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[1] The diverse and fundamental effects that aeolian
processes have on the biosphere and geosphere are
commonly generated by horizontal sediment transport at
the land surface. However, predicting horizontal sediment
transport depends on vegetation architecture, which is
difficult to quantify in a rapid but accurate manner. We
demonstrate an approach to measure vegetation canopy
architecture at high resolution using lidar along a gradient
of dryland sites ranging from 2% to 73% woody plant
canopy cover. Lidar-derived canopy height, distance (gaps)
between vegetation elements (e.g., trunks, limbs, leaves),
and the distribution of gaps scaled by vegetation height
were correlated with canopy cover and highlight potentially
improved horizontal dust flux estimation than with cover
alone. Employing lidar to estimate detailed vegetation
canopy architecture offers promise for improved predictions
of horizontal sediment transport across heterogeneous plant
assemblages. Citation: Sankey, J. B., D. J. Law, D. D. Breshears,
S. M. Munson, and R. H. Webb (2013), Employing lidar to detail
vegetation canopy architecture for prediction of aeolian transport,
Geophys. Res. Lett., 40, 1724–1728, doi:10.1002/grl.50356.

1. Introduction

[2] Aeolian processes are fundamentally important sediment-
transport mechanisms in the geosphere and biosphere
[Ravi et al., 2011] and are especially influential in water-
limited environments, such as savannas and woodlands,
where vegetation is often patchy with areas of plant cover
interspersed within a soil matrix [Ursino and Rulli, 2010;
D’Odorico et al., 2011]. The spatial heterogeneity and

structure of semiarid vegetation canopies causes a much differ-
ent below-canopy wind pattern than is typically measured
above canopies, making it difficult to quantify below-canopy
wind characteristics and associated aeolian sediment transport
[Lee, 1991; Breshears et al., 2009]. Aeolian transport starts via
horizontal sediment flux at the land surface, which can contrib-
ute to desertification and land degradation through erosion,
export, and depletion of mineral, nutrient, and organic
components of the soil [Harper et al., 2010; Li et al., 2007].
Aeolian transport is also receiving increased attention due
to its influence on climate, hydrology, energy balance
[Mahowald et al., 2010], and impact on human safety and
health [Griffin et al., 2001].
[3] Prediction of horizontal sediment transport requires

understanding of vegetation architecture that produces
variability in shear stress imparted on the soil surface by wind
[Okin, 2008; Raupach et al., 1993]. Vegetation architecture is
difficult to quantify quickly and accurately in detail, particu-
larly within spatially heterogeneous shrublands, savannahs,
and woodlands [Okin, 2008]. The canopy cover, structure,
and intercanopy gaps are vegetation architecture components
that are main determinants of surface roughness, shear-
stress partitioning, and other factors that drive horizontal
sediment transport and wind erosion [Raupach et al.,
1993; Okin, 2008]. Vegetation reduces wind velocity and
subsequent detachment force. Intercanopy gaps are likely
transport sources as wind speed is less impeded by vegetation
roughness. The response of wind erosion to changes in
vegetation cover, stature, and gaps can be complex in land-
scapes with patchy vegetation and is likely not linear
[Breshears et al., 2009; Field et al., 2009].
[4] Models have been developed that incorporate estimates

of the spatial arrangement of vegetation, soil erodibility, and
wind characteristics into simulations of sediment transport
[Raupach et al., 1993; Okin, 2008]. In particular, rapidly
characterizing the spatial arrangement of vegetation at high
resolution and precision can be difficult with traditional field-
based instruments and methods which are often unidirectional,
along linear transects, with few samples and imprecise
measurements to adequately estimate height and lateral
dimensions of individual plants, spacing between individuals,
and overall abundance of vegetation. Lateral cover of vegeta-
tion is one example of a commonly used measurement that
scientists suggest inadequately characterizes spatial arrange-
ment of vegetation for aeolian transport models [Raupach
et al., 1993; Okin, 2008; Li et al., 2013]. Remote sensing
methods that provide rapid measurements at high resolution
can produce valuable information to parameterize aeolian
simulation models [McGlynn and Okin, 2006]. Light detec-
tion and ranging (lidar) devices are one type of remote sens-
ing that measures complex vegetation structure at very high
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spatial resolution [Eitel et al., 2010; Keightley and Bawden,
2010], providing information on the areal extent, height,
and distance between vegetation components (e.g., trunks,
limbs, leaves) that obstruct wind.
[5] In this study, we used terrestrial (tripod-based) lidar to

characterize vegetation canopy architecture and spacing
across a gradient of canopy cover in a mesquite (Prosopis
velutina) shrubland. The expansion of shrubs like mesquite
is occurring in many arid and semiarid regions of the world
due to interactions among climate, rising CO2, and natural and
anthropogenic disturbances [Archer, 1999]. Many of these
water-limited regions are predicted to become more arid
and increase in human population [Christensen et al., 2007],
which can further alter shrub abundance. Unfortunately, shrub
reduction prescriptions such as mechanical, chemical, or
fire removal [Whitson and Scifres, 1980] can increase wind
erosion [Miller et al., 2012]. Seasonal changes in leaf produc-
tion of deciduous shrublands [Villegas et al., 2010a, 2010b],
influenced by factors such as precipitation, temperature, or
herbivory, can also affect wind erosion. The combined effects
of these ecosystem dynamics and management treatments
might induce or maintain erosion and related desertification
processes [Turnbull et al., 2012; D’Odorico et al., 2011].
Therefore, we wanted to examine the feasibility of using lidar
to quickly and precisely characterize vegetation architec-
ture and predicting aeolian transport as a function of lidar-
derived vegetation characteristics.
[6] We used a gradient of mesquite canopy cover [Villegas

et al., 2010a, 2010b] to explore how changes in canopy gap
size impact wind flow and aeolian processes that are highly
scale-dependent [Okin et al., 2006; Breshears et al., 2009;
Field et al., 2009]. To determine the amount of aeolian
sediment flux generated from each of these sites, we incorpo-
rated a new method for rapid assessment of vegetation gap
sizes scaled by upwind vegetation height into a wind erosion
model [Okin, 2008]. Our primary objectives were as follows:
(1) to determine how lidar-derived vegetation gap size
and height characteristics varied across a continuum of
low-to-high woody canopy cover and (2) to evaluate the
potential of incorporating lidar-derived scaled gap sizes
for predicting reasonable estimates of sediment flux.

2. Materials and Methods

2.1. Study Gradient

[7] The study area is in the northern Sonoran Desert at the
21,500 ha Santa Rita Experimental Range (SRER; 31.79�N,
110.84�W), which is a long-term research facility adminis-
tered by the University of Arizona [McClaran et al., 2002].
The SRER is situated on a piedmont of the Santa Rita
Mountains, with slopes ranging from 4% to 8% at ~1200m
elevation. Precipitation ranges from 270 to 440mmyr�1

across the SRER, and more than half of the annual rainfall
occurs from July to September during the North American
monsoon [McClaran et al., 2002]. The study area is typical
of a southwest U.S. savanna dominated by velvet mesquite
(Prosopis velutina) in the canopy and a variety of perennial
and annual grasses in the understory. The SRER has a history
of year-round livestock grazing and seasonal rotation grazing
on select pastures since 1972 (17.8–77.5 ha animal unit
year�1) [McClaran et al., 2002]. For this study, we used six
previously designated 50m transects for our sites that differ
in mean mesquite canopy cover [see Villegas et al., 2010a,

2010b]. Therefore, the six transects represent a canopy-cover
gradient (2%, 16%, 26%, 37%, 56%, 73%; measured from
drip line to drip line down each transect). The transects were
homogeneous with respect to soil, slope, aspect, elevation,
and climate. The soil is weathered from Holocene-aged
alluvium. Soil texture at the study area is sandy loam
[Villegas et al., 2010b], with a particle size distribution of
sand (63� 14%), silt (16� 11%), and clay (21� 6%)
[Field et al., 2012].

2.2. Lidar

[8] We identified one point location from each transect to
perform a lidar scan, such that the point had the same canopy
cover (based on previous hemispherical photography
estimates; Villegas et al. [2010b]) as the mean cover of the
transect. For example, location 1 was a point with 2% cover
on the first transect, and location 6 was a point with 73%
cover on the sixth transect. We used an ILRIS 3D (OPTECH
Inc., NY, USA) lidar instrument, mounted on a tripod from a
scan position 1m above ground and centered at each point

Figure 1. (a–f) Raster images of lidar height variability for
the six transect locations (plan view, pixel brightness
increases with increased height variability). (g) Mean lidar
height variability versus canopy cover at the six mesquite
transect locations. (h) Mean (SE) lidar distance to vegetation
element (DTVE) versus canopy cover at the six mesquite
transect locations.
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location with a plumb bob to measure a 360� horizontal
view of the vegetation architecture at the six locations. The
instrument employs a pulsed infrared (1535 nm) laser with
a beam divergence of 0.00974� and beam diameter of
14mm at a range of 50m. Average (plan-view) point densities
ranged from 66 to 293 points/cm2 among the six data sets.
Each of the six lidar point-cloud data sets was processed to
determine the height variability and maximum height of lidar
vegetation points at 0.1m raster grid-cell size for a 100m by
100m extent using previously developed and described
methods and lidar tools [http://bcal.geology.isu.edu/tools-2/
envi-tools; Streutker and Glenn, 2006]. Lidar point-height
variability was calculated as the standard deviation of all lidar
point elevations (e.g., reflected from a plant) within the raster
cell after the data were detrended to remove any effects of
local topographic slope [http://bcal.geology.isu.edu/tools-2/
envi-tools; Streutker and Glenn, 2006]. Lidar maximum veg-
etation height was calculated as the largest value of all lidar
point elevations (e.g., reflected from a plant) within the raster
cell [http://bcal.geology.isu.edu/tools-2/envi-tools]. Occluded
pixels were recorded as no data. The rasterized data were
analyzed to determine the horizontal distance from each loca-
tion (i.e., the central point in each data set where the scanner
was positioned) to each raster cell with a maximum height
estimate and therefore surface roughness elements that might
impede wind flow (e.g., leaves, branches, or trunks that
reflected the laser pulses) in all directions, a variable we
termed distance to vegetation element (DTVE) and which
we used as an estimate of vegetation gap sizes. We scaled
the DTVE for each raster cell by dividing by the maximum
height value (henceforth “scaled gaps”) [Okin, 2008].

2.3. Horizontal Sediment-Transport Estimation

[9] We simulated total aeolian sediment flux for each point
using a wind erosion model developed by Okin [2008].
This model accounts for variability in shear stress imparted
on the soil surface as a function of the spatial arrangement of
vegetation, with surfaces in the immediate wake of the plant
receiving less shear stress than those farther away. The model
uses a probability distribution function of the nearest upwind
plant, scaled by plant height after user specification of the
scaled vegetation gap size distribution and canopy cover.
Additional inputs to run the model included wind speed distri-
bution and threshold friction velocity of the bare soil surface.
Details of the model and calibration are explained in Okin
[2008] and Munson et al. [2011]. Li et al. [2013] further
parameterized and validated the model using aeolian sediment
traps distributed across rangelands in the western USA.
[10] For each of the six locations where lidar vegetation

measurements were collected, we parameterized the model
first with scaled vegetation gap size distribution from a histo-
gram of the lidar-derived scaled gaps and second with the
average scaled gap size estimated from belt transect
(i.e., non-lidar) measurements of the spacing and heights of
individual shrubs previously conducted by Villegas et al.
[2010a, 2010b]. We used the canopy-cover estimates deter-
mined in the field for each sample location and a histogram
of mean, 1 h windspeeds collected at 3m height for September
2009 to April 2011 from the SRER weather station located
adjacent to the transects (31.79�N, 110.84�W). We simulated
sediment flux for a range of low, middle, and high values
for threshold friction velocity of 0.24, 0.37, and 0.51m s�1.
These threshold friction velocity values were selected as

representative for the range of particle diameters in sandy loam
soils [Shao and Lu, 2000] and are reasonable for surfaces in
this environment that generally do not have surface crusts
and are often dry and loosely consolidated [Field et al., 2012].

3. Results

[11] Raster images of lidar point-height variability illustrate
the patchy (low and high amounts of cover) spatial pattern of
mesquite vegetation (bright pixels in Figures 1a–1f) adjacent
to sample locations. Lidar point-height variability was
strongly and positively linearly correlated with the vegetation
cover determined in the field (Figure 1g). The mean DTVE
had a strong negative curvilinear relationship with increasing
vegetation cover (Figure 1h). The average lidar gap size
scaled by vegetation height was largest at the lowest cover
(Figure 2a). Histograms of the abundance of points in lidar
scaled gap size classes used to parameterize the sediment-

Figure 2. (a) Histograms of lidar-derived scaled gap values
for the six transect locations. The histograms were used to
parameterize vegetation scaled gap size distribution forOkin’s
[2008] wind erosion simulation model. (b) Total aeolian sedi-
ment flux at the six mesquite transect locations simulated with
lidar-derived scaled gap size distributions or transect-based
(non-lidar) measurements. Mean sediment-flux measurements
by Field et al. [2012] of 1.16 and 0.84 g/cm/d (X’s) from
shrub patches of low (~10%) and high (~60%) vegetation
cover, respectively, conducted during natural wind erosion
events in this study environment are provided for reference.
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flux model illustrate how the distribution of scaled gaps varied
among the locations with respect to canopy cover; in particular,
a greater abundance of large scaled gaps is evident for lower
canopy cover (Figure 2a).
[12] Total aeolian sediment flux modeled with lidar scaled

gaps decreased linearly from 0.67 g cm�1 d�1 at the location
with 2% canopy cover to 0.18 g cm�1 d�1 at the location
with 73% canopy cover when threshold friction velocity
was 0.51m s�1 (Figure 2b). Total aeolian sediment flux
modeled with lidar scaled gaps increased as threshold
friction velocity decreased from 0.51 to 0.24m s�1. Fluxes
determined from the transect (non-lidar) scaled gaps were
1–2 orders of magnitude less relative to fluxes determined
with lidar scaled gaps (Figure 2b).

4. Discussion

[13] The presence, abundance, and canopy architecture of
shrubby vegetation can vary dynamically over a range of
spatial and temporal scales due to climatic and edaphic charac-
teristics, disturbance, andmanagement treatments. For example,
leaf production varies over a seasonal to annual scale, whereas
woody encroachment may occur over a decadal to centurial
scale. Such dynamics are expected to create changes in
canopy cover and gap sizes between vegetation canopies
that could impact wind flow and sediment transport
[Okin et al., 2006; Breshears et al., 2009; Field et al., 2009].
We used lidar remote sensing and a gradient of shrub canopy
cover to determine how lidar-derived vegetation gap size and
height characteristics varied across a gradient of low-to-high
canopy cover. Vegetation height variability increased linearly
across the gradient of low-to-high canopy cover, whereas a
curvilinear decrease was evident in the spacing (reflected in
DTVE) between vegetation derived from lidar. There were
nonlinear changes in vegetation gaps with respect to cover,
such that decreases in gaps were larger at the low end of the
cover gradient compared to the high end.
[14] Terrestrial (tripod-based) lidar produced rapid, higher

resolution characterization of vegetation architecture and
omnidirectional spacing than would typically be performed
with field techniques. Terrestrial lidar can provide measure-
ments at higher resolution and potentially lower cost, over
smaller extent, relative to airborne lidar. While the terrestrial
lidar approach is likely better suited to individual site
(“spot”)-based measurements of scaled gaps, it could also
have operational utility for evaluating the performance of
airborne lidar or spectral imagery approaches that might
be used to conduct analogous measurements over greater
spatial extent. Terrestrial lidar therefore might offer an
operationally unique and cost-effective approach relative
to traditional field measurements and broad-scale airborne
or spaceborne remote sensing.
[15] The incorporation of lidar-derived vegetation character-

istics in model simulations of sediment fluxes resulted in flux
estimates that were reasonable with respect to previously
published flux measurements. Field et al. [2012] measured
mean sediment fluxes of ~1.16 and 0.84 g cm�1 d�1 using
sediment traps immediately downwind of shrub patches with
~10 and 60% shrub cover, respectively, in this same study area.
These measurements are within the range of fluxes simulated
with lidar scaled gaps from our study (0.2–1.2 g cm�1 d�1),
although our flux estimates near 60% vegetation cover are
~30–60% smaller. Fluxes we simulated from more traditional,

non-lidar (transect-based) parameters were 1–2 orders of mag-
nitude less than the Field et al. [2012] measurements at low
and high vegetation cover. Field et al. [2012] measured fluxes
for natural wind erosion events that occurred somewhat infre-
quently (at least four events per season) over short periods of
time (hours) with minimum wind speeds of 4m s�1 and gusts
up to 13m s�1. Our examination of the feasibility of
incorporating lidar-derived vegetation characteristics into
the aeolian transport model simulated the average sediment
flux from wind events that covered a comparable range in
windspeed but were experienced at the site over a year. The
longer time-integrated average estimate might contribute to
some of the differences in simulated versus measured fluxes.
Although the lidar metrics were very strongly related to
woody canopy cover, additional discrepancy between simu-
lated and measured fluxes might be influenced by herbaceous
understory vegetation. Investigation of the extent that lidar can
adequately account for separate effects of overstory and under-
story (woody and/or herbaceous) vegetation for characteriza-
tion of scaled gaps and sediment-flux predictions might be
important for further development of this approach.
[16] Simulated sediment transport across the gradient of

canopy cover sheds light on how variability in vegetation
cover across space and time can have a large effect on a
major geomorphological process in dryland ecosystems.
Results indicate that increases in vegetation element spacing
(DTVE) as a result of decreased shrub canopy cover have
the potential to be especially large at locations with rela-
tively low shrub canopy cover. For temporally dynamic
changes in vegetation cover, such as seasonal stages in leaf
production (leaf-on, leaf-off) that occur during the year in
deciduous (e.g., mesquite) shrublands, our results might
suggest that the greatest annual variance in vegetation gap
sizes and therefore sediment-transport potential occurs in
locations of lower shrub cover, consistent with documented
seasonal patterns of leaf phenology and associated changes
in canopy structure [Villegas et al., 2010b].
[17] Based on a previous synthesis, it has been suggested

that disturbances that reduce vegetation cover might change
the nature of the relationship between fluxes and cover
[Breshears et al., 2009]. While the data and model used in this
study produced a linear relationship between flux and cover,
our results suggest that a potentially large proportional
increase in sediment transport could occur due to reduction
in cover if coupled with an increase in soil erodibility
(i.e., decrease in threshold friction velocity), particularly
at locations of low shrub canopy cover (Figure 2b)
[Li et al., 2007]. Furthermore, climatic or land use effects
may indirectly elicit nonlinear changes in flux through their
impact on vegetation cover [Munson et al., 2011]. Like many
areas of the southwestern U.S., Prosopis velutina cover
increased very rapidly in upland settings of the SRER at the
beginning of the 20th century but showed an upper limit in
cover later in the century due to density dependence and
limits on water availability [Browning et al. 2008,
Munson et al., 2012]. Increased aridity predicted by climate
change models will influence shrub abundances in the future
and will interact with land use practices that can intensify
changes in shrub abundance at a much shorter time scale.
For example, management treatments that use the mechanical
removal (cutting) of shrubs, or prescribed fire, to counter shrub
expansion can limit shrub abundance. Although it may be
more feasible to perform treatments in early successional
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stages of encroachment where shrub cover is relatively low,
our results suggest that the reduction of shrubs in conjunction
with disturbances to the soil surface (e.g., increases in erod-
ibility due to surface disturbance by humans and equipment) at
these early stages of encroachment might especially exacer-
bate the erosion response after management [Li et al., 2007;
Field et al., 2012; Miller et al., 2012].

5. Conclusion

[18] This study highlights how the rapid characterization
of vegetation architecture at high resolution using lidar
remote sensing produced estimates of vegetation height and
spacing that could be used to simulate reasonable estimates
of aeolian fluxes when incorporated into a wind erosion
model. Rapid and high-resolution characterization of vegeta-
tion architecture and incorporation into aeolian simulation
models provides opportunities to evaluate aeolian processes
relative to a wide variety of factors of contemporary impor-
tance in the geosphere and biosphere, including: increases
in woody vegetation due to encroachment, decreases due
to disturbance and management treatments, and interannual
variability in deciduous vegetation cover due to climate sea-
sonality and phenological events. The technique presented in
this study and terrestrial lidar in general can be evaluated in
terms of overall usefulness and cost-effectiveness relative
to airborne lidar or spectral imagery over larger geographic
extent in characterizing the spatial distribution of vegetation
for aeolian models. Although we employed characterization
of vegetation architecture to simulate aeolian processes, these
techniques might have broader application for characteriz-
ing wind flow and aerodynamic parameters (irrespective of
sediment transport) that have a wide range of biophysical
relevance in environments with heterogeneous vegetation
distribution such as for soil evaporation or partitioning of
solar radiation.
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