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Nearly 20% of tropical forests are within 100 m of a nonforest edge, a
consequence of rapid deforestation for agriculture. Despite wide-
spread conversion, roughly 1.2 billion ha of tropical forest remain,
constituting the largest terrestrial component of the global carbon
budget. Effects of deforestation on carbon dynamics in remnant
forests, and spatial variation in underlying changes in structure and
function at the plant scale, remain highly uncertain. Using airborne
imaging spectroscopy and light detection and ranging (LiDAR) data,
we mapped and quantified changes in forest structure and foliar
characteristics along forest/oil palm boundaries in Malaysian Borneo
to understand spatial and temporal variation in the influence of edges
on aboveground carbon and associated changes in ecosystem
structure and function. We uncovered declines in aboveground
carbon averaging 22% along edges that extended over 100 m into
the forest. Aboveground carbon losses were correlated with signif-
icant reductions in canopy height and leaf mass per area and
increased foliar phosphorus, three plant traits related to light capture
and growth. Carbon declines amplified with edge age. Our results
indicate that carbon losses along forest edges can arise frommultiple,
distinct effects on canopy structure and function that vary with edge
age and environmental conditions, pointing to a need for consider-
ation of differences in ecosystem sensitivity when developing land-
use and conservation strategies. Our findings reveal that, although
edge effects on ecosystem structure and function vary, forests
neighboring agricultural plantations are consistently vulnerable to
long-lasting negative effects on fundamental ecosystem characteris-
tics controlling primary productivity and carbon storage.
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Roughly half of the world’s forests are within 500 m of a forest
edge (1), including the nearly 20% of remaining tropical

forest that is now less than 100 m from an edge (1, 2). These
remnant tropical forests constitute the largest terrestrial com-
ponent of the global carbon (C) budget, accounting for 50% of
the C stored in global vegetation (350 to 600 gigaton [Gt] C) (3–5).
Recent evidence suggests, however, that tropical forests may
have transitioned from a net C sink to a net source, emitting
0.43 ± 0.09 Gt C·y−1 as a result of widespread deforestation and
degradation (6). Edge effects contribute substantially to declines
in forest C stocks globally. Using course-resolution MODIS data,
Chaplin-Kramer et al. (7) found a 25% reduction in above-
ground biomass (AGB) within the first 500 m of forest edges.
Similar findings attributed 10.3 Gt of C emissions to edge effects,
totaling roughly 31% of estimated annual C emissions due to
deforestation in the tropics (2).
Yet tropical forests vary enormously in function, species com-

position, and turnover rates. This heterogeneity impedes our un-
derstanding of the impacts of deforestation on carbon dynamics
across the 1.2 billion ha of remaining tropical forests, particularly
with respect to underlying changes in structure and function that
occur at the tree scale. Given landscape-scale biophysical and

topographic variability, the ecological consequences of edge ef-
fects on plant-scale structure and function can only be compre-
hensively understood at organismic resolutions across large spatial
scales (8). Evaluating edge effects across forests that differ in
function, composition, environmental condition, and level of
degradation can provide key insights into how effects vary.
Topography, geology, and associated patterns of nutrient

availability influence vegetation patterns at landscape scales. The
resulting heterogeneity in forest ecosystems may yield differences
in sensitivity or vulnerability to environmental changes following
edge creation. Heterogeneous soil nutrient availability across the
tropics, reflected in canopy leaf traits associated with nutrient
concentrations and photosynthetic capacity (9–11), contributes to
variation in net primary productivity and C assimilation at local
scales. In addition, tropical forest canopy structure can vary sub-
stantially, affecting forest micrometeorological conditions and
light environments. Closed-canopy forests generally buffer daily
temperature fluctuations and wind and radiation exposure (12).
Topography also affects forest micrometeorological conditions by
generating distinct microclimatic conditions along hillslopes of
different inclination and orientation, potentially influencing forest
sensitivity to edge effects at multiple spatial scales. Microclimatic
changes that result from edge creation have been shown to differ
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spatially and temporally (1, 13, 14), although controls over this
variation are poorly understood.
Declines in biomass along forest edges can result from changes

to several aspects of ecosystem structure and function. Following
the creation of an edge, sunlight and wind penetrate forests lat-
erally, resulting in higher air temperatures, increased vapor-
pressure deficit (VPD), and lower soil moisture and relative hu-
midity (13, 15). Forest structure—often characterized by features
such as canopy height, stem density, and gap dynamics—is ulti-
mately affected by increased treefall and crown damage. Because
aboveground carbon density is a direct function of forest structure,
along with wood density, it follows logically that changes to
structure will result in changes to aboveground biomass.
In addition to effects on structure, edges can alter ecosystem

functions that influence carbon flux dynamics. For example, ex-
acerbated crown damage and treefall along edges can result in
larger and more frequent canopy gaps, with effects persisting
more than a century after edge creation (16). Greater light
penetration to the understory following gap creation alters a
light-limited system. Substantial variation in plant functional
traits underpins tree species’ differing responses to increased
light availability. Gaps along edges can thus potentially lead to
species composition shifts toward early-successional, light-
demanding species over time. As a result, canopy gaps play an
important role in tropical forest ecosystems, facilitating succes-
sion and contributing to diversity in floristic composition (17).
Ultimately, long-term changes to ecosystem structure and func-
tion following edge creation can include persistent alterations to
gap-phase dynamics, plant community turnover, disrupted
seedling recruitment patterns, changes to animal distributions,
and altered nutrient and water cycling [e.g., (1, 14–16)].
Here we employ airborne remote-sensing data to examine

dynamics in canopy structure and foliar functional traits along
edges in large (>5,000 ha) high-diversity remnant forests of
Sabah, Malaysian Borneo, an area that has undergone widespread
deforestation for oil palm over the last several decades (Fig. 1 and

SI Appendix, Tables S1 and S2). Our investigation spans a range of
topoedaphic conditions, disturbance levels, and edge ages. Using
high-fidelity imaging spectroscopy (HiFIS) and light detection and
ranging (LiDAR) data from Global Airborne Observatory-3
[GAO; formerly the Carnegie Airborne Observatory (18)], we
mapped and quantified changes in forest structure and foliar
characteristics related to carbon assimilation, growth strategies,
and turnover along the edges of oil palm plantations. We evalu-
ated effects at intact and logged forest sites and utilized site-level
average standing biomass as an indicator of logging degradation.
We ask: 1) Are edge effects on aboveground carbon consistent
across tropical forests that vary in composition, topography, sub-
strate, and level of degradation? 2) What key aspects of canopy
structure and function covary with declines in carbon? 3) What
additional factors influence how much carbon is lost along a
tropical forest edge (i.e., abiotic conditions and time) and how far
into a forest do these effects persist? To address these questions,
we quantified how aboveground carbon density (ACD;Mg C·ha−1),
top-of-canopy height (m), canopy gap frequency (number of gaps
per hectare), total canopy gap area (m2·ha−1), leaf mass per area
(LMA; g dry mass [DM] per square meter), and crown-level
mass-based foliar nitrogen (N; %) and phosphorus (P; %) vary
as a function of distance to edge.

Results and Discussion
Edge Effects on Aboveground Carbon Vary Spatially.Major variation
in ACD was observed across the study region, with site-level
mean ACD ranging from 50 to 220 Mg C·ha−1. Edge age at each
site varied from 2 to roughly 43 y. Despite very recent edge
creation in some cases, all sites (n = 27) exhibited significant
(P < 0.01) declines in ACD as a function of distance from forest
edge (Fig. 2). However, both the distance of effect (m) and
magnitude (percent change) of these declines varied across sites
(Changepoint Detection, Fig. 1B, and SI Appendix, Fig. S1). ACD
was 22% lower on average along forest edges, ranging from
declines of 16 to 30%, consistent with the 25% decrease in

Fig. 1. Study region in Malaysian Borneo where oil palm expansion has resulted in widespread edge creation. (A) Study region in Sabah, Malaysian Borneo.
(B) Sites where edge effects were analyzed are shown as open circles (n = 27). The point color represents the scale over which edge effects on aboveground
carbon stocks persisted into the forest in meters, quantified using a changepoint analysis. (C and D) Canopy height in and around Sepilok Forest Reserve,
which contains three of the edge sites studied, illustrating the stark contrast between oil palm plantations (blue) bordering Sepilok and the taller, het-
erogeneous forest canopy within the reserve.
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biomass estimated by Chaplin-Kramer et al. (7). Across Sabah,
carbon declines persisted for an average of 114 m into forest
interiors before tapering off, which is in line with findings from
field-based studies in the Neotropics (19). However, distances
varied from 35 m to nearly 300 m. We did not observe significant
differences in either the distance or the magnitude of edge ef-
fects on ACD between logged and intact forests (Fig. 3).

Carbon Losses Driven by Effects on Leaf Traits and Canopy Height.
Broadly similar trends in suppressed ACD along forest edges,
indicative of a shift in ecosystem processes, corresponded to
distinct changes in canopy structure and leaf traits (Fig. 4 and SI
Appendix, Table S3). Similar to ACD, we conducted independent
changepoint detection analyses of each variable as a function of
distance to the forest edge to identify the distance and magni-
tude of effects across sites (Methods). Canopy height was sig-
nificantly lower at forest edges, with varying effects on leaf traits
and gap dynamics. Edge effects on canopy height and foliar traits
persisted over distances that were comparable to ACD declines
averaging 64 to 92 m, although there was considerable variation
(SI Appendix, Table S3). LMA generally decreased at forest
edges, while foliar P and N increased. The frequency and area of
canopy gaps increased measurably at forest edges at less than
40% of the sites. See SI Appendix, Results for a detailed de-
scription of edge effects on structure and function.
To explore what ecosystem changes were the most dominant

force on ACD declines, we conducted a principal-component
regression evaluating coordination between edge effects on
canopy height, gaps, and foliar traits. The principal-component
analysis revealed two main axes of edge effects corresponding to
canopy structural damage (gaps) and plant traits (LMA, foliar P,
and canopy height; SI Appendix, Table S4). We found no sig-
nificant relationship between the magnitude of declines in ACD
and variation in the magnitude of edge effects on these other
key aspects of ecosystem function. However, the principal-
component axes capturing variance in the distance of edge ef-
fects on structural damage and traits explained over half of the
variation in the distance of ACD declines (r = 0.57, P = 0.0002),

with the relationship driven by a positive correlation with the
trait axis (r = 0.52, P < 0.0001).
Sites spanned the two principal-component axes depending on

how coupled or decoupled edge effects were on structure and
function (SI Appendix, Fig. S3). For example, sites at one end of
the trait axis exhibited tightly coupled effects on LMA and P and
reduced canopy height, which contrasted with sites where edges
affected only a single trait or the scale and magnitude of effects on
traits differed. The varying scale of ACD declines emerged from
these site-level differences in effects on structure and function.

Edge Age, Topography, and Substrate Mediate Effects. We explored
what site-level differences influenced edge effects on ACD and
canopy structure and function, focusing on variation in edge age
(time since edge creation), topography (elevation, slope, and
topographic position index; TPI), edaphic conditions (dominant
soil type), and forest degradation (average standing biomass)
(Methods). Variation in the magnitude of ACD decline was
correlated with edge age and soil type (adjusted R2 = 0.42, P =
0.016, normalized root-mean-square error [RMSE] = 3.15%).
Edge effects amplified with time, evidenced by a noisy but sig-
nificant increase in the magnitude of ACD declines with edge
age (adjusted R2 = 0.30, P = 0.006; Fig. 5). Large declines ob-
served at sites with edges that were over 40 y old indicate that
effects on ACD can persist for decades. This finding corresponds
to previous studies showing that tropical forest edges require
only 10 to 50 y to reach a new, postdisturbance equilibrium (20,
21). Still, a longer time series may be necessary to understand
whether aboveground carbon stocks along forest edges will begin
to regenerate or remain equilibrated at a new stable state across
sites with such a broad range of abiotic factors. Surprisingly, we
found no evidence of ACD declines receding further into the
forest over time as described by Gascon et al. (15).
The only canopy structure or foliar variable that changed

significantly with time was foliar P (adjusted R2 = 0.22, P = 0.03).
The magnitude of increased P became more pronounced with
increasing edge age until leveling off after ∼20 y (SI Appendix,
Fig. S4). Additionally, we found that topography influenced the
coupling of edge effects on foliar traits and canopy height, even
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Fig. 2. Declines in aboveground carbon at forest edge. White dashed lines show changes in aboveground carbon density (Mg C·ha−1) for all 27 edge sites.
The average decline across all sites is illustrated by the solid black line (black dashed lines show the 10th and 90th percentiles). Colors illustrate a 2D kernel
density plot of all ACD observations at all sites (n = 158,736). Darker colors indicate more observations.
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after controlling for elevation prior to quantifying edge effects.
Sites with similar magnitudes of effects on leaf traits and canopy
height were generally at locations with a lower TPI (R2 = 0.26,
P = 0.01) and lower slopes (R2 = 0.18, P = 0.04). Sites where the
scale of edge effects on leaf traits and canopy height were highly
coupled typically occurred in areas with lower slopes (R2 = 0.48,
P = 0. 0003), a lower TPI (R2 = 0.44, P = 0.0005), and at lower
elevations (R2 = 0.29, P = 0.008). Soil type was the only variable
significantly correlated with the distance of ACD declines (ad-
justed R2 = 0.31, P = 0.03, RMSE = 60.65). Sites on Gleyic
Acrisol/Luvisol soils (Silabukan Association in Sabah) were cor-
related with ACD declines that persisted over greater distances.
In combination, these results reveal that the spatial scale of

ACD loss was strongly correlated with the scale of edge effects
on other aspects of ecosystem function (canopy height, LMA,
foliar P, and gaps) which varied with topography (slope, TPI, and
elevation), mediated by soil type. Topography and edaphic
conditions are known to be important drivers of structure,
function, and composition in Sabah’s lowland tropical forests
(22–26). Our findings provide evidence that the underlying
composition, structure, and edaphic characteristics of forests
across the region further contribute to variation in their re-
sponses to edge dynamics.
As an example, two sites with ACD declines that persisted for

some of the largest distances in this study occurred in low-lying
areas on Silabukan (Gleyic Acrisol/Luvisol) soils, immediately
adjacent to compositionally and structurally distinct forests on
relatively steeper slopes with Lokan soils (Orthic Acrisols).
Large, slow-growing dipterocarps (e.g., Shorea multiflora) are
more common on nutrient-poor Lokan soils that exhibit low
concentrations of N, P, and base cations (22). In contrast, higher-
fertility alluvial forests on Silabukan soils have greater tree
species diversity (23), dominated by tall, fast-growing diptero-
carps [e.g., Parashorea tomentella (22)]. Alluvial forests are more
susceptible to mortality due to the combination of fast-growing
dipterocarps with lower wood densities on more saturated soils
that limit root development, resulting in higher turnover rates

and primary production than forests on Lokan soils. The in-
creased gap area and frequency observed along alluvial forest
edges are consistent with increased susceptibility to crown damage
and mortality imposed by environmental conditions (27).

Processes Underpinning Aboveground Carbon Declines. Our findings
across edaphically and topographically contrasting conditions
suggest that multiple, distinct processes result in observed carbon
declines. Specifically, we show that edges significantly affect
canopy structure as well as LMA and foliar P—key leaf traits
related to light capture, growth, longevity, and defense (28–30).
Here, we explore mechanisms that could drive variation in ob-
served edge effects across sites as they relate to altered gap-
phase dynamics, microclimatic conditions, and human impact.
In addition to directly reducing canopy height and lowering

biomass, larger and more frequent canopy gaps along forest
edges drive increased light availability. Regeneration quickly sets
in, fostering regrowth of both pioneer species (found in gaps and
early-successional forests) and shade-tolerant species (found in
undisturbed areas) (31). If pioneer species dominate recovery
processes, this compositional shift results in an increase in
the abundance of fast-growing species along edges, generally
exhibiting lower LMA and higher foliar nutrient concentrations.
Where gap frequency and area were greater along edges, we
observed significant declines in LMA, consistent with expecta-
tions. Surprisingly, however, we only observed significant edge
effects on canopy gap dynamics at 39% of the sites, suggesting
that declines in ACD were more often driven by canopy height
reductions associated with shifting ecosystem processes rather
than altered gap-phase dynamics.
At over half of the sites, where we found a lack of measurable

edge effect on canopy gaps, observed changes in foliar traits may
reflect plant responses to altered microclimatic conditions that
arise purely from light, wind, and warmer temperatures pene-
trating the forest laterally over short distances. High tempera-
tures and desiccation have been observed in logged forests and oil
palm plantations in Borneo, supporting this potential explanation
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Fig. 3. Heterogeneous declines in carbon. Declines in ACD varied across sites in terms of both the magnitude (A and C) and distance (B and D) of the edge
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(32, 33). During the warmest period of the day, oil palm planta-
tions in Borneo can be 6.5 °C warmer than closed-canopy, old-
growth forest, exhibiting increased soil temperatures and VPD
(32). Increases in air temperature and VPD, lower soil moisture
and relative humidity, and higher wind speeds result in drought-
like conditions along forest edges, stressing plants and leading to
leaf abscission and increased litterfall (34). These changes affect
nutrient cycles, altering foliar nutrient concentrations and pro-
ductivity. The ACD losses associated with strong changes in LMA
and foliar P, even in the absence of altered gap dynamics, is in-
dicative of a lateral microclimate-driven decline in carbon (SI
Appendix, Fig. S3).
Interestingly, we observed a strong coupling of foliar P con-

centrations and LMA to edge conditions, despite limited effects
on foliar N. This aligns, however, with known nutrient limitations
in Southeast Asian forests. Strong P limitations in Bornean
dipterocarp forests [e.g., (18)] make soil fertility a stronger driver
of changes in LMA and foliar P than foliar N (35). Results from
a fertilization experiment similarly demonstrate that elevated
foliar P concentrations observed in this study could arise from
either elevated N or P concentrations in soils following increased
abscission and litterfall due to laterally driven microclimate
changes (36). In addition to nutrient conditions, LMA also re-
sponds to changes in light, with shade-intolerant species (e.g.,
pioneers) displaying higher plasticity in response to light (37).
Although a decline in ACD associated with increased nutrient

concentrations may seem counterintuitive, it is consistent with
observed relationships between productivity, AGB, turnover

rate, and nutrient availability. Forest growth rates in the Amazon
have been shown to be significantly correlated with soil P content
(38). Forests on younger, more fertile soils in the western Am-
azon support higher rates of biomass productivity but lower AGB
than forests on older, nutrient-poor soils in the central Amazon
and Guiana Shield. This difference is largely correlated with
higher stem turnover on nutrient-rich soils resulting in higher
productivity but lower stored aboveground biomass (38, 39).
Similarly, Qie et al. (40) found declines in AGB along forest
edges in Borneo associated with higher turnover accompanied by
significant declines in stand-level wood density, suggestive of a
community composition shift toward more fast-growing species
that accumulate less biomass.
Lastly, we were unable to explain a large amount of the vari-

ation in the magnitude of ACD declines. The remaining unex-
plained variance could be associated with several variables that
we were unable to quantify or adequately account for. These
include the method of edge creation (e.g., mechanical clearing or
fire), hunting pressure, or changes in animal behavior along oil
palm edges which could influence seed dispersal [e.g., (41)],
and fuelwood collection, illegal logging, and small-scale timber
harvesting that could result in anthropogenically driven declines
in aboveground carbon. We visually assessed each edge included
in the study using high-resolution LiDAR data and Google Earth
imagery to exclude all sites where oil palm plantations or large-
scale logging concessions were actively expanding into forest
areas. However, the acute boundary between oil palm plantations
and forests across Sabah (Fig. 1) makes these areas considerably
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more accessible to people, heightening the potential exposure of
forest edges to hunting pressure and illegal logging. We would
expect selective timber removal from illegal logging to result in
increased canopy gap area and frequency, which occurred at fewer
than 40% of the edges in this study. We also found no relationship
between the distance or magnitude of ACD declines and site-level
standing biomass, a measure of degradation associated with log-
ging intensity. However, with our dataset, we are unable to rule out
the possibility that people played a role in observed edge effects.

Conservation and Management Implications. Looking beyond areas
of active land-use change, this study reveals that forest conver-
sion to monoculture oil palm plantations imparts long-lasting
effects on forest structure and function that extend past cropland
boundaries, into remnant forests. These effects were evident at
sites where edges were present for only 2 y and for over 4 de-
cades. Consequently, tropical forests set aside for conservation
or left uncleared are still affected by the conversion of adjacent
landscapes and are vulnerable to changes in ecosystem charac-
teristics that control primary productivity and carbon storage.
Our finding that edge effects become more severe with time
underscores a need for a management response. Furthermore,
carbon accounting and reporting that neglect these impacts will
underestimate carbon losses, which has major implications con-
sidering nearly 20% of remaining tropical forests lie within 100 m
of a forest edge (1, 2). One possible strategy for mitigating
edge-related declines in aboveground carbon and human en-
croachment across these boundaries is to create buffer zones (e.g.,
timber plantations) between cropland and forest ecosystems.
Critically, our results indicate that spatial variation in pro-

cesses underpinning declines in aboveground carbon along
cropland/forest edges arises from several distinct changes in
canopy structure and function corresponding to edge age, forest
composition, and environmental variation, making some forests
more vulnerable to edge effects than others. Further research on

this topic would benefit from inclusion of a larger number of sites
across different tropical forest regions to evaluate how edge ef-
fects covary in time with species composition, topography, and
environmental conditions. In lieu of such research, our findings
point to a need for careful consideration of the spatial variation
in ecosystem sensitivity to edge creation across tropical forests
when developing land-use planning and conservation strategies.

Methods
Study Area. As of 2016, remaining natural forests covered 59% of Sabah,
Malaysian Borneo, roughly 3.7 million ha (Mha) (42). Oil palm and timber
plantations, which account for 1.8 Mha, extend directly to the perimeter of
most of these remnant forests, resulting in a highly fragmented landscape
(Fig. 1). Fragment size below a certain threshold (roughly 2,000 to 4,000 ha)
can influence the severity of edge effects (43). This study focused on edges
along large remnant forest stands (>5,000 ha) bordered by oil palm plan-
tations. We restricted our analysis to lowland forests (<700 m) and flight-line
locations that encompassed forest areas ≥250 ha along oil palm edges on a
single substrate. We excluded mangroves and peat swamp forests. The
median edge length across sites was 1,927 m, ranging from 477 to 9,403 m.

Forest Structure and Foliar Characteristics.We examined eight forest structure
variables and foliar characteristics that are strongly linked to ecosystem
function and have demonstrated measurability with high accuracy using
airborne remote-sensing techniques (SI Appendix, Table S2). In addition to
aboveground carbon density, we analyzed edge effects on leaf mass per
area, foliar nitrogen and phosphorus concentrations, foliar N:P ratios, can-
opy height, and gap dynamics. In tropical forests, gaps in the canopy caused
by the death of one or more trees are the dominant form of disturbance.
Increased light availability, in the otherwise light-limited understory, can
lead to changes in seedling recruitment and competition, nutrient cycling,
and species composition (44, 45). Greater wind penetration and desiccation
along forest edges have been shown to result in larger and more frequent
gaps associated with the mortality of large trees, which can substantially
influence canopy height and biomass (46, 47).

Foliar N, P, and LMA control photosynthesis, primary production, and plant
responses to microclimatic changes (48). The uptake of N and P is required
for light capture and C fixation. Although tropical forests are relatively

adj. R2  0.3
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Fig. 5. Relationship between percent declines in aboveground carbon density (ΔACD) and edge age at all edges in the study, including intact (blue circles) and logged
(yellow circles) forest sites. The distance over which ACD declines persisted at each site is indicated by the circle size. Shaded areas around the line correspond to
predicted mean likelihood 95% CIs calculated using SEs from the modeled quadratic relationship between ΔACD and edge age across all forest edge sites (n = 27).
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N-abundant, insufficient available P constrains ecosystem processes, including
primary productivity (49, 50). Foliar N:P ratios indicate limitation by P or N,
with values >16 suggestive of P limitation and values <14 suggestive of N
limitation at the community level (51). N:P ratios in tropical forests are not
well-constrained, however, and are highly responsive to environmental and
phylogenetic controls (52).

LMA is a key indicator of plant growth strategies, covarying strongly with
foliar N and P (29). At the slow-return end of the leaf economics spectrum,
plants in poor-nutrient conditions with low foliar nutrient concentrations invest
more in leaf structure and defense, expressed as high LMA, strategizing longer-
lived, more durable leaves with slower decomposition rates at the expense of
slower growth. At the quick-return end of the spectrum, plants in nutrient-rich
environments with higher foliar nutrient concentrations invest less in structure
and defense, enabling faster growth in a more rapid foliar turnover environ-
ment (via abscission and herbivory). This latter growth strategy supports higher
photosynthetic rates and more rapid C gain (29). LMA is phylogenetically
constrained (53), although it can also vary strongly with light and temperature
changes and moderately under nutrient- and water-stressed conditions (37).
Shade-intolerant species have been found to display higher LMA plasticity in
their response to light relative to shade-tolerant species (37, 54).

Airborne Remote-Sensing Data. To measure forest structure and foliar char-
acteristics, we used coaligned LiDAR and HiFIS data collected by the GAO in
April 2016 using the Airborne Taxonomic Mapping System (18). LiDAR data
were collected at a minimum pulse density of 1.14 pulses per square meter
and processed to top-of-canopy height (m) at a 2-m ground-level resolution
using the LAStools software suite (Rapidlasso). Aboveground carbon density
(Mg C·ha−1) at 30-m ground-level resolution was estimated using top-of-
canopy height and gap equations from Jucker et al. (55), described in
Asner et al. (42). Static gaps in the forest canopy (present during the time of
the GAO data collection) were measured according to the definition put
forth by Brokaw (56). Brokaw defines gaps as openings in the forest canopy
that extend down to an average height of ≤2 m above the forest floor (56).
Canopy gaps were identified using 2-m ground-level-resolution canopy
height data. A filter was used to exclude gaps of less than 4 pixels. Gap
frequency (number of gaps per hectare) and total gap area (m2·ha−1) were
calculated on a per-hectare basis.

HiFIS data were collected at 4-m ground-level resolution using a visible to
shortwave imaging spectrometer that measures spectral radiance in 427
channels at 5-nm bandwidths from 350 to 2,485 nm. After averaging the
radiance data to 10-nm bands, ACORN-6LX atmospheric correction software
was used to transform the HiFIS radiance data to apparent surface reflectance
(Imspec). Each study site was processed through ACORN using mean flight
conditions (elevation, collection altitude, sensor and solar view angles, and
time) specific to that site. Crown-level foliar chemical traits and LMA were
estimated by linking spectral observations with field-based measurements of
foliar characteristics (57, 58), summarized here. Individual trees identified as
visible within the HiFIS reflectance data were sampled across 13 field loca-
tions in Sabah. Mature top-of-canopy leaf samples were collected from at
least two fully sunlit branches of each tree. Leaf samples were scanned,
weighed, and dried for at least 72 h before dry mass was measured. Leaf
mass per area was calculated as g DM·m−2. Detailed descriptions of chemical
analysis protocols, standards, and instruments used to extract total element
concentrations of N and P are described in refs. 53, 59, and 60.

To ensure accurate comparisonbetween laboratorymeasurements ofN, P, and
LMA and the corresponding airborne spectroscopy data, the spectral data were
restricted to well-lit portions of tree crowns. After applying a hand-generated
cloud and cloud-shadow mask, spectral data were filtered based on a 2-m-
height requirement to exclude bare ground and nonforest vegetation, and a
normalized difference vegetation index threshold of ≥0.75 to ensure sufficient
foliar cover for pixels included. Spectral bands in the 440- to 1,320-, 1,500- to
1,760-, and 2,040- to 2,440-nm wavelengths were omitted due to high
atmospheric water absorption. Filtered spectral data were brightness-
normalized to eliminate anomalously low or high reflectance values.

A partial least-squares regression model was generated to relate the
brightness-normalized surface reflectance spectra to laboratory-assayed fo-
liar traits across the state of Sabah, Malaysia, and this model was subse-
quently applied across surface reflectance imagery to generate foliar trait
maps. Crown-level mass-based foliar N (%) and P (%) concentrations and LMA
values were predicted with R2 = 0.54, 0.65, and 0.81 and RMSE = 0.43, 0.03,
and 23.90 (58). The mapped foliar traits were used to calculate foliar N:P
ratios across the Sepilok study area. N:P ratios are broadly used to infer the
potential limitation of N or P with respect to primary productivity (51, 61).
Low N:P values, less than circa 14, are considered to indicate N limitation,
while values >16 indicate P limitation (52).

Changepoint Detection. To identify whether forest structure and foliar
characteristics significantly varied near forest edges, we conducted a
changepoint analysis (SI Appendix, Fig. S5). Changepoint detection, also
known as structural change or breakpoint analysis, is an algorithmic ap-
proach using maximum-likelihood estimation to quantify the point at which
the statistical properties of a sequence of observations change (62). Analyses
were carried out for each variable across the entire dataset at each edge site.

Two approaches were compared to identify whether there was a signif-
icant edge effect and, if so, the distance of that effect (i.e., the changepoint
location where the effect asymptotes, measured as a function of distance to
forest edge). A piecewise linear model consisting of two linear segments was
used to identify a single changepoint. Multiple changepoints were detected
using a nonlinear asymptotic model, y = a − be−cx, where x is distance from
the forest edge and y is the variable of interest. If multiple statistically sig-
nificant changepoints were detected, the changepoint that most accurately
represented a visible change in trend in the data was selected. Changepoints
were considered significant at P < 0.01 and compared with an intercept-only
model based on Akaike’s information criterion.

We limited analyses to within ≤2,000 m of the forest edge for ACD, canopy
height, and gap metrics, and to within ≤1,000 m for foliar chemical traits and
LMA. These distances were selected based on a large body of literature citing
that 99% of all documented effects occur within 2 km of a forest edge, and
within tens of meters of an edge in the case of the latter variables (14, 15).
Four of the 27 edge sites lacked sufficient HiFIS data at forest–oil palm edges
(SI Appendix, Table S1, sites 2, 6, 10, and 13), reducing foliar N, foliar P, and
LMA changepoint analyses to 23 sites. We conducted changepoint analyses
using mean values as a function of a distance to an edge for ACD, canopy
height, and foliar chemical traits, which were normally distributed. Because
gap frequency and gap area had skewed distributions, however, we con-
ducted changepoint analyses using the median values for both gap metrics.

In the case of LMA and foliar N and P, we attempted to control for elevation
using amethod employed by Chadwick andAsner (11) by fitting a second-order
polynomial and dividing the residuals by the 2nd to 98th percentile range for
each trait prior to conducting the changepoint analysis. For foliar N and P, we
additionally controlled for LMA to remove the statistical artifact of LMA
driving any observed edge effect relationship. Elevation derived from the GAO
LiDAR data was used to control for elevation. All analyses were implemented
in R using the raster, changepoint, and SiZer packages (63–66).

Edge Effect Variation. To explore what factors best explained variation in
edge effects on ACD, canopy structure, and canopy function, we employed
forward, backward, and best subset selection. We focused on differences in
edge age (time since edge creation), topography (elevation, slope, and to-
pographic position index), edaphic conditions (dominant soil type), and forest
degradation (average standing biomass). We visually assessed time series of
Google Earth and Landsat image collections to identify the date of edge
creation at each location. These archives collectively date back to 1972. Slope
and TPI were calculated from the GAO LiDAR-derived elevation data. The
model with the minimum necessary parameters that explained the greatest
amount of variation in the magnitude of decline in ACD was identified by
selecting the model with the lowest Bayesian information criterion (BIC). The
most parsimoniousmodel included edge age (quadratic fit) and dominant soil
type (adjusted R2 = 0.42, P = 0.016, RMSE = 3.15%), although edge age
resulted in the strongest relationship (adjusted R2 = 0.30, P = 0.006; Fig. 5).
Edge age and dominant soil type were included in the lowest BIC model of
the distance of ACD declines using forward and best subset selection (ad-
justed R2 = 0.32, P = 0.048, RMSE = 56.92 m). Backward selection only in-
cluded soil type, which accounted for most of the variation in the combined
model (adjusted R2 = 0.31, P = 0.03, RMSE = 60.65).

Principal-Component Regression. To explore what ecosystem changes were the
most dominant force on ACD declines, we conducted a principal-component
analysis (PCA) evaluating coordination between edge effects on canopy
height, structural damage (gaps), and foliar traits. Analyses were restricted to 23
siteswith sufficient foliar trait data.We conducted one PCAbased on thedistance
of edge effects for foliar N and P, LMA, canopy height, gap frequency, and gap
area (SI Appendix, Fig. S3A). A second PCA analyzed the magnitude of the edge
effect for these same six variables (SI Appendix, Fig. S3B). The PC1 and PC2 axis
scores were then correlated with the distance effect on ACD (SI Appendix, Fig.
S3A) or the magnitude of the edge effect on ACD (SI Appendix, Fig. S3B).

Data Availability Statement. All data used in analyses presented in the paper are
provided in SI Appendix. Datasets S1–S6 include data andmetadata on aboveground
carbon density, elevation, mass-based foliar nitrogen concentrations, mass-based
foliar phosphorus concentrations, canopy gap frequency, total canopy gap area,
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leaf mass per area, top-of-canopy height, the site location corresponding to SI
Appendix, Table S1, and the distance of each observation from the forest-oil palm
edge. See Dataset S1 for metadata information.
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