (CHM < 15m) within the fragments. 
 

372 [image: ] 
373 Figure 3 - Canopy height, obtained by Airborne Laser Scanning, at different distances from edge in six 374 forest fragments in central Amazon, Brazil. The gray dots are the height values of the Canopy Height Model 
375 	(resolution 2 x 2 meters); the vertical dashed line indicates the distance where the rate of change in canopy 376 	height becomes less than 0.05 meters; vertical bars are the standard deviation of heights in each distance 
377 class (5-meter intervals). α is the asymptote of the model and represents the height at the fragment interior; 
378 β is the intercept of the model and represents the height of the canopy at the fragment edge, and γ determines 379 the rate of change. 
380 	 
381 [image: ] 
382 Figure 4 – Comparison of mean canopy heights, obtained with Airborne Laser Scanner, at the interior (blue) 383 and margin (e.g., within 40 m of edges) (red) of forest fragments of different sizes, based on the fit 384 parameters of Equation 3 (see Methods), among six forest fragments. Vertical bars express the 95% 385 confidence intervals of the estimated coefficients. 
386 	 
387 Are canopy openness and spatial heterogeneity influenced by proximity to forest 388 edges and fragment size? 
389 The canopy openness fraction (p = 0.128; Figure 2 and Figure S10) was not related 
390 to distance from the edge. Canopy spatial heterogeneity increased with increasing 
391 distance from the edge in fragments of intermediate size (12 and 14 ha, p < 0.001), but 392 showed no relationship with distance from the edge in the smallest and largest fragments 
393 (Figure 5). 
394 [image: ] 
395 Figure 5 - Relationship between canopy spatial heterogeneity (coefficient of variation of canopy height) 
396 obtained with Airborne Laser Scanner at 5-m intervals, and distance from the edge in six forest fragments. 

Points indicate canopy spatial heterogeneity for each 5-m interval while black solid lines show non-linear regression models which test. 
 
Are LAI and LAD profiles of different vertical strata influenced by proximity to forest edges? 
 
The analysis of PCL data revealed, that the total LAI (LAItotal) was not related to distance from the edge (p = 0.301); however, LAD profiles did differ with distance from 
the edge of fragments (Figure 6). By height classes, the LAI of the understory (LAI1-5m) 
and upper (LAI25-45m) strata increased with distance from the edge (p = 0.025 and p < 0.001, respectively), whereas LAI of the middle strata (LAI5-15m and LAI15-25m) decreased as distance from the edge increased (p <0.001 and p = 0.012; Figure 6 and Figure S11). 
  
[image: ] 
Figure 6 - Vertical profiles of Leaf Area Density (LAD) (left) and accumulated Leaf Area Index (LAI) (right) obtained with the Portable Profiling Lidar (PCL). Dashed horizontal lines represent the four vertical strata analyzed. Line colors indicate distance-from-edge classes. Hashed regions surrounding LAD vertical profiles are the mean standard error.  
 
Do negative impacts of edge proximity on basal area, AGB, and density of trees persist more than 20 years after fragmentation?  
 
In the first five years after fragmentation, basal area, AGB, and density of individuals (obtained from forest inventory data) were positively correlated to distance from the edge (p < 0.001 in all three cases) (Figures 7, S12, S13, S14). Ten years after fragmentation, positive relationships remained for basal area and AGB (p < 0.001 for both), but not for tree density. Twenty-two years after fragmentation, however, basal area and AGB were no longer related to distance from the edge (Figures 7, S12 and S13), whereas tree density (p = 0.005; Figures 7 and S14) and the proportion of pioneer trees 
(p = 0.001; Figures 7, S18) increased near edges.  
 
 
[image: ] 
Figure 7 - Mean basal area, above-ground biomass (AGB) and density of trees over time (years after fragmentation), calculated from field inventory data, in two classes of distance from forest edges (<40m, left graphs; 40-60m, right graphs) of six forest fragments in central Amazon, Brazil. Black and blue colored circles and lines represent all species and pioneer species, respectively (i.e., pioneers are the lower groups); each blue or black line represents one plot. Red lines are means over all plots. 
 
 
 
 
 
 
 
Are canopy structure variables obtained by lidar able to reveal field metrics of fragmentation impacts? 
We found significant correlations among variables obtained from lidar and forest inventories (Figure 8). Canopy height was a significant predictor of AGB (r² = 0.35, p < 0.001). Lidar-derived canopy spatial heterogeneity (measured in 2008) was a significant predictor of change in basal area between the first and last inventories (1980-2008; r² = 0.28, p < 0.001), as well AGB (r² = 0.35, p < 0.001). Canopy height was also significantly correlated with (a) change in tree density from the pre-fragmentation state to 5 years after fragmentation (r² = 0.29, p <0.001, positive relationship) and (b) the proportion of pioneer individuals in the last inventory (r² = 0.41, p <0.001, negative relationship). Both variables were correlated (negative relationship) with each other (r = -0.59, p < 0.001; Table S1), and as described above, related to distance from edge. Canopy height, however, was a better predictor than distance from edge for the proportion of pioneer individuals, and both variables were significant in a multiple model (r² = 0.50, p < 0.001); the same was true for the change in tree density (multiple model: r² = 0.46, p < 0.001). 
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Figure 8 - Relationships between canopy structural variables measured by Airborne Laser Scanner (x axes) and field inventories (y axes) in six forest fragments and adjacent continuous forest (>500m). Each point represents a field plot, colored by median distance from the forest edge. Lines are standard major axis regressions.  
 
DISCUSSION 
 Fragmentation effects on forest structure and dynamics changed with time, revealing both persistent and non-persistent impacts of forest fragmentation 20+ years after fragment isolation. Overall, canopy height was persistently reduced near fragment edges and throughout small remnants, whereas AGB and basal area decreased in the first years after fragmentation, but recovered pre-fragmentation values after two decades. Near the edges, the leaf area index of the understory vegetation was lower, and leaf area index of the midstory higher, than in interiors. We attribute these results to the increased regeneration of pioneers following post-fragmentation mortality of large trees. Forest structure variables typically employed to assess the ecological impacts of fragmentation (AGB, basal area, density of individuals, and density of pioneer trees) were predictable from lidar-derived canopy surface variables, highlighting the potential of this technology for high precision, fast, and broader scale quantitative characterization of forest canopy structure changes and associated ecological impacts of fragmentation. In this section, we discuss in detail the integration of lidar technologies and forest inventory monitoring for the assessment of long term effect of forest fragmentation. 
 
Canopy height 
Canopy height was negatively influenced by proximity to forest edges and reduction of fragment size. Canopy height was lower at the edges of all six fragments surveyed, but especially in smaller fragments (2 ha), with persistent effects up to 41 m away from the edges. Canopy heights were reduced near edges most likely due to mortality of larger trees in the first few years after fragmentation, and the enhanced regeneration of shorter pioneer trees in the following years (Figures S17-19; Bierregaard et al., 1992; Ferreira & Laurance, 1997; Laurance et al., 2006a; Laurance et al., 2000). Two interrelated processes help to explain this phenomenon. First, the higher incidence of winds along edges is more harmful to large trees (D’Angelo et al., 2004; Laurance et al., 2000), which form gaps when they fall and stimulate the regeneration of pioneer species (Ferreira & Laurance, 1997; Laurance et al., 2006a). In addition, soil desiccation, resulting from a higher incidence of dry and hot winds (Kapos, 1989), and aggravated by higher incidence of radiation, favors ruderal trees and climber species that may keep forest edges in an arrested successional state (Ferreira & Laurance, 1997; Laurance et al., 
2006a; 2006b).  
 
Canopy gaps and spatial heterogeneity 
Canopy openness and spatial heterogeneity (i.e., the coefficient of variation of canopy height) were not clearly influenced by proximity to forest edges. These two metrics related to forest dynamics and gaps (Stark et al 2012; Hunter et al., 2015) offered mixed and inconclusive evidence of fragmentation impacts. Contrary to our expectations, canopy openness was not related to fragmentation. This may be explained by the regeneration of trees prior to lidar assessments. The most dynamic period occurred immediately after fragmentation (0-5 years), when mortality of remnant trees increases substantially (Figure 7; Laurance et al., 1998), which promoted the vigorous regeneration of pioneer trees (5-10 years; Figure 7) and lianas (Laurance et al., 2001). Furthermore, canopy openness was low throughout the study site, suggesting that other metrics may reveal canopy dynamics more effectively.  
Canopy spatial heterogeneity did display potential impacts of fragmentation, increasing with distance from the forest edge, contrary to the hypothesized relationship; however, this was only observed in intermediate-sized fragments (12 and 14 ha). A potential alternative hypothesis predicting increasing heterogeneity with distance from the edge holds that low statured vegetation dominated by pioneers of a similar age (recruited following fragmentation) is more homogeneous. Interior forest, with the uneven age structure and a broader range of tree sizes typical of mature forest, on the other hand, may be expected to have more spatially heterogeneous canopy structure because of this broader demographic mosaic (Stark et al., 2012, Hardiman et al., 2011). In smaller fragments (~ 2ha), fragmentation (and forest edges) may impact the canopy structure of the entire fragments; consistent with this there was little change in spatial heterogeneity between the edge and interior. However, canopy height of smaller fragments was higher in the interior than in the edges. In the larger fragment (100 ha), we hypothesize that there could be a size dependent buffer effect that reduces differences between spatial heterogeneity, and canopy height, in interior vs edge forest. Reduced negative impacts of microclimate alterations in the longer edges of the large fragment (Kapos, 1989) could play a role if this is the case. Overall, canopy surface heterogeneity metrics did not respond clearly and consistently to edge effects, as was the case for canopy height. 
 
Leaf area profiles 
The vertical organization of the canopy, but not total LAI, changed with proximity to the edge. Previous studies (using a visual measurement approach) at the BDFFP project found that understory vegetation at fragment edges was denser than midstory vegetation (Camargo & Kapos, 1995; Malcolm, 1994). But we find the opposite pattern, with the highest vegetation density near edges occurring in the midstory. Even though these prior studies of leaf area profiles employed visual survey approaches, we expect comparisons using these simple canopy strata definitions to be accurate, and the pattern of change corresponds with expectations based on forest edge dynamics.  Specifically, tree growth and regeneration at the edges in the ~20 years since these first canopy structure studies most likely explain these contrasting leaf area profile observation; in this case, the relatively sparse midstory near forest edges in the 1990s—a direct consequence of the documented increases in tree mortality 5+ years after fragmentation (Bierregaard et al., 1992; Ferreira & Laurance, 1997)—increased in LAD due to the abundant regeneration of pioneer trees (Figure 7). The accumulation of vegetation in the middle stratum of the canopy may reduce light penetration and consequently limit the growth of new individuals in the understory. Thus, the reorganization of canopy structure near fragment edges appears to be the result of an ongoing regeneration process, rather than a new equilibrium; however, we acknowledge the need for caution comparing PCL results to plot surveys given the 6 year time span between the plot inventories and more recent PCL lidar surveys.  
 
Resilience of forest structure to fragmentation effects 
Forest edges, rather than fragment interiors, displayed strong and dynamic responses to fragmentation in this and prior studies in the BDFFP. However, structural metrics obtained from forest inventories suggest the potential for a surprising resilience of forest patches to fragmentation effects. Even though edges exhibited losses in basal area, AGB, and tree density in the initial years after fragmentation, these variables were no longer different after 20+ years—except tree density, which significantly increased near edges. The only consistent difference near edges among these factors was higher variation (Figure S12, S13, and S14). Although there was lower average plot AGB at the edges 10 years after fragmentation (Nascimento & Laurance 2004), AGB stocks appeared to recover on average after 5 more years (Figures 7, S13 and S16). Our results indicate that the immediate impacts of fragmentation on forest structure and function (specifically AGB) can partially recover in a few decades. As tree density and lidar derived canopy structure metrics demonstrate, though, edge forest is ecologically differentiated relative to the pre-fragmentation state, even while AGB and basal area appear to have recovered substantially. Potentially explaining this apparent contradiction, higher densities of intermediate-sized, early successional individuals may have compensated for initial AGB and basal area losses caused by enhanced large remnant tree mortality. It is important to note that these fragments are part of a controlled experiment, where the edges have been protected from fire, tree harvest, and other anthropogenic impacts; biomass may be much less likely to recover if edges are exposed to these additional, potentially recurring, disturbances typically found in human-modified tropical landscapes (Barlow et al., 2016). 
 
Canopy structure and forest field metrics  
Canopy structure observations reveal critical elements of AGB stock and dynamics in forest fragments. Relationships between forest structure variables obtained from ALS and field inventories were highly significant, explaining 29-41% of variation (Figure 8), comparable to similar studies of mature tropical forest sites in the region (Stark et al., 2012). Edge distance categories did not explain or explained little (density change and pioneer density), additional variation in these relationships, and analyses included continuous (control) forest plots.  
While both relationships were significant, the predictability of basal area change from canopy spatial heterogeneity was relatively higher than AGB change (r2 = 0.28, using AGB). The relationships between forest structure (lidar) and function (AGB and AGB dynamics from inventory plots) within forest fragments did not differ from those observed in continuous forests. Fragmentation, in this case, impacts forest structure and forest function consistently, perhaps due to integral mechanisms linking these properties. The practical implication of this finding is that lidar should prove robust in monitoring fragmentation impacts through time and over heterogeneous landscapes, expanding understanding developed through time consuming tree inventory monitoring. 
The negative relationship between spatial heterogeneity and basal area and AGB change is likely a result of tree mortality and associated gap dynamics. In this case, tree loss is associated with loss of leaf area and probably the creation of gaps, which increase canopy heterogeneity. Gain from tree growth, on the other hand, may result from regeneration of pioneer trees in forest gaps, leading to lower heterogeneity. Tree wood density variation is potentially impacted by fragmentation due to increases in pioneer trees with low wood gravity (Figure S20; Laurance et al., 2006b); however, basal area and leaf area also increase with the regeneration of pioneer trees, regardless of the decline in the average wood density of the tree community.  
Canopy height was also related to the proportion of pioneers—which have lighter wood and faster population dynamics, thus impacting carbon storage and turnover rates (Laurance et al., 1998; Laurance, 2002; Laurance et al., 2006a). Intriguingly, the change (in this case, ‘loss’) in density of trees in the 5 years that followed fragmentation was a predictor of canopy height at the time of the lidar survey some 20 years later, though, seemingly, this relationship was only apparent near fragment edges. These relationships may be linked: initial tree loss (density decrease) led to high recruitment and regeneration of pioneer species (to densities higher than the initial state), which have lower stature than later successional species, and may have not achieved the pre-fragmentation height after 20 years.  
 
CONCLUSION 
 
After more than 20 years of isolation, the canopy structure and functional attributes (AGB and AGB dynamics) of forest fragments in the BDFFP displayed persistent and non-persistent impacts, differentiating or not these forests from nearby contiguous areas, depending on the forest structure variable considered. While impacts on canopy height have been documented from forest inventory data in the BDFFP, these impacts have not previously been documented quantitatively with lidar, nor have the effects on canopy openness, canopy spatial heterogeneity, and LAI and LAD profiles been explored. Canopy height is negatively influenced by proximity to forest edges and small fragment size. Canopy openness and spatial heterogeneity are not clearly influenced by proximity to forest edges. The vertical organization of the canopy, but not total LAI, changes with proximity to edges. Considering just long-term BDFFP forest inventories, we also found that the previously reported initial negative effects of fragmentation on AGB stocks have been partially neutralized by ongoing forest regeneration near forest edges. In addition to AGB, other forest structure variables typically adopted to assess the ecological impacts of fragmentation (basal area, density of trees, and density of pioneer trees) may be estimated with lidar variables, though additional work is required to assess the generality and transferability of these relationships to other fragmented landscapes. Lidar technology offered novel insights into the ecological impacts of fragmentation on forest structure and function, helping reveal the persistence of canopy structural changes in the face of their potential partial recover in the post-fragmentation period, and enabling monitoring at much broader spatial scales than traditional methods. This will be particularly critical in the future as Amazon land use change continues under hotter and drier climatic conditions that have the potential to exacerbate the effects of forest fragmentation by promoting fire, water stress, and other disturbance factors. 
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SUPPLEMENTARY MATERIAL 
 
FIGURES 
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Figure S1 – Left: scheme used to collect Portable Canopy profiling LiDAR (PCL) data in each 1-ha plot; red lines show transects measured with the PGL, black lines show the sub-blots thresholds. Right: a sketch of the 100 hectare fragment with its nine plots. On the left is 1-ha plot.     
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Figure S2 – Example of Portable Canopy profiling LiDAR (PCL) data from plot 1 of the 100-ha fragment (site "Dimona"), 80 m away from the margin of the fragment (Fig. S1). 
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850 Figure S3 – Raw ground of “Dimona” site. The raw ground is the minimum returns on 2x2 m grid. The 851 	axes are UTM and the colors are altitude (meters).   
852 	 
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854 Figure S4 – Digital Terrain Model of “Dimona” site. The two horizontal dashed lines are the latitude 855 	values for visual validation in Figure S5.  The axes are UTM and the colors are altitude (meters). 
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Figure S5 - Observational validation process of the DTM (Digital Terrain Model) from transversal cuts in the raster images of DTM and DSM (Digital Surface Model). The black line is the DTM, the green line is the DSM, and the gray points are the lowest returns, every 2 meters, of the LiDAR returns (raw ground). Close to DTM black line there are two lines: red and blue. These are the DTM derived by “lidR” R package (Roussel & Auty, 2017; using Zhang et al. 2003 ground points filter) and Fusion (McGaughey, 2016; which employs Kraus & Pfeifer 1998 ground points filter) respectively. The histogram of DTM values from this study was tested (Two-sample Kolmogorov-Smirnov test) against the histogram from Fusion and lidR DTM values and them did not present significant differences (p = 0.55 and p = 0.59 respectively). 
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Figure S6 – Digital Surface Model of “Dimona” site.  The axes are UTM and the colors are altitude (meters). 
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873 Figure S7 – Canopy Height Model of “Dimona” site.  The axes are UTM and the colors are altitude 874 	(meters). 
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Figure S8 – PCL transect data from plot 1 of the 100-ha fragment ("Dimona" site), 80 meters away from the fragment edge (Fig. S1 and Fig S2), showing how LiDAR pulse returns were separated into 2 m x 1 m pixels (A) and converted into leaf area density (LAD, m²·m-³) values (B).  
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Figure S9 - Canopy height as a function of edge distance. The blue points are non-fragmented forest plots more than 500 m away from the edge. The horizontal dashed blue lines represent the interval of 28.83 ± 1.25 (mean ± SD). 
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892 Figure S10 - Canopy openness as a function of edge distance.  
893 	 
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895 Figure S11 – Leaf Area Index as a function of edge distance for all height strata and different vertical 896 	strata (ALL, 1-5m , 5-15m, 15-25m, and >25m). 
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898 Figure S12 - Changes in basal area as a function of edge distance: 5, 10 and ~ 22 years after fragmentation 899 	(a.f.). 
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901 Figure S13 - Changes in aboveground biomass as a function of edge distance: 5, 10 and ~ 22 years after 902 	fragmentation (a.f.). 
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904 Figure S14 - Changes in tree density as a function of edge distance: 5, 10 and ~ 22 years after fragmentation 905 	(a.f.). 
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908 Figure S15 – Basal area over time (1980-2010). The graphics are separated into edge-distance classes.  
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910 Figure S16 - Aboveground biomass over time (1980-2010). The graphics are separated into edge-distance 911 	classes.    
912 	 
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Figure S17 – Density of trees (per hectare) in each plot over time (1980-2010). The graphics are separated into edge-distance classes.   
[image: ] 
Figure S18 – Proportion of pioneer trees species as a function of edge distance: before fragmentation (b.f.) and ~ 22 years after fragmentation (a.f.). 

921 [image: ] 
922 Figure S19 - Density of pioneer tree species (per hectare) in each plot over time (1980-2010). The 923 	graphics are separated into edge-distance classes.   
924 	 
925 	 
926 [image: ] 
927 Figure S20 - Wood density of the list of early successional species (pioneers) vs. others species. P-value 928 	from t-test. The red numbers are the means. Density values are from Zanne et al., 2009.   
929 	 
930 	 
TABLES 
932 	 
933 	Table S1(A) – Pearson correlation coefficients (r) between the main structural variables of the canopy and 934 	field inventory variables. 
935 	[image: ] 
936 	 

Table S1(B) – p-Values of Pearson correlation coefficients of Table S1(A). 
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