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Indicators of vegetation cover and structure are widely available for monitoring and managing rangeland
wind erosion. Identifying which indicators are most appropriate for managers could improve wind ero-
sion mitigation and restoration efforts. Vegetation cover directly protects the soil surface from erosive
winds and reduces wind erosivity by extracting momentum from the air. The portion of the soil surface
that is directly protected by vegetation is adequately described by fractional ground cover indicators.

Key Words: However, the aerodynamic sheltering effects of vegetation, which are more important for wind erosion
Canopy gap size than for water erosion, are not captured by these indicators. As wind erosion is a lateral process, the ver-
dUSt‘t ) tical structure and spatial distribution of vegetation are most important for controlling where, when, and
monitoring

how much wind erosion occurs on rangelands. These controlling factors can be described by indicators
of the vegetation canopy gap size distribution and vegetation height, for which data are collected widely
in the United States by standardized rangeland monitoring and assessment programs. In this paper we
address why canopy gap size distribution and vegetation height are critical indicators of rangeland wind
erosion and health. We review wind erosion processes to explain the physical role of these vegetation
attributes. We then address the management implications including availability of data on the indicators
on rangelands and needs to make the indicators and model estimates of wind erosion more accessible to
the range management community.
© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Society for Range Management.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Managing rangeland wind erosion is essential for maintaining
healthy and productive agroecosystems, avoiding degradation of air
quality, and mitigating dust hazards to human health (Middleton
2017). Recognition of this importance has triggered initiatives to
monitor and forecast wind erosion and blowing dust so that neg-
ative impacts can be avoided, best management practices can be
identified, and effectiveness of soil conservation efforts can be as-
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sessed (UNEP, WMO, UNCCD 2016). Examples include establish-
ment of the US National Wind Erosion Research Network (Webb
et al. 2016), integration of drought monitoring with dust observa-
tion networks like the Australian DustWatch program (Leys et al.
2008), and establishment of the World Meteorological Organization
(WMO) Sand and Dust Storm Warning, Advisory and Assessment
System, SDS-WAS (WMO 2015). Key products of these efforts are
the development of new tools and identification of indicators that
enable managers to assess wind erosion risk (Webb et al. 2020).
A challenge in building capacity to monitor and assess range-
land wind erosion is the disconnect between the aeolian research
community, comprising largely geographers, meteorologists, and
soil scientists on the one hand, and the rangeland research and
management community on the other. Concepts, approaches, and
tools have not always been transferred effectively between do-
mains. Perhaps the most important example affecting rangeland
management is transfer of understanding of the role of vegeta-
tion in controlling wind erosion. In the aeolian literature, vegeta-
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tion effects on wind erosion are typically described through drag
partition theory (e.g., Raupach et al. 1993), which can be inacces-
sible to those unfamiliar with the physical processes in boundary
layer meteorology (e.g., within ~1 000 m of the land surface). Dif-
ferences in terminology have affected technology transfer of pre-
dictive models from the aeolian to rangeland community, as well
as understanding within the rangeland community of how vegeta-
tion indicators can best be used to inform wind erosion manage-
ment. This is evidenced by the scarcity of coordinated rangeland
wind erosion monitoring and assessment at scales that can sup-
port management (Webb et al. 2017). In contrast, rangeland water
erosion (e.g., Nearing et al. 2011; Williams et al. 2016) and crop-
land wind erosion (e.g., Wagner 2013; Jarrah et al. 2020) have es-
tablished programs supporting land managers built over a longer
history of engagement.

Vegetation and other factors controlling surface roughness, such
as rock fragments and embedded litter, are regarded as the most
important controls on aeolian (wind-driven) sediment transport
(Raupach et al. 1993). In volume 73 of Rangeland Ecology & Man-
agement, Zobell et al. (2020) described vegetation attributes that
control rangeland wind erosion. They evaluated critical criteria for
“ground cover,” including how ground cover has been defined in
methods and protocols used by assessment and monitoring pro-
grams implemented by agencies in the United States (e.g., Herrick
et al. 2018; Pellant et al. 2020). Zobell et al. (2020) noted that
standing vegetation and the quantity, kind, and orientation of veg-
etation, including its spatial distribution, are important for wind
erosion. However, these properties are not captured in the most
common indicators of ground cover used by managers to assess
wind erosion risk. Typical indicators instead focus on the fraction
of land surface as viewed from above that is covered by vegetation
and other elements, or the inverse of “bare ground” or “bare soil”
depending on application (Toevs et al. 2011). While some fractional
indicators of ground cover are good predictors of water erosion,
they are demonstrably poor predictors of wind erosion (Chappell
et al. 2018). This is because wind erosion is highly sensitive to the
spatial distribution and height of ground cover (Okin et al. 2006).
Here, we extend the review of Zobell et al. (2020) by describing
the importance of indicators of vegetation structure and spatial
arrangement—vegetation canopy gap size distribution and vegeta-
tion height—that enable first-order assessment of site susceptibil-
ity to wind erosion. We review wind erosion processes to define
terminology, describe the importance of canopy gap size distribu-
tion and vegetation height as critical properties of ground cover
for wind erosion, and identify management implications of devel-
oping more robust wind erosion assessments using data from ex-
isting rangeland monitoring programs.

Review of Wind Erosion Processes

Aeolian sediment transport includes processes of creep, salta-
tion, and suspension (for definitions, see Table 1). These processes
occur when the strength of the wind at the soil surface overcomes
counteracting forces holding soil grains together at the surface. The
total amount of sediment moving in saltation is called the stream-
wise or horizontal sediment mass flux, which is often measured us-
ing Big Spring Number Eight (BSNE) or Modified Wilson and Cooke
(MWAC) sediment samplers mounted at different heights above
the soil surface (e.g., Belnap et al. 2009; Nauman et al. 2018; Webb
et al. 2019). The amount of sediment moving up and away from
the surface is called dust emission, or vertical dust mass flux (Fig. 1),
which is linearly related to the horizontal sediment flux depend-
ing, in part, on the amount of silt and clay in the soil (see review
by Shao 2008). Fine sandy soils tend to be most erodible due to
their weak structure, while soils with larger silt and clay contents
have greater potential to emit fine dust (< 20 um), but dust emis-

Vertical dust mass
flux
(gm?s7)

Wind

Horizontal sediment
mass flux
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Fig. 1. Dominant modes of aeolian sediment transport: saltation, in which soil
grains (typically > 62.5 pm) leap or hop along the soil surface and are measured
as the horizontal sediment mass flux, and dust emission, in which fine soil grains
(typically < 62.5 pm) are lifted by the wind up and away from the soil surface and
are measured as the vertical dust mass flux.

sion is typically restricted by protective soil crusts and aggregates.
Disturbance of fine-textured soils (e.g., by livestock trampling, off-
highway vehicles, or drill-type seeders) dramatically increases dust
emission potential (Duniway et al. 2019).

Despite the terms often being used interchangeably, wind ero-
sion differs from aeolian sediment mass flux. Wind erosion is re-
garded as the net sediment flux for an area and can be calcu-
lated as the balance of sediment moving into and out of that
area. Dust emission is regarded as part of the movement of sed-
iment out of an area and typically results in loss of silt and clay
particles and nutrients, as well as degradation of air quality (e.g.,
Tong et al. 2017; Pu and Ginoux 2018). Horizontal sediment flux
(rather than net horizontal sediment flux) simply quantifies how
much sediment is moving through a point in the landscape and
so, on its own, is best used as an indicator of soil and site stabil-
ity rather than soil loss (Webb et al. 2020). This is different from
the way we report water erosion, measured as the amount of sed-
iment leaving an area and with the frequent assumption that the
amount entering the area is zero, which is true for a watershed
but not at the plot scale (Nearing et al. 1994). As rangeland wind
erosion is not constrained by watersheds or fields, the net inputs
and outputs must be considered but are difficult to measure and
so are generally unknown. Numerous models have been developed
to predict horizontal sediment flux (e.g., Kawamura 1951; Owen
1964; Okin 2008); dust emission (e.g., Marticorena and Bergametti
1995; Shao 2004; Kok et al. 2014); and net wind erosion of crop-
land fields (see review by Jarrah et al. 2020). Currently, there are
no rangeland-specific wind erosion models due largely to the tech-
nical complexity and incomplete understanding of the processes
that would make such a model robust across rangeland vegeta-
tion communities. A few models have been developed to address
specific questions about interactions between dryland vegetation
and aeolian sediment transport at small scales, but these have so
far been constrained to research applications (e.g., Mayaud et al.
2017a; Zhang 2020).

The amount of sediment that can be transported by the wind
is controlled by the availability of loose erodible grains at the soil
surface and the portion of the surface exposed to the wind. Sed-
iment transport rates will then be determined by the strength of
the wind at the exposed soil surface where it exceeds a soil en-
trainment threshold, defined as the wind strength required to mo-
bilize soil grains (Duran et al. 2011). Ground cover is a first-order
control on aeolian sediment transport and wind erosion because it
1) directly covers the soil surface, thereby controlling the portion
of surface exposed to the wind; and 2) extracts momentum from
the moving air, which has the effect of changing the distribution of
wind strength (i.e., shear stress) at the soil surface (Raupach et al.
1993; Okin 2008). As noted by Zobell et al. (2020), ground cover
also traps sediment moving in creep, saltation, and suspension,
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Table 1

Definitions of terms used in aeolian research to describe wind erosion processes.
Term Definition
Creep Movement of soil grains and aggregates in a rolling motion along the soil surface, typically grains > 150 pm diameter.
Drag A force acting opposite to the relative motion of the land surface with respect to the air (wind) and influenced by the

Drag partition
Dust emission (F)

Erodibility

Erosivity

Fractional ground cover
Friction velocity (u-;)
Horizontal sediment mass flux (Q)
Lateral cover (1)

Nonerodible roughness element
Roughness length (zp)

Saltation

Shear stress (t)

Streamwise

Suspension

Threshold shear stress
Wind erosion

form and roughness of the surface.

Separation of drag and shear stress between roughness elements (e.g., vegetation) and the underlying substrate (soil)
surface.

Entrainment of fine soil particles and aggregates (dust), typically regarded as being smaller than 62.5 pm in diameter (e.g.,
silt and clays).

Susceptibility (or resistance) of soil to be entrained by the wind. Physically, erodibility is determined by the strength of
forces holding soil grains and aggregates to the soil surface (e.g., due to crusting), as well as the amount of lose grains
at the surface (that have weak binding forces).

Capacity of the wind to detach and transport loose soil grains and aggregates, physically defined as the wind shear stress
or friction velocity.

Proportion of the land surface that is covered by elements, such as vegetation, rock fragments, gravel, litter, and
embedded litter. Components included in ground cover vary depending on application of the indicator.

Expression of wind shear stress in units of velocity (m s=1).

Mass of soil grains and aggregates in saltation per unit length per unit time (e.g., g m~! s71).

Also called roughness density or frontal area index, defined as the number of nonerodible roughness elements n
multiplied by their basal area b and height h, divided by the surface area, s (A =nbh/s)

Any obstacle (e.g., vegetation, rock fragment, gravel, embedded litter, soil aggregate or crust that is too large, dense, and/or
secure [i.e., rooted vegetation] to be moved by the wind).

Theoretical height at which mean wind speed becomes zero when a measured logarithmic wind speed profile is
extrapolated downward through the surface boundary layer (i.e., within 10s of m adjacent to the ground).

Movement of soil grains and aggregates along the soil surface in a leaping or hopping motion, typically grains > 62.5 pm
diameter and within ~1 m of the soil surface.

Component of force due to the wind that is coplanar with (i.e., blows across) an area of the land surface (N m=2).

Direction of fluid motion (i.e., direction the wind is blowing).

Particles held in the wind flow by turbulence, typically grains smaller than 62.5 pm.

Amount of shear stress required to lift soil grains and aggregates from the soil surface and set them in motion.

Net loss of soil from an area, considered the net sum of sediment fluxes out of the area (loss) and deposition (gain) of

sediment into the area from upwind sources (e.g., t ha™1).

thereby reducing the net movement of soil across a site (Wolfe and
Nickling 1993; Raupach et al. 2001).

Importance of Canopy Gap and Height for Understanding Wind
Erosion

The area of soil that is directly sheltered by nonerodible el-
ements is adequately described by fractional ground cover in-
dicators. Such indicators are typically calculated from data col-
lected using the line-point intercept (LPI) method (e.g., Herrick
et al. 2018) or by satellite remote sensing at regional scales (e.g.,
Guerschman and Hill 2018; Jones et al. 2018; Zhang et al. 2019;
Zhou et al. 2020). However, the aerodynamic effects of ground
cover (i.e., how vegetation structure influences air flow), which are
most important for wind erosion, are not captured by these ground
cover indicators.

Aeolian sediment transport is a lateral process, meaning that
it is the wind acting across the soil surface that is the princi-
pal driver of sediment movement (Wolfe and Nickling 1993). As
wind flows over the land surface and encounters vegetation and
other nonerodible roughness elements, momentum is reduced by
its drag (Fig. 2). Thus, in the lee (i.e.,, downwind side) of vegeta-
tion, a low-velocity zone is formed in which the exposed soil sur-
face is aerodynamically sheltered. Within this sheltered area, the
strength of the wind acting on the soil surface is reduced and
then recovers with distance downwind from the obstacle (Raupach
et al. 1993). Field measurements of wind in the lee of grasses,
shrubs, and fences have shown that full recovery of wind strength
occurs at distances between 10 x and 20 x the height of the up-
wind vegetation (e.g., Bradley and Mulhearn 1983; Leenders et
al. 2011; Mayaud et al. 2017b). The sheltering effect of wind can
therefore be determined as a function of distance from vegeta-
tion (x), normalized by vegetation height (h), and expressed as
the scaled gap size x/h (Okin 2008). Thus, the recovery of wind
strength downwind of vegetation depends on the length of bare
gaps between roughness elements (i.e., canopy gap size distribu-

tion) and the height of the vegetation. This means that the protec-
tive effect of vegetation increases with increasing vegetation height
(taller plants shelter larger areas) and decreasing gap size (small
gaps are more sheltered than larger ones). Other factors such as
the shape, porosity, and flexibility of vegetation influence the pro-
tective effects of vegetation, but vegetation canopy gap size and
height are the most important controls (see review by Mayaud and
Webb 2017).

The canopy gap size—vegetation height relationship has been
established as a critical predictor of the vegetation sheltering effect
(Li et al. 2013). The relationship can be used to explain differences
in sediment transport among sites with different kinds, amounts,
and proportions of vegetation, which are frequently characterized
by different canopy gap size distributions and vegetation heights.
For example, perennial grasslands with short vegetation height and
small canopy gaps will experience high vegetation sheltering and
little sediment transport, while shrubland sites with taller vege-
tation but large canopy gaps will experience less sheltering and
larger sediment transport rates (e.g., Vest et al. 2013; Webb et al.
2014a). Unvegetated sites and sites with short vegetation height
and large canopy gaps will be the most susceptible to wind ero-
sion (Gillette et al. 2006). In any setting, the effect of canopy gap
size on aeolian sediment transport will be dependent on the height
of the upwind vegetation. In addition, changes in the canopy gap
size distribution at fixed vegetation heights and fractional cover
can have large effects on wind erosion and dust emission rates
(Fig. 3).

Careful consideration of how the canopy gap size—vegetation
height relationship affects sheltering clearly illustrates differences
in aeolian sediment transport among rangeland sites that may
not be apparent from fractional ground cover indicators alone.
Sites with similar fractional ground cover may have different veg-
etation heights and canopy gap size distributions that result in
quite different aeolian transport rates. Early approaches in the aeo-
lian research community to characterize effects of vegetation (e.g.,
Raupach et al. 1993; Marticorena and Bergametti 1995) used lat-
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Fig. 2. Factors controlling rangeland wind erosion including (a) the influence of vegetation on the reduction and recovery of wind shear stress over the exposed soil surface
and (b) the wind erosion response where wind strength recovers sufficiently to exceed the threshold required to move soil particles.
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Fig. 3. Graphs showing the effect of canopy gap size distribution on the distribu-
tion of wind shear stress (expressed as friction velocity, u-) at the same fractional
vegetation cover, height, and wind speed (8.7 m s~'). Inset graph shows the propor-
tion of shear stress in excess of a nominal threshold for aeolian sediment transport
(u-+=0.25 m s~') that is typical of loose sand. Canopy gap size distributions are
for a random orientation of roughness elements (“Random”) and orientation with
large gaps (“Streets”) typical of mesquite (Prosopis glandulosa Torr.) shrublands in
the northern Chihuahuan Desert (Gillette et al. 2006). Changing the canopy gap
size distribution can have a large effect on the wind erosivity, producing similarly
large differences in wind erosion. Data used in this figure were obtained from wind
tunnel experiments of Brown et al. (2008) as reported in Webb et al. (2014b).

eral cover and aerodynamic roughness lengths (see Table 1 for def-
initions) to estimate aeolian sediment transport. However, while
these approaches accounted for vegetation height, they did not
represent the spatial distribution of vegetation. Intuitively, the ef-
fect can be understood by visualizing two cases that have the same
lateral cover, but very different distributions (Fig. 4). In the first
case, a telephone pole stands in the middle of a field. In the sec-
ond, an identical telephone pole is cut into short cylinders that are

spread across the field. The lone telephone pole hardly protects the
field from erosion at all, while the short cylinders provide greater
protection of the surface from the wind. If the spatial distribution
of vegetation is not explicitly accounted for with its height, esti-
mates of aeolian sediment transport may be inaccurate by over an
order of magnitude (Li et al. 2013; Webb et al. 2014b).

Management Implications

Fractional indicators of foliar and basal ground cover have been
used to manage wind erosion for the past 80 yr (e.g., Chepil 1944).
However, due to vegetation height and canopy gap size distribu-
tion effects on surface sheltering, such cover thresholds are spe-
cific to vegetation types (e.g., Pi et al. 2020) and inadequate on
their own for managing rangelands with mixed plant communi-
ties (Chappell et al. 2018). The sole use of fractional ground cover
thresholds risks underprotecting soils at some sites, increasing ero-
sion and air quality risks, while overprotecting other sites (see Fig.
3). These unintended outcomes result in misallocation of valuable
management resources at best and irreversible land degradation at
worst. Using fractional ground cover indicators alone is therefore
inadequate for managing trade-offs among goals such as maintain-
ing soil and site stability and livestock production. Alternatively, re-
tooling management frameworks to explicitly consider the effects
of vegetation canopy gap size distribution and height will ensure
that rangeland wind erosion monitoring and assessment are sup-
ported by the best available science.

An additional benefit of using canopy gap size and vegeta-
tion height information to support wind erosion management is
that these properties are key indicators of ecosystem structure
and connectivity, which influence the movement of water and or-
ganisms (Okin et al. 2015) and the “landscape of fear” experi-
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(a)

(b)

Fig. 4. “Telephone pole problem.” Both surfaces (a) and (b) have the same lateral cover (A) of vegetation, where lateral cover is calculated as the number of elements (n)
multiplied by their basal area (b) and height (h), divided by the surface area (s) they occupy (A =nbh/s). Surface (a) has four elements, which in (b) are partitioned into 16
elements that are one-quarter the height. Early wind erosion models using lateral cover would estimate that both a and b have the same sediment transport rates, while in
reality the greater aerodynamic sheltering of the surface by the dispersed objects in (b) would result in substantially smaller wind strength at the soil surface and a smaller

sediment transport rate. Figure redrawn after Okin (2008).

enced by prey in structurally complex landscapes (e.g., Laundré et
al. 2014; Bleicher and Dickman 2020). Ecological state transitions
within ecological sites, comprising changes in the kinds, amounts,
and proportions of vegetation at a site, often exhibit structural
changes that can be described by changes in vegetation canopy gap
size distribution and height (Webb et al. 2020). These indicators
can therefore be used to identify critical thresholds for ecological
state changes, as well as functional thresholds for wind erosion,
and so serve as dual indicators of ecosystem structure (pattern)
and function (process) that can be linked to conservation practices
(Bestelmeyer 2006). Critical structural and functional thresholds
can be used as benchmarks to support assessments of wind ero-
sion risk alongside other indicators of ecosystem services of man-
agement interest (Webb et al. 2020).

Fortunately, in the United States, data needed to assess range-
land wind erosion are now widely available. Large standardized
monitoring programs like the Bureau of Land Management’s As-
sessment, Inventory and Monitoring (AIM) strategy, Natural Re-
sources Conservation Service’s National Resources Inventory (NRI),
and National Park Service’s Inventory and Monitoring (I&M) pro-
gram collect canopy gap and vegetation height data alongside frac-
tional ground cover following the core methods of Herrick et al.
(2018). Approaches using high-resolution aerial imagery captured
by drones and machine learning analysis techniques are also be-
ing developed to estimate these structural indicators of ground
cover (e.g., Gillan et al. 2016; Zhang et al. 2019; Gillan et al. 2020).
However, while the canopy gap intercept method (Herrick et al.
2018) was incorporated into rangeland monitoring programs and
is recommended to support the Interpreting Indicators of Range-
land Health assessment protocol (Pellant et al. 2020) to address
wind erosion, there has not been a recognized context for man-
agers to use the data. Information about the relation between veg-
etation canopy gap size and height and wind erosion are needed
in ecological site descriptions (ESDs) and reference sheets used to
inform rangeland health and other assessments of rangeland sta-
tus, condition, and trend. In the absence of site-specific informa-
tion, managers could refer to available studies that identify wind
erosion thresholds for canopy gap size and vegetation height (e.g.,
Okin et al. 2009; Webb et al. 2014a, 2020). Further efforts are now
needed to improve accessibility of wind erosion information and
these indicators to managers through monitoring databases, ESDs,
and quantitative models so that the many impacts of rangeland
wind erosion can be effectively addressed.

This paper attempts to link the aeolian and rangeland commu-
nities by addressing the need to integrate canopy gap size, vege-
tation height, and fractional ground cover indicators for wind ero-
sion assessment. The ability to acquire wind erosion indicators us-
ing accessible core methods (e.g., Herrick et al. 2018) and remote
sensing (e.g., Chappell et al. 2018; Zhang et al. 2019) may be attrac-
tive to managers and agencies running monitoring programs that
lack data needed for wind erosion assessments or who are already
collecting these data but have not fully realized their utility. Ap-

plication of the methods is also not limited to rangelands. The Na-
tional Wind Erosion Research Network effectively employs the LPI,
canopy gap intercept, and vegetation height methods of Herrick
et al. (2018) on croplands, as well as rangeland sites (Webb et
al. 2016). The approach of integrating multiple indicators collected
by monitoring programs to develop new indicators and tools (e.g.,
physically-based models) has great potential for extending the util-
ity of monitoring datasets to address a wider range of ecosystem
attributes and processes than are typically incorporated into agroe-
cosystem management (e.g., Toevs et al. 2011; LaRue et al. 2019).
Broad adoption of the canopy gap size, vegetation height, and frac-
tional ground cover indicators could support international efforts
to manage wind erosion hazards (e.g., WMO 2015) and meet sus-
tainable development goals.
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