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Persistent effects of fragmentation on tropical rainforest canopy
structure after 20 yr of isolation

DaniLo R. A. ALMEDA, "> Scort C. StARK,? JuLiaNA ScHIETTL? Jost L. C. CaMaRrGO,* NINo T. AMAZONAS,'
Eric B. GorGens,” D1oGo M. Rosa,® MaRrIeLLE N. Smrth,? RUBEN VALBUENA,®” Scott SaLeska,® AnNa ANDRADE,
RiTA MESQUITA,>* SusaN G. LAURANCE,” WiLLiaM F. LAurRaNCE,® THomas E. Lovesoy,* EBEN N. BROADBENT, '°
Yosio E. SHIMABUKURO,'" GEOFFREY G. PARKER, > MICHAEL LEFsKY,'> CARLOS A. SILva,'* AND

PeprO H. S. BRANCALION!

'Department of Forest Sciences, “Luiz de Queiroz” College of Agriculture, University of Sao Paulo (USPIESALQ), Avenida Pddua
Dias, 11, Piracicaba, Sao Paulo 13418-900 Brazil
2Deparlment of Forestry, Michigan State University, East Lansing, Michigan 48824 USA
3 National Institute for Amazonian Research (INPA), Avenida André Araijo, Manaus, Amazonas 2936, 69067-375 Brazil
4Biological Dynamics of Forest Fragments Project (BDFFP), National Institute for Amazonian Research (INPA) and Smithsonian
Tropical Research Institute, Manaus 69067-375 Brazil
SDepartment of Forestry, Federal University of Vales do Jequitinhonha e Mucuri, Campus JK, Rodovia MGT 367 - Km 583, n° 5000,
Diamantina, Brazil
Department of Plant Sciences, Forest Ecology and Conservation, University of Cambridge, Downing Street, Cambridge CB2 3EA
United Kingdom
"School of Natural Sciences, Bangor University, Bangor LL57 2UW United Kingdom
8Department of Ecology and Evolutionary Biology, University of Arizona, 1041 E. Lowell Street, Tucson, Arizona 85721 USA
°College of Science and Engineering, Centre for Tropical Environmental and Sustainability Science, James Cook University, Cairns,
Queensland 4878 Australia
19School of Forest Ecology and Conservation, Spatial Ecology and Conservation Lab, University of Florida, 303 Reed Lab, Gainesville,
Florida 32611 USA
"' National Institute for Space Research (INPE), Avenida dos Astronautas, Sao Jose dos Campos, Sao Paulo 1758, 12201 Brazil
2 Smithsonian Environmental Research Center, 647 Contee’s Wharf Road, Edgewater, Maryland 21037 USA
BDepartment of Ecosystem Science and Sustainability, Colorado State University, Fort Collins, Colorado 80523-1476 USA
YBiosciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, Maryland 20707 USA

Citation: Almeida, D. R. A., S. C. Stark, J. Schietti, J. L. C. Camargo, N. T. Amazonas, E. B.
Gorgens, D. M. Rosa, M. N. Smith, R. Valbuena, S. Saleska, A. Andrade, R. Mesquita, S. G.
Laurance, W. F. Laurance, T. E. Lovejoy, E. N. Broadbent, Y. E. Shimabukuro, G. G. Parker,
M. Lefsky, C. A. Silva, and P. H. S. Brancalion. 2019. Persistent effects of fragmentation on
tropical rainforest canopy structure after 20 yr of isolation. Ecological Applications 00(00):
€01952. 10.1002/eap.1952

Abstract. Assessing the persistent impacts of fragmentation on aboveground 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 frag-
ment 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+ yr 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 den-
sity 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 post-fragmentation mortality of large trees. However, canopy openness and leaf area
index remained similar to control plots throughout fragments, while canopy spatial hetero-
geneity 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 edge-sensitive 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
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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 and 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 and 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 frag-
mentation (Brinck et al. 2017). The consequences of
fragmentation for tropical forest structure and function
are thus critical for understanding global changes in bio-
diversity and climate (Laurance et al. 1998, Broadbent
et al. 2008, Chaplin-Kramer et al. 2015). Prior assess-
ments of the ecological impacts of tropical forest frag-
mentation, however, have primarily been short-term
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 fragmen-
tation.

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 and Kapos 1995, Didham and Law-
ton 1999). The findings of these previous studies have
mostly shown that forest fragmentation increases the fre-
quency of gaps and reduces canopy height due to high
initial mortality of large remnant trees (Kapos 1989, Fer-
reira and Laurance 1997, Laurance et al. 1998, 2006a,
D’Angelo et al. 2004, Nascimento and Laurance 2006).
For instance, Camargo and 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-yr-old fragment edges compared to the forest
interior and adjacent non-fragmented forests in the cen-
tral Amazon of Brazil. Didham and Lawton (1999)
found that these structural effects persisted ten years
after fragmentation in the same experiment. However, it
is not yet clear if the aboveground 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 regenera-
tion 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 pro-
vides unique quantitative information about forest
canopy structure, including vertical and horizontal vari-
ation in the density of vegetation surfaces, allowing for
linkage of forest structure to forest function (Lefsky
et al. 2002, Tang and Dubayah 2017, Valbuena et al.
2017). The application of lidar technology to tropical
forests is rapidly expanding and has been used to esti-
mate 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 (van Leeuwen
and Nieuwenhuis 2010, Stark et al. 2012, Simonson
et al. 2014, de Almeida et al. 2016). The Biological
Dynamics of Forest Fragments Project (BDFFP) in the
Central Brazilian Amazon is one of the largest and old-
est (>30 yr) controlled experiments on forest fragmenta-
tion 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 yr
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 yr (Laurance
et al. 2006a most recently reported on a 1999 re-census).
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,
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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 influ-
enced 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 hori-
zontal 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 hypothe-
sized 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. LAl 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 yr after
fragmentation?.— We hypothesized that negative influ-
ences of proximity to forest edge on basal area, AGB,
and tree density observed primarily in the first five years
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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 indi-
viduals, 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; Fig. 1). Vegetation is characterized as
dense, “terra-firme” (not seasonally flooded) tropical
rainforest, with more than 280 tree species per hectare
(De Oliveira and Mori 1999); soils are acidic and nutri-
ent poor, elevation varies from 50-100 m above sea level,
and annual precipitation varies from 1,900 to 3,500 mm,
with a dry period from June to October (climate type:
Af, Koppen 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, 11 fragments with three dis-
tinct size classes (~2, ~10, and 100 ha) were isolated at
distances between 70 and 1,000 m from a continuous

Manaus

Dimona I

Colosso

Flofestal,. Pasture or regrowth

M Fragments or controls
- — Roads
o 1-ha plot

Canopy height (m):
. <5
i 5-15
m15-25

25-35

Bl 35-45
W >45

Cabo frio

Gavido

Fic. 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 the 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.
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forest. Fragments at the Colosso site (Fig. 1) were iso-
lated in July and August 1980 and the surrounding rem-
nant vegetation and debris burned. Thereafter, some of
the surrounding areas were maintained as pasture, while
others were abandoned to become secondary forest. Sec-
ondary forest was recut in 1987 and maintained as pas-
ture thereafter. The fragments at the Dimona site
(Fig. 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; there-
fore, turnover and canopy change are purely the result
of demographic and ecological processes.

Since the start of the BDFPP experiment, forest inven-
tories have been carried out at 5-yr intervals in 69 1-ha
plots distributed within the forest fragments (edges and
interiors) and also in control plots in the adjacent con-
tinuous forest (Cabo frio, Florestal, Gaviao, and Km 41
sites; Fig. 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 five to eight times.
All trees with diameter at breast height (DBH) > 10 cm
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.

Lidar data collection

The airborne laser scanning (ALS) data were collected
in June 2008 (>20 yr 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,
Sao José dos Campos, SP, Brazil). The small footprint
point cloud was acquired with a return density of
12.2 points/m? (~10 pulses/m?), an average flight height
of 725 m, maximum scan angle of 24°, and a ground
footprint diameter of 11 cm. Coverage included six for-
est fragments (three of ~2 ha, two of ~10 ha, and one of
100 ha) and four adjacent continuous forests, totaling 51
plots (3 in ~2-ha fragments, 12 in ~10-ha fragments, 9 in
100-ha fragments, and 27 in continuous forest; Fig. 1).

Profiling lidar (PCL; Parker et al. 2004) data were col-
lected in 18 plots during July 2015 (~30 yr after fragmen-
tation), of which nine were located in the 100-ha
fragment (Dimona site) and nine in adjacent continuous
forest (Forestal site; Fig. 1). In each plot, two linear tran-
sects of 100 m each were established 40 m apart. These
transects were parallel to the fragment edge and were con-
sidered independent sampling units, each with its respec-
tive distance from the edge (Appendix S1: Fig. 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
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pulses per second (Appendix S1: Fig. S2). The instrument
is held in a gimbal (1 m above the ground) to maintain
vertical aim (Stark et al. 2012, de Almeida et al. 2016).
The operator walks at a constant pace along the transect,
controlling the speed (0.33 m/s) with the aid of an elec-
tronic metronome and markers spaced every 2 m.

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

airborne laser scanning and portable canopy profiling
lidar pulse reflection point clouds were processed to esti-
mate 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 eleva-
tions, the digital terrain model (DTM) was created by
analyzing the minimum points from each 2 x 2 cell (raw
ground; Appendix S1: Fig. S3). A smooth quantile
spline regression from gsreg 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; Appendix S1: Fig. S4).
This preferred DTM was selected based upon compar-
ison, including visual analysis, against other common
alternatives (Appendix S1: Fig. S5). The digital surface
model (DSM) was generated using the maximum points
of each column (Appendix S1: Fig. S6). The canopy
height model (CHM), used to estimate the structural
canopy attributes, was calculated as the difference
between DSM and DTM (Appendix S1: Fig. S7). Three
structural canopy attributes were calculated based on
ALS products: (1) the average canopy height (CHM
mean), (2) canopy openness (fraction of CHM -cells
lower than the 15-m-high threshold), and (3) 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.

Airborne laser scanning 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 dis-
tances within the plot at a resolution of 2 x 2 m. We con-
firmed that distance from the edge did not consistently
covary with elevation, slope, or aspect of the terrain.

Each 100-m PCL transect was divided into 50 2-m col-
umns and subdivided into 1-m intervals along the verti-
cal profile (Appendix S1: Fig. S8a). Vertical profiles of
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Data sets used in this study to generate forest structure metrics to evaluate research questions (described at the end of

Collection data Method Metrics obtained Questions
Collected in 2008 airborne laser canopy height, spatial heterogeneity, (1), (2) and (5)
scanning (ALS) and canopy openness
Collected in 2015 portable canopy leaf area density (LAD) profiles and leaf area 3)
profiling lidar (PCL) index (LAI) for different vertical strata

1980-2008, including 2008,
which corresponded with
the ALS survey year

long-term forest inventory

basal area, aboveground biomass, density of trees,

(4) and (5)
density of pioneer tree species

LAD were estimated using the MacArthur and Horn
(1969) equation, using the method proposed by de
Almeida et al. (2016) (Appendix S1: Fig. S8b). In sum-
mary, 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 and 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 indepen-
dent LAI estimates, including destructive leaf area sam-
pling, 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 gener-
ated 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 pro-
file: understory (1-5 m), the lower-middle (5-15 m), upper-
middle (15-25 m), and upper canopy (>25 m). We assessed
potential relationships between these strata-specific total
LAI values (LAI_5 1, LAIs 15 m, LAlis 05 m, LAIys 45 m)
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 (Eq. 1), and Nelson et al. (1999) allometry
to pioneers (Eq. 2):

AGB(kg) = exp(—1.803 — 0.976E + 0.976 In(WD)

+2.673 In(DBH) — 0.0299[In(DBH)]?)
1)

AGB(kg) = exp(—1.4278 + 2.3836 log(DBH) @
+0.76551og(WD)

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,
genus, 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 genus 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 rela-
tions, we used the equation for pioneer species of Nelson
et al. (1999) to estimate their biomass (Eq. 2). We deter-
mined 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 yr later; thus we did
not directly compare these with ALS and field variables.

Data analysis

We related canopy biophysical properties to fragmen-
tation and forest plot variables with statistical model fit-
ting. First, an exponential model (Eq. 3) related canopy
height (CH; m) to distance from the edge of a fragment
(dist; m):

CH =0+ (p —a)exp (@) (3)

where alpha (o) is the asymptote of the model represent-
ing the height of the vegetation at the interior of the
fragment, beta (B) is the intercept of the model and rep-
resents the height of the vegetation at the edge of the
fragment, and gamma (y) 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 nonlinear
least squares method. Values of the alpha and beta coef-
ficients of each forest fragment were compared to assess
the potential effect of fragment size. To reduce the
impacts of spatial nonindependence (autocorrelation)
while maintaining the edge distance gradient, we rarefied
CHM pixels systematically to grid with 10-m separation.
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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 frac-
tion). Lidar-derived canopy structural attributes were
related to long-term inventory variables with Pearson’s
correlation and univariate standard major axis regres-
sion, 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 frag-
ment and control forest plots, we found a significant

(2 ha_a)

(2 ha_b)
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relationships between distance to forest edge and canopy
height, though with substantial unexplained variation
(Appendix S1: Fig. S9; canopy height=25.7 +
0.546 x (log(edge distance)); P = 0.031; r* = 0.09). We
also observed that the plots <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 (Fig. 2). Coefficient values fit-
ted for each fragment are specified in Fig. 3, where o
(asymptote) is the height of vegetation in meters at the
fragment interior and  (intercept) at the fragment edge,
while v is related to the change rate. All model coefficients
were significant at P < 0.001 (though we note that P val-
ues may be impacted by spatial nonindependence 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 for-
est fragment were excluded from the calculation, and thus
the observed decrease in canopy height near fragment
edges is an effect of forest fragmentation. Smaller

..t Fragments
Height (m)
I <5

i 5-15

B 15-25
[125-35

B 35-45

I >45

r

—

(2 ha_a)

(2 ha_b)

(3 ha) (12 ha)

(14 ha)

(100 ha)

35

w
o
1

Canopy height (m)
N
(6]

N
o
|

(100 ha)

0 250

500 m

T
0 100

T T T
200 300 400

Distance from the edge (m)

Fic. 2. Canopy height, obtained by airborne laser scanning, at different distances from the edge in six forest fragments in cen-
tral 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-m intervals). Canopy openness is

shown by the blue pixels (CHM <15 m) within the fragments.
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60 — 14 ha a=30.5, P<0.001
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Fic. 3. Canopy height, obtained by airborne laser scanning, at different distances from edge in six forest fragments in central
Amazon, Brazil. The gray dots are the height values of the canopy height model (resolution 2 x 2 m); the vertical dashed line indi-
cates the distance where the rate of change in canopy height becomes <0.05 m; vertical bars are the standard deviation of heights in
each distance class (5-m intervals). The parameter o is the asymptote of the model and represents the height at the fragment interior,
B is the intercept of the model and represents the height of the canopy at the fragment edge, and y determines the rate of change.

fragments (2 ha) appeared to have modestly, but consis-
tently, lower canopy heights than larger fragments (maxi-
mum ~5-m difference at the interior; Fig. 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; Appendix S1: Fig. 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 (Figs. 2, 3). We also note that there were no clear
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FiG. 4. Comparison of mean canopy heights, obtained with airborne laser scanner, at the interior (blue) and margin (e.g., within
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fragments. Vertical bars express the 95% confidence intervals of the estimated coefficients.

relationships between canopy height and elevation,
slope, or aspect in the BDFFP ALS survey data.

Are canopy openness and spatial heterogeneity influenced
by proximity to forest edges and fragment size?

The canopy openness fraction (P = 0.128; Fig. 2 and
Appendix S1: Fig. S10) was not related to distance from
the edge. Canopy spatial heterogeneity increased with
increasing distance from the edge in fragments of inter-
mediate size (12 and 14 ha, P < 0.001), but showed no
relationship with distance from the edge in the smallest
and largest fragments (Fig. 5).

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
(LAIoa1) was not related to distance from the edge
(P = 0.301); however, LAD profiles did differ with dis-
tance from the edge of fragments (Fig. 6). By height
classes, the LAI of the understory (LAI,_s ,,) and upper
(LAIs 45 ) strata increased with distance from the
edge (P =0.025 and P < 0.001, respectively), whereas
LAI of the middle strata (LAIs ;5 » and LAli5 55 1)
decreased as distance from the edge increased
(P <0.001 and P =0.012; Fig. 6 and Appendix S1:
Fig. S11).

Do negative impacts of edge proximity on basal area,
AGB, and density of trees persist more than 20 yr 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; Fig. 7,
Appendix S1: Figs. S12, S13, S14). Ten years after frag-
mentation, 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 (Fig. 7, Appendix S1: Figs. S12 and S13),
whereas tree density (P = 0.005; Fig. 7; Appendix Sl1:
Fig. S14) and the proportion of pioneer trees
(P =10.001; Fig. 7; Appendix SI: Fig. S18) increased
near edges.

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 (Fig. 8).
Canopy height was a significant predictor of AGB
(2 =0.35, P <0.001). Lidar-derived canopy spatial
heterogeneity (measured in 2008) was a significant predic-
tor of change in basal area between the first and last
inventories (1980-2008; »2 = 0.28, P < 0.001), as well
AGB (* = 0.35, P < 0.001). Canopy height was also sig-
nificantly correlated with (1) change in tree density from
the pre-fragmentation state to 5 yr after fragmentation
(> =0.29, P <0.001, positive relationship) and (2) the
proportion of pioneer individuals in the last inventory
(r2 = 0.41, P <0.001, negative relationship). Both vari-
ables were correlated (negative relationship) with each
other (r=—0.59, P <0.001; Appendix Sl: Table S1),
and as described above, related to distance from edge.
Canopy height, however, was a better predictor than dis-
tance from edge for the proportion of pioneer individuals,
and both variables were significant in a multiple model
(72 = 0.50, P < 0.001); the same was true for the change
in tree density (multiple model: > = 0.46, P < 0.001).
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Discussion

Fragmentation effects on forest structure and dynam-
ics changed with time, revealing both persistent and
non-persistent impacts of forest fragmentation 20+ yr
after fragment isolation. Overall, canopy height was per-
sistently reduced near fragment edges and throughout
small remnants, whereas AGB and basal area decreased

models.

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 typi-
cally employed to assess the ecological impacts of
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Fic. 6. Vertical profiles of leaf area density (LAD; left) and
accumulated leaf area index (LAI right) obtained with the por-
table 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.

fragmentation (AGB, basal area, density of individuals,
and density of pioneer trees) were predictable from lidar-
derived canopy surface variables, highlighting the poten-
tial 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 sur-
veyed, 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 (Appendix S1:
Figs. S17-19; Bierregaard et al. 1992, Ferreira and Lau-
rance 1997, Laurance et al. 20064, 2000). Two interre-
lated processes help to explain this phenomenon. First,
the higher incidence of winds along edges is more harm-
ful to large trees (Laurance et al. 2000, D’Angelo et al.
2004), which form gaps when they fall and stimulate the
regeneration of pioneer species (Ferreira and Laurance
1997, Laurance et al. 2006a). In addition, soil desicca-
tion, resulting from a higher incidence of dry and hot
winds (Kapos 1989), and aggravated by higher incidence
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of radiation, favors ruderal trees and climber species that
may keep forest edges in an arrested successional state
(Ferreira and Laurance 1997, Laurance et al. 2006¢,b).

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 incon-
clusive evidence of fragmentation impacts. Contrary to
our expectations, canopy openness was not related to
fragmentation. This may be explained by the regenera-
tion of trees prior to lidar assessments. The most
dynamic period occurred immediately after fragmenta-
tion (0-5 yr), when mortality of remnant trees increases
substantially (Fig. 7; Laurance et al. 1998), which pro-
moted the vigorous regeneration of pioneer trees
(5-10 yr; Fig. 7) and lianas (Laurance et al. 2001). Fur-
thermore, 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 relation-
ship; however, this was only observed in intermediate-
sized fragments (12 and 14 ha). A potential alternative
hypothesis predicting increasing heterogeneity with dis-
tance from the edge holds that low statured vegetation
dominated by pioneers of a similar age (recruited follow-
ing fragmentation) is more homogeneous. Interior for-
est, 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 (Hardiman et al. 2011, Stark et al. 2012). In
smaller fragments (~2 ha), 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 stud-
ies (using a visual measurement approach) at the
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Mean basal area, aboveground biomass (AGB) and density of trees over time (years after fragmentation), calculated

from field inventory data, in two classes of distance from forest edges (<40 m, left graphs; 40-60 m, right graphs) of six forest frag-
ments 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.

BDFFP project found that understory vegetation at
fragment edges was denser than midstory vegetation
(Malcolm 1994, Camargo and Kapos 1995). 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 regenera-
tion at the edges in the ~20 yr 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 mortal-
ity 5+ yr after fragmentation (Bierregaard et al. 1992,
Ferreira and Laurance 1997), increased in LAD due to
the abundant regeneration of pioneer trees (Fig. 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 compar-
ing PCL results to plot surveys given the 6 yr 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+ yr, except tree density, which signifi-
cantly increased near edges. The only consistent differ-
ence near edges among these factors was higher
variation (Appendix S1: Fig. S12, S13, and S14).
Although there was lower average plot AGB at the edges
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10 years after fragmentation (Nascimento and Lau-
rance 2006), AGB stocks appeared to recover on average
after 5 more years (Fig. 7; Appendix S1: Figs. S13 and
S16). Our results indicate that the immediate impacts of
fragmentation on forest structure and function (specifi-
cally AGB) can partially recover in a few decades. As
tree density and lidar-derived canopy structure metrics
demonstrate, though, edge forest is ecologically differen-
tiated relative to the pre-fragmentation state, even while
AGB and basal area appear to have recovered substan-
tially. 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. Rela-
tionships between forest structure variables obtained
from ALS and field inventories were highly significant,
explaining 29-41% of variation (Fig. §), 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 pio-
neer 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
(r* = 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. Frag-
mentation, in this case, impacts forest structure and
forest function consistently, perhaps due to integral
mechanisms linking these properties. The practical
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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 heterogene-
ity 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 heterogene-
ity. 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 (Appendix Sl1:
Fig. S20; Laurance et al. 2006b); however, basal area
and leaf area also increase with the regeneration of pio-
neer 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, 20064, Laurance 2002).
Intriguingly, the change (in this case, “loss”) in density of
trees in the 5 yr that followed fragmentation was a predic-
tor of canopy height at the time of the lidar survey some
20 yr 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 densi-
ties higher than the initial state), which have lower stature
than later successional species, and may have not
achieved the pre-fragmentation height after 20 yr.

CONCLUSION

After more than 20 yr of isolation, the canopy struc-
ture and functional attributes (AGB and AGB dynamics)
of forest fragments in the BDFFP displayed persistent
and nonpersistent 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 inven-
tory data in the BDFFP, these impacts have not previ-
ously 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 invento-
ries, 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 struc-
ture variables typically adopted to assess the ecological
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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 fragmenta-
tion 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 contin-
ues under hotter and drier climatic conditions that have
the potential to exacerbate the effects of forest fragmenta-
tion by promoting fire, water stress, and other distur-
bance factors.
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