
Quantifying land use effects on forested riparian buffer
vegetation structure using LiDAR data

LEAH WASSER,1,� LAURA CHASMER,2 RICK DAY,3 AND ALAN TAYLOR
4

1National Ecological Observatory Network, Boulder, Colorado 80301
2Department of Geography, University of Lethbridge, Lethbridge, Alberta T1K3M4 Canada

3Department of Ecosystem Science and Management, Pennsylvania State University, University Park, Pennsylvania 16802 USA
4Department of Geography, Earth and Environmental Systems Institute, Pennsylvania State University,

University Park, Pennsylvania 16802 USA

Citation: Wasser, L., L. Chasmer, R. Day, and A. Taylor. 2014. Quantifying land use effects on forested riparian buffer

vegetation structure using LiDAR data. Ecosphere 6(1):10. http://dx.doi.org/10.1890/ES14-00204.1

Abstract. Quantifying variability of forested riparian buffer (FRB) vegetation structure with variation in

adjacent land use supports an understanding of how anthropogenic disturbance influences the ability of

riparian systems to perform ecosystem services. However, quantifying FRB structure over large regions is a

challenge and requires efficient data collection and processing methods that integrate conventional in situ

vegetation sampling with remote sensing data. This study uses automated algorithms to process airborne

light detection and ranging (LiDAR) data for mapping of riparian vegetation height, canopy cover and

corridor width along 5,900 transects using methods validated in 80 mensuration plots in central

Pennsylvania, USA. The key objective of this study was to use airborne LiDAR data to quantify differences

in edge vs interior vegetation structure as influenced by buffer width and adjacent land use type,

continuously throughout a watershed. Riparian vegetation height, canopy cover and buffer width were

estimated along FRB transects adjacent to developed (residential/commercial and agricultural) and

undeveloped (grassland) land use types and compared to reference transects within larger forested areas

and thus without an edge. On average, buffers adjacent to developed land use types were narrower than

those adjacent to natural, undeveloped land use types. Approximately 50% of streams in the watershed

had FRB corridors �30 m wide. Only 23% of streams had a corridor width �200 m, the width

recommended to support key ecosystem services. Undeveloped land use types contained taller riparian

vegetation and wider corridors, whereas developed land use types contained shorter riparian vegetation

and narrow FRB corridors. Edge effects also affected vegetation structure. Vegetation height was 5–8 m

shorter at the interface between the FRB and the adjacent land use (the matrix) than in the naturally

occurring stream edge or in the corridor interior. Canopy cover was not influenced by adjacent land use

type or width. This study demonstrates that airborne LiDAR data can be used to accurately map riparian

buffer vegetation width, height and canopy cover to support ecological based management of riparian

corridors over wide areas.
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INTRODUCTION

Forested riparian buffers (FRBs) adjacent to
aquatic ecosystems, perform critical ecosystem
services that both maintain the integrity of
adjacent water bodies (e.g., Naiman et al. 1993,
Harper and Macdonald 2001, Anderson et al.
2007) and provide important wildlife habitat
(Hennings and Edge 2003, Shirley and Smith
2005, Pennington et al. 2008). In recent decades,
clearing of riparian forests for agriculture and
urban development (e.g., Swift 1984, Naiman
and Decamps 1997, Claggett et al. 2010), partic-
ularly in headwater streams, which represent the
majority of all streams (Leopold et al. 1964), has
contributed to significant, broad-scale ecological
degradation of downstream ecosystems. Specif-
ically in North America, degradation has been
observed in the form of eutrophication in the
Chesapeake Bay (Lowrance et al. 1997, Speiran
2010) and hypoxia in the Gulf of Mexico.

Increased agricultural, residential and com-
mercial development has created narrow FRB
corridors, predisposing riparian vegetation to
‘edge effects’ (Saunders et al. 1991, Ferreira et
al. 2005), which modify hydrologic, atmospheric
and physical processes at the interface between
the riparian buffer and the adjacent, disturbed
matrix (Harper et al. 2007). Edge effects can
significantly influence riparian vegetation struc-
ture (Gascon et al. 2000, Apan et al. 2002,
Laurance et al. 2002), which in turn can impede
the effectiveness of riparian buffers to provide
ecosystem services (Lussier et al. 2006, DeWalle
2010, Weller et al. 2010). Commonly observed
changes in vegetation structure associated with
edge effects include increased wind throw
(Liechty and Guldin 2009, Bahuguna et al.
2010), decreased canopy cover and vegetation
density (Lopez et al. 2006, Harper et al. 2007) and
increased frequency and cover of invasive species
(Rodewald 2009, Ives et al. 2011). Overall, FRB
and stream integrity is often lowest where
developed (agricultural and residential) land
use types are dominant (Lussier et al. 2008,
Rheinhardt et al. 2012) because of direct land use
effects on FRB vegetation structure and spatial
configuration.

Degradation of FRB corridors and associated
downstream impacts (i.e., large-scale eutrophi-
cation, species decline) has driven efforts across

the United States to monitor, assess and restore
FRB ecosystems (Lowrance et al. 1997, Hall et al.
2009, Claggett et al. 2010). The most common
approach has been to characterize edge effects
using in situ methods (Harper and Macdonald
2001, Lopez et al. 2006, Harper et al. 2007).
However, in situ methods are resource intensive,
and cannot be easily applied over wide areas to
support the broad-scale mapping that is needed
for targeted ecological-based management.

Remote sensing data can be used to extend in
situ characterization of FRB condition across
broad geographic extents. The most common
remote sensing methods applied in riparian
studies use spectral sensors, such as Landsat or
color-infrared imagery, which record reflectance
and absorption of electromagnetic radiation (e.g.,
Goetz et al. 2003, Johansen et al. 2007, Johansen
et al. 2010b). However, spectral methods do not
capture all of the structural information needed
to accurately assess riparian condition (Congal-
ton et al. 2002, Johansen et al. 2010c). For example
Congalton et al. (2002) observed that forest data
derived from classified Landsat data was only in
20–30% agreement with actual forest conditions.
Therefore, these and similar spectral datasets,
which are often used by decision makers to
manage riparian resources, may yield significant
or varying error in riparian structure analysis.
Congalton et al. (2002) further attributed analysis
errors to data resolution; pixels were too large to
capture narrow riparian corridors (also observed
by Lattin et al. 2004, Johansen et al. 2010c).
Moreover, spectral data do not provide a direct
measure of vertical vegetation structure.

In recent years, high-resolution light detection
and ranging (LiDAR) data have been used to
map riparian forest structure (Seavy et al. 2009,
Arroyo et al. 2010, Johansen et al. 2010a, Johansen
et al. 2010c). A LiDAR system measures the
three-dimensional characteristics of vegetation
structure by sampling the canopy, understory
and ground surface using light reflected from
rapidly emitted laser pulses (Baltsavias 1999,
Lefsky et al. 1999) at high resolution. LiDAR data
support broad-scale mapping of key forest
structure metrics including canopy height (Hop-
kinson et al. 2006), canopy cover (Morsdorf et al.
2006, Hopkinson and Chasmer 2009) and under-
story vegetation cover (Hill and Broughton 2009).
LiDAR-derived estimates of forest structure have
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also been found to be comparable to in situ
measurements in riparian areas (Arroyo et al.
2010, Wasser et al. 2013). Furthermore, LiDAR
methods are of sufficient resolution to detect
narrow riparian corridors and they may provide
more accurate estimates of corridor width than
spectral methods (Johansen et al. 2010c). There-
fore the use of LiDAR data for mapping and
monitoring riparian buffers can significantly
advance our understanding of environmental
and anthropogenic impacts to both riparian and
other ecological systems over space and time.

The recent availability of wide area coverage
LiDAR data in the USA, Australia, Canada and
the United Kingdom (Johansen et al. 2010a,
Hopkinson et al. 2013) has provided an unprec-
edented opportunity to analyze variability in
riparian vegetation structure, continuously, over
large areas with heterogeneous land use. How-
ever, we are unaware of any studies that have
tested and used LiDAR data to quantify the effect
of different land use types on both FRB vegeta-
tion structure and corridor width throughout a

watershed. The specific objectives of this study
were thus to use airborne LiDAR data to quantify
(1) differences between LiDAR-derived estimates
of canopy height, canopy cover and FRB corridor
width compared to conventional in situ plot and
manual interpretation of spectral imagery; (2)
differences in edge vs. interior vegetation height
and canopy cover, and FRB width within
riparian areas adjacent to residential/commercial,
agricultural and undeveloped land use types;
and (3) differences in vegetation height and
canopy cover within FRBs of varying widths,
continuously across an entire watershed.

METHODS

Study area
Our study area was the Spring Creek water-

shed (40.8188 N, �77.8418 W; Fig. 1), which is
located in central Pennsylvania and drains into
the Chesapeake Bay. The watershed covers
45,300 ha (175 sq. mi.) and contains 6.4 linear
km of first to fourth order streams. Land use in
Spring Creek watershed is dominated by unde-

Fig. 1. (A) Context map illustrating the location of Spring Creek watershed within the United States. (B) Land

use/land cover map for the Spring Creek watershed.
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veloped forested woodlots (40%), agriculture
(30%), and urban/suburban development (30%)
(Centre County Planning Commission 2007–
2012). Riparian vegetation is diverse and includes
.60 tree species. Abundant species include black
walnut (Juglans nigra), red maple (Acer rubrum),
black cherry (Prunus serotina), oak (Quercus spp.)
and eastern hemlock (Tsuga canadensis). Elevation
in the watershed ranges from 200 m to 730 m.
The climate is temperate and characterized by
hot, humid summers and cold winters with
average monthly temperatures ranging from
�38C to 228C and an average annual precipitation
of 1,060 mm (Fulton et al. 2005).

Vegetation measurements
We sampled FRB vegetation in July and

August, 2010 to validate LiDAR-derived esti-
mates of vegetation structure. A total of 80, 11.3
m radius plots were selected according to
vegetation type (deciduous, conifer and mixed)
and height (8–30 m) within a 100-m buffer on
either side of watershed streams using a random
stratified sampling design (Fig. 1). Plots were
located using a Trimble GeoXH differential GPS
unit (Trimble, GeoExplorer, Idaho, USA). Within
each plot, we measured canopy height and we
also identified individual tree species. We mea-
sured fractional canopy cover (herein ‘‘canopy
cover’’, defined between 0 and 1, where 1 is full
(100%) canopy cover and 0 is no canopy, or gap)
using digital hemispherical photography. For
further discussion of sampling design and
methods, see Wasser et al. (2013).

LiDAR data collection, processing and analysis
Airborne LiDAR data and 0.8-m resolution

color-infrared aerial photography were collected
between June 15 and June 18, 2007 using a Leica
ALS50 at a flying height of 900 m and a pulse
repetition frequency of 100 kHz. Scan angles of
up to 6208 resulted in laser return spacing of 0.8
m. We classified laser returns as ground and non-
ground using TerraScan (TerraSolid, Finland).
We removed returns from buildings using a
locally generated building footprint layer (Centre
County Planning Office, State College, Pennsyl-
vania, USA). Outlying returns (air and below
ground) were also removed. Aboveground pulse
return heights were calculated by subtracting the
ground elevation derived from a 1-m resolution

digital elevation model (DEM) from the elevation
of each vegetation return.

We developed an automated algorithm in
Matlab (Mathworks, Natick, Massachusetts,
USA), to identify 10 m wide by 200 m long
sampling transects. Transects were used to
estimate vegetation height, canopy cover and
corridor width from LiDAR data (Fig. 2) within 5
m wide by 10 m long moving windows.
Transects were located every 100 m along either
side of the stream and ran perpendicular to
stream centerlines. Stream centerlines were iden-
tified using USGS National Hydrography
Streams Data (NHD, 1:24,000), geometrically
corrected to match a 1-m resolution, LiDAR-
derived digital elevation model. Transects were
classified according to adjacent land use types
(agricultural, residential/commercial and unde-
veloped grassland) using a local land use map
(Centre County Planning Agency, 2007, State
College, Pennsylvania, USA). Developed land
use types had a combination of infrastructure
(i.e., buildings and roads) and agricultural fields.
Undeveloped land use was grassland, managed
by public agencies such as the United States Fish
and Wildlife Service. Transects located within
larger regions of undeveloped forest (FRB width
.200 m) did not cross a disturbed edge and were
classified as reference transects. To avoid mixed
influences caused by land use conversion (e.g.,
agriculture to residential or undeveloped forest
to agriculture) on vegetation structure, we only
analyzed transects in locations where land use
was stable for �10 years. A total of 5,900
transects were used in the analysis.

Four products were generated from LiDAR
data: (1) average canopy height and percent
canopy cover in the in situ sampling plots; (2)
average canopy height and percent canopy cover
for each 53 10 m along-transect moving window
extending from the stream to the edge of the
forested riparian buffer; (3) average canopy
height and percent canopy cover for windows
located at the stream and matrix edges and
interior of each transect; and (4) forested riparian
buffer corridor width for each transect.

Average canopy height was estimated from
LiDAR data in the in situ plots and within each 5
3 10 m along-transect moving window using the
70th percentile of the vertical vegetation return
distribution (e.g., Naesset 2005, Wasser et al.
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2013). Vertical height percentiles were used in
lieu of gridded canopy height models because
they are more accurate (Gaveau and Hill 2003,
Hopkinson et al. 2005). Percentile methods, use
the entire vertical profile of laser pulse returns,
which better represents the entire vertical profile
of vegetation structure from the top of the
canopy to the ground (Hopkinson et al. 2005).
Percent canopy cover was estimated as the ratio
of canopy (return z height . 1.4 m, correspond-
ing to digital hemispherical photography), to all
returns in the in situ plots and moving windows
(Chasmer et al. 2008).

For each transect, the Matlab algorithm calcu-
lated riparian buffer width and along-transect
stream edge to matrix edge canopy cover and
vegetation height using LiDAR data percentile
and ratio methods. To calculate width, the

algorithm first identified the forested riparian
buffer matrix edge (the interface between forest
and an adjacent, non-forest land use type) using
a continuous, moving window approach. The
moving window began at the stream edge,
sampling continuously until it identified a forest
gap larger than 10 3 10 m. This gap was
determined by a LiDAR-derived percent canopy
cover value of �30% for vegetation taller than 1.4
m. Thirty percent is the cover threshold for forest
as defined by the United Nations Framework
Convention on Climate Change and the US
National Vegetation Classification standards for
forest classification. Finally, transects were clas-
sified by width, defined using minimal thresh-
olds for key riparian buffer ecosystem services (0
m, 1–10 m, 10–30 m, 30–50 m, 50–100 m, 100–199
m, 200 m; e.g., Fischer and Fischenich 2000).

Fig. 2. An example stream segment and associated transects. The algorithm processed each transect on either

side of the stream separately. Each transect was then used to estimate buffer width and quantify vegetation

structure throughout the Spring Creek watershed.
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Along-transect, LiDAR-derived FRB width
estimates, were verified using manual interpre-
tation of high-resolution color-infrared imagery
(Congalton et al. 2002, Claggett et al. 2010). For
manual interpretation, we visually identified 10
3 10 m gaps (using the algorithm criteria) in the
forest canopy to determine each transect matrix
edge. We then used the manually identified edge
to calculate transect width. Step differences
between riparian forests and grasslands, agricul-
tural areas and urban development, used to
identify matrix edges, were easily discernible.

Statistical methods and validation
We first used regression analysis to quantify

relationships between (1) LiDAR-derived aver-
age canopy height and canopy cover and in situ
measurements and (2) LiDAR estimates of FRB
width and width estimated using color-infrared
imagery. We next quantified along-transect
(stream edge to matrix edge) variability in
average canopy height and percent canopy cover
both within transects of varying widths and
adjacent to developed and undeveloped land use
types and within 587 reference transects. Refer-
ence transects extended 200 m from the stream
edge and occurred within a larger (width . 200
m) undisturbed forested area. These transects did
not cross an exposed, non-forested edge. We
compared vegetation structure within reference
transects that did not cross an edge, to non-
reference transects (with edges), grouped by
width and adjacent land use type to quantify
the impacts of adjacent land use and width on
vegetation structure.

To quantify vegetation structure along each
transect, both reference (containing no edge) and
non-reference (containing an edge) transects
were divided into 5 3 10 m wide sections, or
‘windows’ from stream edge to matrix edge.
Within each 5 3 10 m window, we calculated
average canopy height and canopy cover. Direct
comparisons of similarity/difference between
reference and non-reference transect vegetation
structural characteristics were completed using
the ‘‘magnitude of edge influence’’ (MEI; Harper
et al. 2005, Harper and Macdonald 2011) index:

MEI ¼ �ı� ē

�ıþ ē
ð1Þ

where ē is the average vegetation structure

(height, canopy cover) within each window and
�ı is average vegetation height/cover determined
at the center of the transect (mid-way between
stream edge and matrix or adjacent land use type
edge). MEI values range between�1 and 1 where
values close to 0 indicate similarity between edge
and interior conditions and values approaching
61 indicate greater differences (or possibly
greater disturbance). We calculated mean MEI
value (and associated 95% confidence interval)
within 53 10 m windows for both non-reference
transects grouped by adjacent land use type and
buffer width, and reference transects. Mean MEI
values were then compared as they occurred
along the stream edge and matrix edge, to
quantify differences in vegetation structure both
within non reference transects as influenced by
adjacent land use type and buffer width and
compared to reference transects. We hypothe-
sized that MEI values for reference transects
would be close to zero throughout the transects
as they did not cross an edge. In contrast, we
expected that non-reference transects would
deviate further from 0 due to edge influences
associated with both adjacent land cover types
and environmental feedbacks associated with
these edges.

RESULTS

LiDAR estimates of riparian buffer vegetation
structure and width

LiDAR data methods accurately estimated the
most commonly measured riparian forest char-
acteristics: average canopy height, canopy cover
and buffer width. LiDAR-derived estimates of
average canopy height and canopy cover corre-
sponded well with in situ average canopy height
(R2 ¼ 0.90, root mean squared error (RMSE) ¼
1.68 m; Fig. 3A) and percent canopy cover (R2 ¼
0.59, RMSE ¼ 2%, Fig. 3B). LiDAR slightly
overestimated canopy cover measured using
digital hemispherical photography.

There was also a strong correlation between
LiDAR-derived estimates and manual photo
interpretation estimates of riparian buffer width
(R2 ¼ 0.89, RMSE ¼ 26.2 m, Fig. 3C). However,
LiDAR compared to manually derived width
estimates were less similar in areas that traversed
riparian vegetation in varying stages of succession
(shrub to mature forest), where manual interpre-
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tation edge delineation errors were most common.

This error, which occurred in 10% of the transects,

increased the RMSE (26.2 m) despite a strong

linear relationship between LiDAR and manual

interpretation-derived FRB width values. Differ-

ences between LiDAR and manually derived

widths were also caused by buildings not

included in the original removal algorithm.

Fig. 3. One to one (dashed line) and linear regression-derived (solid black line) relationships between (A)

LiDAR-derived vs. measured average canopy height, (B) LiDAR-derived vs. measured canopy cover (digital

hemispherical photography) and (C) LiDAR-derived vs. manual interpretation of CIR imagery-derived corridor

width.
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Land use effects on riparian corridor width
and forest structure

Riparian buffer corridor width was strongly
associated with adjacent land use type. Agricul-
tural areas had the narrowest buffer corridors.
FRBs were widest adjacent to undeveloped land
use types (Fig. 4). Approximately 23% of streams
had riparian buffers �200 m wide and 50% of
streams had no riparian vegetation or had a
riparian buffer �30 m wide.

There were also relationships between riparian
buffer width, adjacent land use type and vege-
tation height. For all transects, vegetation was on
average 2–5 m shorter in narrow vs. wide
riparian buffers (Fig. 5). Vegetation was also
shortest at the matrix edge and gradually
increased in height to the stream edge by an
average of 5–8 m, regardless of adjacent land use
type. Vegetation height near the stream edge did
vary by adjacent land use type. Vegetation
towards the stream edge was taller within buffers
adjacent to undeveloped land use types (average
canopy height range ¼ 18.9–21.2 m) compared
with stream edge vegetation next to agricultural
(average canopy height range¼ 14.2–16.8 m) and
residential/commercial (average canopy height
range ¼ 15.9–16.7 m) land use types.

For all transects, percent canopy cover was
nominally higher at the stream edge, relative to
the matrix edge and within undeveloped com-
pared to developed (agricultural, residential/

commercial) land use types (Fig. 6). However,
nominal edge/interior differences in percent
canopy cover were within the 10–20% range of
error expected for percent canopy cover esti-
mates (Chen et al. 2006, Wasser et al. 2013).

Relative variability, calculated using the mag-
nitude of edge influence (MEI) further demon-
strated relationships between edge and interior
vegetation structure as it varied with adjacent
land use type. For all non-reference transects,
vegetation height towards the stream edge of
each transect was, on average, similar to vegeta-
tion height at each transect interior (stream edge
MEI range¼ 0.0 to�0.1) and within the range of
variability observed for reference transects (MEI
average range ¼ 0.0 to �0.1; Fig. 7). In contrast,
vegetation towards the matrix edge was consis-
tently shorter than vegetation at the interior (MEI
average range ¼ 0.1–0.2) with values outside the
range of those observed in reference transects.
MEI values occurring within 5–30 m from the
matrix edge along both developed and undevel-
oped land use types were also similar, particu-
larly within corridors ,100 m wide, suggesting
that width and associated environmental effects
of edge exposure may play a significant role in
the MEI on canopy height along the matrix edge
(rather than land use type).

Fig. 4. Proportion of buffers stratified by adjacent land use type (agricultural, residential/commercial and

undeveloped) grouped by riparian buffer width class. Width classes were determined using minimal suggested

thresholds for key stream ecosystem services.
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DISCUSSION

In this study, a transect-based approach using

airborne LiDAR data was used to identify

relationships between adjacent land use type

and three commonly measured indicators of

stream ecological integrity: FRB width, vegeta-

tion height and canopy cover over a wide area.

We demonstrated that LiDAR data methods are

comparable to and can extend conventional in

situ and manual imagery interpretation methods

that are used to estimate these indicators. We

further presented an automated, transect based

approach using LiDAR methods to efficiently

characterize vegetation structure and corridor

width along thousands of transects to identify

how adjacent land use affects variability in

canopy height, canopy cover and FRB width.

Fig. 5. Mean canopy height (H) and 95% confidence interval, for each 53 10 m window within transects. Mean

values are plotted starting at the matrix edge (ME) to the transect interior and starting at the stream edge (SE) to

the transect interior. Results are grouped by buffer width class and adjacent land use type (agriculture,

residential/commercial, undeveloped). Reference transects are located within a larger region of undeveloped

forest.
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This LiDAR approach could be highly valuable
in identifying stream reaches that are most
vulnerable to impacts of adjacent land use in
support of ecological analysis across large re-
gions such as the Chesapeake Bay Watershed.

LiDAR methods effectively estimate riparian
vegetation height, canopy cover and
corridor width

Our results demonstrate that LiDAR technol-

ogy can be effectively used for wide-area

mapping of riparian vegetation structure when

compared with in situ plot measurements. Few

studies have used LiDAR data to map riparian

vegetation structure. However, there are some

Fig. 6. Mean canopy cover and 95% confidence interval, for each 5 3 10 m window within transects. Mean

values are plotted starting at the matrix edge (ME) to the transect interior and starting at the stream edge (SE) to

the transect interior. Results are grouped by buffer width class and adjacent land use type (agriculture,

residential/commercial, undeveloped). Reference transects are located within a larger region of undeveloped

forest.
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challenges to consider. For example, Hopkinson
et al. (2005) compared riparian and forest
vegetation height derived using gridding vs.
frequency distribution LiDAR methods with in
situ measurements. While strong correspondence
between LiDAR and in situ measurements was
observed in this study, they found that LiDAR
methods typically underestimated short shrub
and herbaceous vegetation, especially within

saturated riparian/aquatic areas. Heights of
shrub and tree species within drier environments
could be accurately characterized using LiDAR
data. Hutton and Brazier (2012) attributed
potential underestimation of vegetation height
using LiDAR to errors in digital elevation
models. They observed that digital elevation
model height values, which are used to derive
vegetation height from LiDAR data, were often

Fig. 7. Mean magnitude of edge influence (MEI) for canopy height (H) and 95% confidence interval, for each 5

310 m window within transects. Mean values are plotted starting at the matrix edge (ME) to the transect interior

and starting at the stream edge (SE) to the transect interior. Results are grouped by buffer width class and

adjacent land use type (agriculture, residential/commercial, undeveloped). Reference transects are located within

a larger region of undeveloped forest.
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overestimated in areas with dense vegetation
yielding low LiDAR-derived height values. Jo-
hansen et al. (2010c) also found that LiDAR data
accurately characterized streambed width, ripar-
ian buffer width and canopy cover. In this study,
we found strong, linear correspondence between
vegetation height from LiDAR data and in situ
measurements across an entire watershed. We
also found strong linear relationships between
LiDAR- and in situ-derived canopy cover, al-
though LiDAR methods overestimated canopy
cover (see also Morsdorf et al. 2006, Hopkinson
and Chasmer 2009). Overestimates of canopy
cover using LiDAR data have been attributed to
reduced ground penetration and saturation of
vegetation returns in areas of dense vegetation.

LiDAR-derived buffer width also correspond-
ed strongly with width measured using conven-
tional aerial photography indicating that
automated methods are an efficient alternative
to resource intensive manual interpretation
methods (e.g., Schuft et al. 1999, Snyder et al.
2003, Snyder et al. 2005, Claggett et al. 2010).
Manual interpretation is also susceptible to bias.
Automated methods remove bias associated with
individual interpreter error and standardize
detection of small canopy gaps that may be
missed in manual interpretation of corridor
boundaries. Automation also permits vegetation
characterization along thousands of transects,
continuously, supporting improved identification
of stream reaches that might be most vulnerable
to adjacent land use impacts. Other studies have
also found that LiDAR data can be used to derive
buffer width. For example, in a comparison of
spectral methods with LiDAR methods devel-
oped for Australian riparian zones, Johansen et
al. (2010c) found that LiDAR estimates of
riparian buffer width strongly approximated in
situ conditions (R2 ¼ 0.91) and were more
accurate than spectral methods. They concluded
that LiDAR data may be ideal for mapping
riparian areas over large extents. Similarly,
Arroyo et al. (2010) observed improved corre-
spondence between measured width and width
derived using a combination of LiDAR data and
spectral (QuickBird-2) data within Australian
tropical savannas/riparian areas (R2¼ 0.82).

Relationships between land use, riparian
buffer width and vegetation structure

Our study also demonstrates that LiDAR
methods can efficiently and effectively be used
to quantify relationships between riparian buffer
width, edge and interior vegetation structure and
adjacent land use type across thousands of
transects. A similar analysis using in situ
methods would be cost prohibitive.

It is well documented that within a human
impacted landscape, wider buffers are needed to
provide many key ecosystem services that
support aquatic ecosystem health (Castelle et al.
1994, Fischer and Fischenich 2000, Shirley 2004,
DeWalle 2010). In our study, riparian corridors
were narrowest where land use was the most
developed (agriculture, commercial/residential
development). Specifically, half of all corridors
next to developed land use types were narrow
(width , 30 m) or had no riparian vegetation
(width ¼ 0). The narrowest corridors were
adjacent to agricultural areas which yield higher
levels of disturbance inputs to streams. Such
pollutant inputs, water runoff and sedimentation
could affect the health and structure of both the
adjacent riparian area and the stream channel
that it shields from adjacent development (e.g.,
Jones and Holmes 1985, Jones et al. 2001, He et al.
2011) in these areas. Since these locations can be
clearly identified, transect by transect, using
methods presented in this study, they can be
target areas for monitoring and restoration. In
contrast, few streams had buffers �200 m wide, a
width that supports most key ecosystem services.
These areas could be targeted as conservation
zones to preserve ecological integrity.

We also found that riparian vegetation was
taller within: (1) wider compared to narrow
corridors; (2) buffers adjacent to undeveloped
vs. developed land use types, and (3) along the
stream edge and interior vs. the matrix edge
within corridors wider than 50 m. The relation-
ship between tall vegetation, wider corridors and
undeveloped land use types was also observed in
situ. Corridors adjacent to undeveloped land use
types often contained taller species including
oaks (Quercus spp.), maples (Acer spp.) and
hemlocks (T. canadensis) while corridors adjacent
to developed land use types often contained
shorter species including black walnut (J. nigra)
and red maple (A. rubrum). Taller vegetation
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within larger patches has also been observed in
other non-riparian forests (e.g., Mohandass and
Davidar 2010, Brearley et al. 2011) and may be
attributed in part to increased structural diversity
(and increased species diversity) associated with
species-area relationships that are expected with-
in larger patches (MacArthur and Wilson 1967).

Several studies have used in situ methods to
quantify the impacts of adjacent land use on
vegetation structure in both riparian and non-
riparian forests. These relationships are impor-
tant for quantifying pre- and post-disturbance
influences on aquatic ecosystem health (Langer et
al. 2008). For example, similar to our findings,
Mohandass and Davidar (2010) observed that
larger patches were often less disturbed and thus
contained older, more mature and thus taller
vegetation using in situ methods. In contrast to
our findings of nominal variability in canopy
cover associated with land use, Langer et al.
(2008) found decreased canopy cover within the
upper tiers of a riparian buffer adjacent to a
managed forest, compared to an unmanaged
forest. Similarly, Rheinhardt et al. (2012) ob-
served that riparian forest cover (and associated
biomass) is often lower within forested riparian
buffer corridors adjacent to developed compared
to undeveloped land use types.

We also observed differences between matrix
edge, stream edge and interior vegetation height.
Throughout the watershed, riparian vegetation at
the matrix edge was consistently (16–18%)
shorter than vegetation at the transect interior
whereas vegetation along the stream edge was
similar in height (within 2%) to vegetation at the
interior. We interpret this pattern of edge vs.
interior differences in vegetation height, which
occurred across all buffer width classes as being
related to local physical and environmental
processes (e.g., wind throw, soil moisture, tree
mortality; Lopez et al. 2006, Liechty and Guldin
2009, Bahuguna et al. 2010), and to anthropo-
genic modifications not observed in remote
sensing data (e.g., nutrient runoff, land use
impacts, mowing, plowing; Ferreira et al. 2005),
which may manifest similarly along forest edges,
regardless of corridor width or adjacent land use
type. Lopez et al. (2006) attributed increased tree
mortality and wind throw at the matrix com-
pared to the stream edge to adaptations that
streamside riparian vegetation may have to a

natural stream edge environment (Harper et al.
2007). Within tropical forests, Ribeiro et al. (2009)
found that vegetation structure (average tree
diameter, height, density and number of snags)
was similar within both the matrix and naturally
occurring edges. In slight contrast to the findings
in our study where variability in canopy cover
was nominal, Lopez et al. (2006) observed small
differences in edge vs. interior vegetation canopy
cover within riparian forests, with larger edge
effect influence observed in non-riparian forests.
They attributed smaller edge influence effects
within riparian forests in part to riparian
vegetation having pre-existing, stable internal
(streamside) edges.

CONCLUSIONS AND IMPLICATIONS

Characterizing riparian buffer conditions is a
key first step in ecologically sound resource
management and planning for maintaining
aquatic ecosystem integrity. It is especially
important in headwater watersheds such as
Spring Creek where increased disturbance com-
pounds downstream, significantly impacting
water quality, quantity and wildlife habitat
(Alexander et al. 2007, Preston et al. 2011).

This study demonstrates that automated Li-
DAR processing methods can be used to accu-
rately quantify riparian buffer width, vegetation
height and canopy cover at spatial extent and
resolutions not possible using conventional in
situ and manual methods (Arroyo et al. 2010,
Johansen et al. 2010c, Fernandes et al. 2011). To
conduct a similar study using plot and transect
measurements could take months to years, and
would be prohibitively expensive. Moreover, the
methods are reproducible over time and can
support high-resolution change detection. In-
creasingly, studies find that high-resolution
remote sensing data, such as LiDAR, can be
used as a cost effective alternative to in situ
measurements of vegetation structure (Johansen
et al. 2010c, Fernandes et al. 2011). However,
large LiDAR datasets demand significant pro-
cessing resources (hardware, software and time)
and necessitate developing processing methods
and testing against standard measurement tech-
niques (such as the methods presented in this
study) before they can be widely applied.

Development of these methods is also integral
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to efforts to inventory, assess and track change
over time to support conservation, restoration,
and broad-scale ecological planning. For exam-
ple, our study quantitatively demonstrates that
streams most vulnerable to degradation are
located near developed land use types. These
areas could be prioritized and targeted for
restoration in the context of regional environ-
mental planning efforts to improve aquatic
ecosystem health in the highly impacted Ches-
apeake Bay watershed.
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SUPPLEMENTAL MATERIAL

SUPPLEMENT

Matlab files to calculate transects and measure vegetation height and cover along each stream reach
(Ecological Archives http://dx.doi.org/10.1890/ES14-00204.1.sm).
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