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Abstract. Fragmentation poses one of the greatest threats to tropical forests with short-
term changes to the structure of forest canopies affecting microclimate, tree mortality, and
growth. Yet the long-term effects of fragmentation are poorly understood because (1) most
effects require many decades to materialize, but long-term studies are very rare, (2) the effects
of edges on forest canopy structure as a function of fragment size are unknown, and (3) edge
effects are often confounded by fragment shape. We quantified the long-term (centennial)
effects of fragmentation on forest canopy structure using airborne light detection and ranging
(LiDAR) of 1060 Hawaiian rain forest fragments ranging in size from 0.02 to 1000 ha, created
more than 130 years ago by flowing lava. Along with distance from edge, we developed a
metric, minimum span, to gain additional insight into edge effects on three measures of canopy
structure: canopy height, height variation, and gap fraction.

Fragment size was a strong determinant of the three structural variables. Larger fragments
had greater average height, larger variation in height, and smaller gap fraction. Minimum
span had a large effect on the depth and magnitude of edge effects for the three structural
variables. Locations associated with high span values (those surrounded by more forest
habitat) showed little effect of distance to fragment edge. In contrast, locations with low span
values (those more exposed to edges) were severely limited in canopy height, showed lower
height variation, and were associated with greater gap fraction values. The minimum span
attribute allows for a more accurate characterization of edge as well as fragment-level effects,
and when combined with high resolution imagery, can improve planning of protected areas for
long-term ecological sustainability and biodiversity protection.

Key words: canopy height; Carnegie Airborne Observatory; edge effects; gap fraction; Hawaii; kipuka;
LiDAR; Metrosideros polymorpha; minimum span.

INTRODUCTION

Forest canopy structure, or the quantity, properties,

and spatial arrangement of leaves and branches within

the canopy, plays a central role in the functioning of

forest ecosystems. Most significantly, canopy structure

affects the amount of absorbed solar radiation (Russell et

al. 1989) while simultaneously controlling transmitted

light available to the forest floor, with understory plants

being affected by and also affecting light regime

(Montgomery and Chazdon 2001). Variations in canopy

density and composition affect seedling survival rates

(Kobe 1999, Nicotra et al. 1999) and eventually

contribute to variation in understory species composition

(Lieberman et al. 1995). The amount of leaf surface area,

often measured as leaf area index (LAI), also regulates

canopy-scale gas exchange, with effects on stand-level

photosynthesis and productivity. Accordingly, LAI

controls productivity estimation in some physiological

growth models (Running and Gower 1991, Asner et al.

2003, Weiskittel et al. 2011). Through productivity, as

well as alteration of temperature and moisture condi-

tions, the canopy also mediates nutrient cycling (Prescott

2002). Species composition of the overstory can also

affect nutrient composition of the soil (Binkley and

Giardina 1998). As countless forestry studies have shown,

changes in nutrient status can subsequently feedback on

the status of canopy structure and productivity.

Given the dominant influence of canopies over

numerous facets of forest function, disturbances such

as fragmentation that affect structure can have cascad-

ing effects on most components of an ecosystem.

Human-driven fragmentation is a disturbance occurring

on a global scale (Riitters et al. 2000), with resulting

severe and often large-scale habitat reductions as a two

stage process. The first stage is the immediate loss of

habitat from the actions that create fragments. The

second stage involves the loss of habitat from primary

and secondary effects (Harper et al. 2005). Primary

effects are physical changes resulting from proximity to

newly created edges. These come from an immediate

increase in exposure to wind and sunlight, leading to

reduced soil moisture, increased desiccation, and in-

creased wind throw of live trees (Matlack 1993, Chen et

al. 1995, Kapos et al. 1997). These shifts lead to the
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secondary changes in stand dynamics (Laurance 2002,

Pütz et al. 2011), seedling germination rates (Bruna

1999, Benitez-Malvido and Martı́nez-Ramos 2003), and

composition of tree communities (Suzuki et al. 2013).

Studies have linked fragmentation or its associated edge

transformation to sustained ecosystem decline and

changes in species composition (Saunders et al. 1991,

Fahrig 2003, Krauss et al. 2010). Biodiversity loss is

especially troublesome in tropical regions, which harbor

the greatest share of the planet’s terrestrial biodiversity

(Gardner et al. 2009). To mitigate forest cover loss due

to fragmentation, local to regional conservation efforts

have attempted to set aside protected areas with the goal

to provide suitable habitat for at-risk species (Linden-

mayer and Fischer 2006).

An assessment of the suitability of a potential reserve

should consider its long-term performance, but little is

known about how reserves, sometimes fragments

themselves, behave or change over long periods of time.

The processes initiated by the creation of a forest edge

may take many decades to be realized (Pütz et al. 2011).

The effect of a newly created edge on any one tree

depends on the combined effects of its neighbors, which

in turn are affected by their neighbors. Because plants

are long-lived, the plant community may react slowly to

their new environments, and through mortality or

changes in growth rate, they also alter their effects on

neighbors. Additionally, established trees present at the

creation of a fragment will be influenced by the effects

differently than those that colonize the site afterward.

Thus, while changes in individual trees and plants can

occur over a relatively short period of time, changes in

communities can take many generations to achieve any

stable configuration. Critically, the oldest designed

fragmentation experiment has not yet reached 35 years

of age (Laurance et al. 2011), and few studies present

fragments that have persisted without further alteration

through a long enough period of time (Corlett and

Turner 1997). Thus, there is a major gap in knowledge

on how the size of older fragments affects forest

structure and function (Ewers and Didham 2006).

Adding further challenge to the study of the long-term

fragmentation effects on forests is that the true effects of

fragment size are often confounded by the interaction of

edge effects and fragment shape complexity (Ewers et al.

2007). Shape complexity is often defined using ratios of

area and perimeter or comparing these values to a

simple circle. If one assumes a certain depth-of-edge

influence, the complex fragment then has less unaffected

or core area. This is the main idea behind a commonly

used model of edge impacts on fragments (Laurance and

Yensen 1991). However, this simple model under-

predicts the amount of core area and requires correc-

tions to fit observed and modeled data (Laurance and

Yensen 1991, Didham and Ewers 2012). Rather than

approach this problem by modeling data with fragment-

level effects, another approach is to use only local site

characteristics for collected data points. Consideration

of the proximity to multiple edges has been shown to

increase model fit for edge effects (Fletcher 2005, Harper
et al. 2007). A thorough understanding of the complex

effects of edge on canopy structure would aid efforts to
map how these effects scale up to entire fragments.

We address two questions: (1) how far do fragmen-
tation-initiated alterations to forest canopies extend

from the forest edge into the center of fragments more
than 130 years after isolation?; and (2) how are within-
fragment patterns affected by local fragment shape? To

address these questions, we took advantage of a system
of naturally fragmented forest islands on the northeast

slope of the Mauna Loa volcano on the island of
Hawai‘i. The native montane tropical forest was

fragmented by two landscape-scale lava flow events in
1855 and 1881, and these fragments have been preserved

with very little direct human influence for the last 132–
158 years (Flaspohler et al. 2010). Using a fine-scale

approach made possible with airborne light detection
and ranging (LiDAR), we mapped variation in canopy

structure within a subsample of the 1060 fragments
residing in an area of 8500 ha. By implementing a new

metric developed for this study, minimum span, we
attempt to disentangle the effects of fragment size and

fragment shape. We hypothesized that, after more than
a century since isolation, fragmentation effects would
continue to permeate up to several hundred meters into

the individual fragments, and that the strength of edge
effects within the fragments would vary depending on

the local edge environment, specifically proximity to
nearest and second nearest edges.

METHODS

Study site

The study site (198390 N, 1558210 W) is located about
30 km west of the city of Hilo on the island of Hawai‘i.

Of the island’s five volcanoes, the largest is Mauna Loa
(4169 m above sea level), an active shield volcano with

33 recorded eruptions since recording began in 1843
(Lockwood and Lipman 1987). Two larger eruptions in
1855 and 1881 produced a large volume of lava along

the northeast slope of the volcano. After passing
through our study site, the flows left behind nearly one

thousand forest fragments, ranging in size from ,0.1 to
.200 ha, all embedded in a matrix of bare lava rock

(Fig. 1). While plants are colonizing the new substrate in
the matrix between fragments, primary succession is

slow, especially in this high elevation area, and growth
rates and heights of sparse individuals are low.

The climate of Hawai‘i is tropical, and our study site
receives an average of 2400 mm of rainfall annually.

However, the montane elevation of the study site, 1400–
2000 m, results in cool temperatures. Because of

Hawai‘i’s isolation, the overstory composition is com-
posed of very few species. Metrosideros polymorpha

(ohia), a common evergreen native tree species in the
Hawaiian Islands holds nearly complete dominance.

Another native species, Acacia koa (koa), occurs in the
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canopy with M. polymorpha, but in limited numbers

(Flaspohler et al. 2010). Understory plant species are

relatively uniform across the fragments as well, with key

species including Cheirodendron trigynum (olapa), Cibo-

tium glaucum (hapuu), Coprosma montana (pilo), Ilex

anomala (kawau), and Myrsine lessertiana (kolea;

Flaspohler et al. 2010). The large number of replications

along with uniform vegetation, substrate, and terrain

make this an ideal system for the study of fragmenta-

tion. Other natural study sites with lava-formed forest

fragments do exist (Thébaud and Strasberg 1997), but

they are rare and not of the same large scale.

LiDAR data collection

On 10 and 13 January 2008, the Carnegie Airborne

Observatory (CAO) Beta system (Asner et al. 2007) was

flown over the area at a height of 2500 m above ground

level at an average speed of 75 knots (;38.6 m/s). The

CAO-Beta LiDAR was a custom-built system with a

laser beam divergence of 0.56 mrad and a laser

wavelength of 1064 nm. For this data collection, the

LiDAR pulse frequency was set to 33 kHz, scan

frequency to 10 Hz, and half-scan angle set at 17

degrees. Swath overlap was nominally 35–40%. Up to

four discrete returns per pulse were recorded. These

flight and instrument settings yielded a data set of 1.17

returns per m2, on average, over the vegetated areas.

Using this system, prior work has found that errors in

positioning at the sensor have a standard deviation of 7

cm vertical and 5 cm horizontal.

Mapping canopy height and structure

The heights of the LiDAR returns above the ground

are of particular interest when assessing vegetation

structure. A common first step is then to create a model

of ground elevation for our study area, typically referred

to as a digital elevation model (DEM), from the LiDAR

data set. The process starts with identifying the LiDAR

returns that correspond to ground surface locations. The

ground elevation is then interpolated between these

points, using one of many methods, to create a raster

file containing ground elevations on a regular grid

representing the area of interest. Using the las2dem

program, which is part of the LASTools suite (Isenburg

2013), a 2 3 2 m DEM was created for this project,

covering 9012 3 9506 m.

Statistics describing the distributions of return heights

are simple, yet very informative descriptors of canopy

structure. At the center of each 2 3 2 m DEM grid cell

center, we collected all LiDAR returns falling within a

square 18 3 18 m window centered at the same point as

the cell center. This means that the windows for adjacent

232 m cells overlap by 89 %, and the two cells therefore

have a large number of window returns in common.

Larger windows would have values with much more

stability, but smaller windows can better capture the

changes that are visible over short distances from

fragment edges. After testing several window sizes, 18

m was chosen as the value that best met both

restrictions.

Within each 18 m window, we sorted these neighbor-

hood returns by height above their respective DEM

cells. To remove the influence of large numbers of

ground and low vegetation points from the analyses, we

discarded returns less than 1.5 m above ground. This

value was chosen as the upper tail of the first peak in a

histogram of the height above ground of all returns.

From the remaining ordered returns, we computed both

the maximum height (HT) as well as the difference in

height between the 75th percentile and the 25th

percentile (IQR). IQR provides a quantification of the

vertical dispersion of the LiDAR returns, which is

strongly correlated with canopy depth. Both HT and

IQR for each cell center were then recorded into a raster

image file for quick look up and reference.

As an index for the capacity of a canopy to absorb

photosynthetically active radiation, we estimated gap

fraction (GF) at all cell centers in the same 23 2 m grid

across the study area. LAI estimates from specialized

instruments are biased in this forest type (Herbert and

Fownes 1997) because of the high leaf aggregation in M.

polymorpha. Because M. polymorpha is so dominant in

this region and the canopy species are then uniform

across the landscape, GF should be a robust indicator of

the interception potential of the canopy. GF was

estimated from the LiDAR data using the polar grid

fraction metric (Vaughn et al. 2013). Briefly, polar grid

fraction is calculated by dividing the upward hemispher-

ical view from a given point into wedges that are defined

by intervals of zenith and azimuth angles. For our study,

azimuth angle was divided evenly into sixteen intervals,

and zenith angle was divided into 24 intervals bounded

by uniform steps (0.0175 units wide) in cosine-trans-

formed zenith angle. Polar grid fraction is the propor-

tion of these wedges that contain one or more LiDAR

return x,y,z locations. The idea behind the metric is that

LiDAR returns represent a known location of vegeta-

tion cover, and a variable portion of light would pass

through this vegetation to influence gap fraction

estimates from a field instrument placed at a given point.

Fragment boundaries

We defined boundaries of fragments using a combina-

tion of two raster data sets: the map of LiDAR-derived

canopy height and a map of the normalized difference

vegetation index (NDVI). The NDVI map was derived

from the imaging spectrometer aboard the CAO aircraft

(Asner et al. 2007), collected simultaneously with the

LiDAR data. To speed the computation in following

steps, we interpolated the NDVI data set to the same 2-m

grid used in structure analysis. To smooth the rapid

changes in the height and NDVI images that can occur at

the location of individual trees, we first applied a mean

filter (where each cell is changed to the mean of the

surrounding cells) to both data sets with a square kernel

of size 53 5 cells (103 10 m) for the canopy height data

NICHOLAS R. VAUGHN ET AL.1640 Ecological Applications
Vol. 24, No. 7



set and 15 3 15 cells (30 3 30 m) for the NDVI data set.

We marked all cells with values exceeding two thresholds:

3 m for canopy height and an NDVI value of 0.7, as part

of a fragment. We settled on these threshold values

because they best defined obvious fragment boundaries

and ignored the patches of stunted, sparse ingrowth that

has established on the bare rock. However, even

considerable changes in these values had little effect on

the majority of fragment edges, those that are clearly

defined. Clusters of marked cells with fewer than 50

member cells (0.02 ha) were discarded. We then recorded

the outline of each remaining cluster as a polygon into a

standard geospatial data format for all future analysis

(Appendix 1). Because structural variables for matrix

habitat were not of interest, all cells in the grids for each

canopy structure variable (HT, IQR, and GF) with center

falling outside a fragment boundary were set to a null

value. Following this, histograms were computed for the

three canopy structure variables for all cells within a

fragment (Fig. 2).

Fragment size and shape effects

Following the fragment boundary creation procedure,

we identified 1060 fragments greater than the 0.02-ha

FIG. 1. A map of the 8500-ha study site on the northeastern flank of Mauna Loa volcano, Hawai‘i Island. Outlines of the
fragments are shown in blue. A normalized difference vegetation index (NDVI) image in the background increasing from brown to
green indicates the amount of photosynthetic vegetation present. Recent lava flows from the southwest are visible as darker brown
colors, and State Highway 200 can be seen as the dark line from the northwest.
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threshold for further analyses. The majority of these are

less than 1 ha in size, but several fragments exceed 100 ha,

with one fragment being nearly 1000 ha (Fig. 3). Fragment

size has been implicated before as a driver of differences

between fragments at this site (Flaspohler et al. 2010). We

investigated the impact of fragment size, along with those

of structural metrics using scatterplots and linear regres-

sion models of the whole-fragment average canopy metric

values against log-transformed fragment size.

Proximity to the fragment edge is commonly consid-

ered an important measurable factor affecting the

response of a given location to fragmentation (Harper

et al. 2005). Preliminary analysis showed that this was

indeed the case at our study site. For final analysis, we

then computed the distance from nearest fragment edge

(DE) at the center of each 2-m cell that was located

within a fragment boundary polygon. Because two

points with similar DE can differ widely with respect to

proximity to a second edge, with implications for habitat

quality, we derived a simple metric, minimum span (MS),

which is the minimum straight line distance, allowing

azimuth to vary 180 degrees, that is required to bisect the

fragment while passing through a given point location

(Fig. 4a). This metric is essentially a quantification of the

protection afforded to a given point by the surrounding

fragment, and it can be calculated for any given point

within a fragment (Fig. 4b; Supplement 2). Accordingly,

MS was computed at the center of every 2-m cell located

within each fragment boundary polygon. In this appli-

cation, azimuth was incremented from 0 to 177 degrees

in 3-degree steps to compute minimum span.

Due to the high correlation between neighboring cells

and the extremely large number of cells, we randomly

selected a subset of 10 000 23 2 m cells containing valid

values for both of the covariates DE and MS, as well as

valid values for all three response variables of HT, IQR,

and GF. These samples were contained by 268 of the

original 1060 identified fragments. Initially, we produced

boxplots from these data to visually assess the effects of

the two covariates, DE and MS on the three canopy

structure variables. The main effects were cut into fixed

intervals to inspect for any interaction. MS was cut into

five intervals: (0,20], (20,50], (50, 100], (100, 200] and

.200, while DE was cut into six intervals: (0,5], (5,10],

(10,20], (20,50], (50, 100], and .100. For each possible

combination (DE must be less than half of the MS for a

given location) a box plot was created with the 5th, 10th,

25th, 50th, 75th, 90th, and 95th percentiles.

The relationship between the two covariates and the

response variables was curvilinear in all cases in such a

way that the slope of the response curve decreases as the

covariates increase in value. Initially, simple linear

models were run with both covariates, MS, and DE, as

well as an interaction term, but this did not sufficiently

fit the data. To more accurately model the curvilinear

pattern, both covariates were log-transformed before

FIG. 2. Histograms of the three canopy structure metrics
mapped across the study landscape on Mauna Loa volcano,
Hawai‘i Island. All 2 3 2 m cells were used in the computation
of these histograms. Solid and dashed vertical lines represent
the mean and median, respectively.

FIG. 3. A histogram of the sizes of the 268 forest fragments
with sample points across the study landscape on Mauna Loa
volcano, Hawai‘i Island. Note the log scale on the x-axis.
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being included in the model. The increasing variance

(decreasing for GF) that is visible in the box plots was

addressed by log-transforming each of the three

response variables, HT, IQR, and 1 � GF (negated so

that variance would increase with mean). We fit one

model for each of the three structural response variables.

In such a way, the individual and combined influence of

DE and MS could be interpreted.

The residuals from simple linear fit of the three models

showed significant spatial autocovariance, as determined

by a Moran’s I test (Table 1). This introduces the

potential for biased estimates of both the fitted

coefficients and their standard errors. To overcome this,

we used a spatial autoregressive (SAR) modeling

framework to account for stationary, isotropic correla-

tion among residuals. These fits were computed using

the R programming language (R Development Core

Team 2012), incorporating the spdep contributed

package (Bivand 2012). Neighbors within 200 m, a

distance determined from inspection of correlograms,

were included in the computation of the weight matrix.

RESULTS

Strong effects of fragmentation were found in all three

structural variables that were tested. Fragment size

explained more than one-third of the variation among

fragment mean GF values, but the same model had

lower goodness of fit for both HT and IQR (Fig. 5). As

fragment size increased, expected HT increased from 10

to ;20 m and expected IQR increased from 2 to 8 m,

indicating that larger fragments are associated with

greater variation in tree size. We also found that GF

decreased from 0.3 for smaller fragments to about 0.15

for the largest fragments. In addition to fragment-level

variation, we observed large intrafragment spatial

variation among the different DE and MS interval

combinations for all three response variables (Fig. 6).

Interpreting DE and MS as continuous variables in a

linear model improved our ability to understand the

relative strength of the two variables as well as their

interaction. Three important features of this model

parameterization should be noted. First, the model

estimates will depend upon DE only up to a certain

distance (although never more than one half of the

minimum span) and upon MS only up to a certain

distance. In this way, the interiors of fragments behave

more like intact forest than at the edges, and the

marginal effect of each covariate will diminish. Second,

a significant slope for log(MS) means that the maximum

value of the response variable will change with MS,

independent of the value of DE. A third and very

important feature is that significant model interaction

terms indicate that the rate at which the response value

climbs to its maximum with respect to DE also changes

as MS increases. This allows for a shrinking depth of

noticeable edge effect as MS increases, or nonuniform

edge effects.

Using the spatial error SAR modeling methodology

reduced the autocovariance present in the residuals

TABLE 1. Moran’s I tests of the spatial autocorrelation of the residuals for the three models with a simple least squares regression
(OLS) model (top rows) and with a spatial error (SAR) model (bottom rows).

Response Model Moran’s I Var(I ) Statistic P

log(HT) OLS 0.591 8.906 3 10�6 198.13 ,0.00001
log(IQR) OLS 0.511 8.907 3 10�6 171.20 ,0.00001
log(1 � GF) OLS 0.545 8.908 3 10�6 182.76 ,0.00001
log(HT) SAR �0.007 8.905 3 10�6 �2.23 0.98701
log(IQR) SAR �0.011 8.906 3 10�6 �3.75 0.99991
log(1 � GF) SAR �0.015 8.907 3 10�6 �4.86 1.00000

Note: The expected value of I was �1.001 3 10�4 in all cases.

FIG. 4. A demonstration of the minimum span concept with
data from across the study landscape on Mauna Loa volcano,
Hawai‘i Island. (a) For the given point at the center of red
circles, the span can be computed in any direction as the
straight-line distance required to strike two locations along the
fragment boundary as well as the point. Many such spans are
shown as black arrows. The minimum span (MS) is the shortest
across all angles (red arrow). (b) Minimum span mapped on a 2
3 2 m grid for a larger, complex-shaped fragment.
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(Table 1). Residuals from these models produced

Moran’s I statistics very near to the expected value

under the null hypothesis of no autocovariance present.

The resulting linear coefficients of log(DE) and log(MS)

were very close in scale (Table 2). Interaction terms were

highly significant except in the regression for IQR. Signs

of the coefficient on the interaction variable were

opposite those of the main effects in each case, which,

in effect, allows estimated response value to increase

more and more slowly as DE and MS get larger. Under

these realized models, estimates of each structural

variable, along with their expected ranges, then progress

towards asymptotic values as the estimators reach large

values (Figs. 7 and 8). The larger the MS value, the

faster this progression takes place, with the largest

values of MS strongly reducing the effect of DE even at

the edges.

DISCUSSION

Our results provide compelling evidence for persis-

tent, centennial-scale changes in canopy structure

following forest fragmentation, with the strongest

impacts occurring at fragment edges for all three

properties of forest canopy structure. We found that

these edge differences were expressed at the whole-

fragment level as well: larger fragments, characterized by

lower edge to core habitat, were less affected by the

matrix environment overall. Little prior work has

demonstrated such long-term effects of fragmentation

because it is difficult to find a complete history for

fragments that are maintained for longer periods of time

(Corlett and Turner 1997). Without accounting for a

history of human activities in the area, one cannot fully

attribute the observed results to fragmentation alone

(McGarigal and Cushman 2002). Designed experiments,

which have more control over fragment history, are not

yet sufficiently long-lived to study such long-term

effects. The natural fragment system used in this study

shows uniformity across many factors, including slope,

elevation, forest type, soil substrate age, method of

fragment creation, fragment age, and matrix condition,

with which even designed experiments have difficulty

maintaining. Additionally, the site’s relative seclusion

and designation as a State of Hawaii Forest Reserve

have kept human activity in the area to a minimum.

Taken together, these traits make this study site ideal for

providing insights into the long-term effects of forest

fragmentation.

As expected, distance to edge was a strong determi-

nant of forest canopy condition. We found that the

expected maximum height to which trees can reach at

fragment edges was shorter than interior locations by as

much as 7 m. Canopy complexity, as measured by IQR,

was also substantially lower near the edges of the

fragments. This shorter and more uniform canopy found

at the edges of all fragments and the interior of smaller

fragments is similar to that of a younger forest. Pütz et

al. (2011) found similar state shifts in Brazilian tropical

forest fragments. Edge forests face some challenges in

the long term due to increased exposure to the

surroundings outside of fragments. An increase in wind

and solar radiation exposure leads to greater wind throw

(Chen et al.1995) and greater loss of moisture (Briant et

al. 2010). Accordingly, these differences can drive

increased mortality and turnover rates (Laurance et al.

2002). Edge trees that survive the increased exposure are

likely limited in maximum achievable height and vertical

growth rate, affecting the long-term dynamics of the

forest. This would lead to the shorter, more uniform

canopy observed in this study.

Another effect of edge creation may be a long-term

reduction in forest productivity. Gap fraction has a

strong functional link to many processes that control the

growth of plants (Campbell and Norman 1989). The

estimated gap fraction at edges and within the interior of

smaller fragments was significantly smaller. Gap frac-

tion differences were larger than 0.10 in some cases,

nearly one-third of the maximum estimated gap fraction

value in the study area. In contrast, some early increases

in productivity have been found at the edges of younger

FIG. 5. Scatterplots of the three canopy structural variables
against fragment size for data sampled across the study
landscape on Mauna Loa volcano, Hawai‘i Island. Best-fit
lines along with the associated R2 values are shown. Points
represent the mean value of a structural variable, across all 23
2 m cells within the fragment or the total area for a single
fragment.

NICHOLAS R. VAUGHN ET AL.1644 Ecological Applications
Vol. 24, No. 7



fragments (Murcia 1995, Harper et al. 2005). Early

increases in productivity can be explained by a large

increase in some resources when edge inhabitants find

themselves suddenly without competition on one side

and young trees colonizing may grow more quickly than

the older trees they replace. Light, water, and nutrients

all have the potential to be much more abundant at

edges (Matlack 1993). However, most edges in the

tropics are created by slash and burn methods, with

potentially large effects on nutrient supply (Giardina et

al. 2000). At our Hawaiian site, the lava flow would have

similarly affected edge habitat along with organic

material at the surface, albeit with likely different burn

effects. Fresh lava rock is also a poor substrate from

which to obtain nutrients and water. It is possible that

an early increase in productivity took place when these

fragments were formed. However, in the long-term, it

appears that the effects of a harsher environment have

become dominant.

The strength and depth of edge effects on canopy

structure within a fragment are highly variable, and a

large share of this variability can be explained by the

FIG. 6. Boxplots of canopy structure response variable distributions along distance from edge and selected minimum span
values from fragments sampled across the study landscape on Mauna Loa volcano, Hawai‘i Island. Large dots represent the 5th
and 95th percentiles, and small dots represent the 1st and 99th percentiles. The line inside the box is the median. Upper and lower
end points are the 75th and 25th percentiles, respectively. Whiskers are the 10th and 90th percentiles. Inf is positive infinity.
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local shape of a fragment, as quantified by minimum

span. For a single point, exposure to the impacts of the

foreign matrix habitat does not occur from only one

angle, but rather from any direction where an edge falls

within some threshold distance. Proximity to multiple

edges then should combine to increase or decrease any

particular edge effect (Fletcher 2005, Harper et al. 2007).

Conversely, when the minimum span for a given point

location within a fragment is large enough (as little as

300 m for maximum canopy height), the effect of the

distance to edge was reduced dramatically for all three

structural response variables. The canopy at a location

with small distance-to-edge and large minimum span,

despite being exposed to the surrounding matrix on one

side, has a larger expected maximum canopy height and

a lower gap fraction than sites with low minimum span.

This contradicts the uniform edge model suggested by

Laurance and Yensen (1991), which is often assumed to

be the link between fragment size and fragment shape

effects (Ewers and Didham 2007). Such variation in

canopy structure among edges within a single fragment

indicates that care must be taken in choosing sample

locations for studying edge effects. The local variations

in edge effects due to shape are large enough in this

study to obscure DE effects, if variation due to MS is

ignored. While there are several reasons for differences

in sign, magnitude, and penetration distance of mea-

sured edge effects across studies, perhaps the effects of

local fragment shape is an underlying driver.

Our results have implications for the design conser-

vation reserves. The distribution of fragment sizes in our

study site is similar to observed size distributions in both

the Brazilian Atlantic Forest (Ribeiro et al. 2009) and

Amazon rain forest (Broadbent et al. 2008), in that a

majority of the fragments are small in area (,50 ha).

Change analysis also indicates that fragment sizes are

being reduced (Broadbent et al. 2008). Since conserva-

tion reserves often draw from remaining, intact forest,

there is usually interest in optimizing their functionality

as affected by reserve size and shape. It has been

observed for decades that size should be an important

factor in reserve selection (Higgs and Usher 1980), and

this is confirmed by the relationship observed between

fragment size and bird species diversity present in these

same fragments (Flaspohler et al. 2010). However, size

alone is not entirely informative, as fragment shape

exerted a large influence on stand characteristics. The

interaction between a species and the shape of a reserve

may amplify or diminish a species’ survival (Ewers and

Didham 2007, Harper et al. 2007). One must then

somehow account for fragment shape when performing

any analysis of the effects of fragmentation.

To account for the effect of shape on the core area

that is typically of most benefit in reserves, numerous

shape metrics have been developed (Baskent and Jordan

1995, Riitters et al. 1995). Metrics such as diversity

index (Patton 1975) and fractal dimension (Milne 1988)

that incorporate only fragment perimeter and area imply

that edge effects can be modeled as uniform. However,

the results presented here indicate that more complex

patterns exist, and these need be taken into account

when estimating the total suitability of a potential

reserve. For tree species, at least, minimum span

provides a possible mechanistic explanation for the

behavior of differently shaped fragments. Other shape

metrics, such as divergence (Baskent and Jordan 1995),

incorporate more of the spatial information available

from a fragment perimeter. Such metrics may be able to

better account for the dynamic relationship seen here

between distance to edge and minimum span and might

perform better when used to model fragment-level

effects.

It is also possible that minimum span statistics may

function as a shape metric. Minimum span itself is

intended to be more informative at scales smaller than

whole fragment and is not meant to be a replacement for

the above shape metrics. However, a simple average of

the minimum span (or log-transformed minimum span)

values across the entire fragment could function as a

shape metric. Then to maximize reserve effectiveness, a

TABLE 2. List of parameters fit using a spatial autoregressive model (SAR) for each response
variable.

Response Term Coefficient SE Z P

log(HT) (Intercept) 2.222 0.0280 79.47 ,0.00001
log(DE) 0.075 0.0077 9.78 ,0.00001
log(MS) 0.073 0.0054 13.63 ,0.00001
log(DE) : log(MS) �0.007 0.0014 �4.83 ,0.00001

log(IQR) (Intercept) 0.865 0.0524 16.51 ,0.00001
log(DE) 0.069 0.0160 4.30 0.00002
log(MS) 0.099 0.0114 8.71 ,0.00001
log(DE) : log(MS) �0.001 0.0029 �0.46 0.64289

log(1 � GF) (Intercept) �0.400 0.0069 �58.01 ,0.00001
log(DE) 0.033 0.0020 16.25 ,0.00001
log(MS) 0.021 0.0014 14.68 ,0.00001
log(DE) : log(MS) �0.003 0.0004 �9.15 ,0.00001

Notes: Abbreviations in the Term column correspond to the two covariates: DE is distance from
edge, and MS is minimum span. Response variable abbreviations are: HT, maximum window
return height; IQR, window interquartile range of return heights; GF, gap fraction.
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reasonable goal would be to maximize the average

minimum span for a given reserve, thus minimizing the

overall or average edge effects. The optimal shape under

this arrangement would be that which minimized the

integrated effects of edge within a fragment. Much like

the optima of many shape complexity metrics, the

maximum value for minimum span for a given area is

attained with a circular shape. Circular reserves also

provide the highest core-to-edge-area ratio, and they

reduce traversal distance for core-dwelling species

(Diamond 1975). Indeed, fewer species are found in

peninsula habitat than in core habitat (Blouin and

Conner 1985), and this may be due to the effects of

minimum span on forest attributes. However, more

variation in edge type may be helpful for some species,

meaning more complex shapes would provide more

variation in habitat types. Despite the differences in edge

effect brought on by minimum span, the greatest

contributor to increasing minimum span and core-to-

edge ratio is simply reserve size.

Finally, we emphasize the importance of the airborne

LiDAR data in this study. We quantified the effects of

FIG. 7. Estimated median (solid) and 10th and 90th percentiles (dashed) of response variable distributions along distance-to-
edge for selected minimum span values for points within fragments sampled across the study landscape on Mauna Loa volcano,
Hawai‘i Island.
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minimum span and distance to edge across a very large

landscape containing myriad fragment shapes and sizes.

This work was performed with information organized at

a spatial scale ordinarily reserved for the study of

microsites. Such work across spatial scales has only been

possible for a relatively short time (Chave 2013). With

even a small selection of the large number of fragments

in the system, understanding the role of local shape on

edge effects from field samples would be prohibitively

expensive. At another extreme, satellite imagery would

give adequate coverage, but not the high spatial

resolution needed for this task. Aerial photography

would provide the resolution, but limited three-dimen-

sional structure information. Clearly LiDAR methods

hold great potential for understanding fragmentation

effects on forest structure and function.
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