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Wind erosion and blowing dust threaten food security, human health and ecosystem services across global
drylands. Monitoring wind erosion is needed to inform management, with explicit monitoring objectives being
critical for interpreting and translating monitoring information into management actions. Monitoring objectives
should establish quantitative guidelines for determining the relationship of wind erosion indicators to management benchmarks that reflect tolerable erosion and dust production levels considering impacts to, for example, ecosystem processes, species, agricultural production systems and human well-being. Here we: 1) critically review indicators of wind erosion and blowing dust that are currently available to practitioners; and 2)
describe approaches for establishing benchmarks to support wind erosion assessments and management. We find
that while numerous indicators are available for monitoring wind erosion, only a subset have been used routinely and most monitoring efforts have focused on air quality impacts of dust. Indicators need to be related to
the causal soil and vegetation controls in eroding areas to directly inform management. There is great potential
to use regional standardized soil and vegetation monitoring datasets, remote sensing and models to provide new
information on wind erosion across landscapes. We identify best practices for establishing benchmarks for these
indicators based on experimental studies, mechanistic and empirical models, and distributions of indicator values obtained from monitoring data at historic or existing reference sites. The approaches to establishing
benchmarks described here have enduring utility as monitoring technologies change and enable managers to
evaluate co-benefits and potential trade-offs among ecosystem services as affected by wind erosion management.

1. Introduction
Wind erosion is a major resource concern because it affects land
health, agricultural production, ecosystem function, human health and
climate (UNEP, WMO, UNCCD, 2016). The negative impacts of wind
erosion are generally recognized (Middleton et al., 2017; Duniway

⁎

et al., 2019) and strategies to manage wind erosion are urgently needed
for adapting to climate change in drylands (Webb et al., 2017a;
Edwards et al., 2019; IPCC, 2019). However, limited integrated information and crude estimates have long hampered wind erosion assessments (Lal, 2001; Shao et al., 2011). These sources of uncertainty
continue to affect management responses. Allocating resources to
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Fig. 1. Illustration of how measurements, indicators and benchmarks are defined by monitoring and management objectives and are used to inform management
decisions for a case study to reduce soil degradation around the town of Buronga, southeastern Australia. In this example, benchmarks are defined for ground cover
and dust concentrations (after Leys et al., 2018) and could be expected to vary depending on management objectives and geographic location.

manage wind erosion is difficult where the problem is unrecognized,
unquantified, and effects of management poorly understood (UNEP,
WMO, UNCCD, 2016). Improved monitoring to quantify wind erosion
would ensure that appropriate effort is directed toward its management
and balanced with investment in other resource concerns (e.g., invasive
species, habitat loss, biodiversity decline) that are more readily perceived and quantified (Rodríguez et al., 2006). Because wind erosion
affects such a wide range of ecosystem services, reducing wind erosion
can have multiple benefits. Approaches are therefore needed to guide
wind erosion monitoring and inform management across agroecological
systems.
To be effective, wind erosion monitoring requires explicit articulation of objectives for which monitoring information can be interpreted
and translated into management actions (Lindenmayer et al., 2013;
Fischman and Ruhl, 2016). Management objectives should express the
desired condition of resources to be achieved in a specified time frame
to meet land use goals (Elzinga et al., 1998; Decker et al., 2014).
Monitoring objectives should establish quantitative guidelines for detecting whether desired resource conditions have been achieved
(Fig. 1). Monitoring objectives define desired values or trends in indicators for some proportion of an assessment area and time period that
should be detected at a certain confidence level relative to a benchmark. Indicators are variables whose characteristics describe the state
of an attribute, such as wind erosion risk or air quality (Karl et al., 2017;

Angermeier and Karr, 2019). We define Benchmarks here as indicator
values, or ranges of values, that describe desired conditions that, when
exceeded, trigger adjustments to management practices, additional data
collection, or indicate management success. Identifying a core set of
wind erosion indicators, approaches to establish benchmarks, and design of credible systems to detect change would enable practitioners to
use monitoring data to make objective and decisive decisions about the
effectiveness of wind erosion management, and when current management strategies should be reviewed, amended, or changed altogether.
The most coordinated approaches currently used to monitor indicators of wind erosion and blowing dust are meteorological and
aerosol monitoring networks. Examples include the global Aerosol
Robotic Network (AERONET), United States (US) Interagency
Monitoring of Protected Visual Environments (IMPROVE), Campaign
on Atmospheric Aerosol Research network of China (CARE-China), and
Australian DustWatch program (Leys et al., 2008). Satellite observations and numerical modeling also support these monitoring efforts to
provide early warning and are integral to the World Meteorological
Organization’s (WMO) Sand and Dust Storm Warning Advisory and
Assessment System, SDS-WAS (WMO, 2015). However, with few exceptions (e.g., Leys et al., 2009; Love et al., 2019) these networks do not
address which areas are eroding, and why, with enough accuracy to
inform management. Recent developments in the use of remote sensing
2

Shear stress required to fracture soil crust

Wind shear (friction) velocity at which
grains (aggregates) are mobilized by wind
Fraction of soil surface covered by physical
and/or biological soil crusts
Fraction of loose sediment lying on the soil
surface that may be mobilized by wind

Crust modulus of rupture

Threshold friction velocity
(u*t)
Surface crust cover
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Plant species present at a site
Height of the tallest plant parts within site,
provides vertical structure
Leaf area index (LAI)
Stem area index (SAI)

Vegetation composition
Vegetation height

Land health attributes
Pedestals and/or terracettes

Visual estimate

Measurement approaches

Plant area meter
Calculation from stem
diameter, height and
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Gap intercept
High-resolution remote
sensing
High- to moderateresolution remote sensing

Line-point intercept
Step point
High- to moderateresolution remote sensing
Line-point intercept
Step point
High- to moderateresolution remote sensing
Line-point intercept
Line-point intercept

Hand texture analysis
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Hand nest sieving
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Remote sensing
Penetrometer
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Line-point intercept
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Line-point intercept
Step point transects
Physical sample collection

Measurement approaches

Plants or rocks appear elevated because of soil loss around
them
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Effective aerodynamic sheltering of soil
surface by roughness elements

Effective sheltering
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Size of spaces between plant canopies,
describes spatial distribution of roughness
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Wind erodibility group
(WEG)
Soil surface roughness
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distribution (DASD)
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Pellant et al. (2005)

Example references

Marticorena et al. (2006),
Chappell and Webb (2016),
Potter et al. (1990)

Herrick et al. (2018)

Bréda (2003)

Herrick et al. (2018)
Herrick et al. (2018)

Herrick et al. (2018)

Herrick et al. (2018)Herrick
et al. (2005)

Herrick et al. (2018)Zobeck
(1989)

Chepil and Woodruff (1963),
Belnap and Gillette (1998)
Barchyn and Hugenholtz
(2010)
Herrick et al. (2018)
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Hayes (1965, 1972)
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Table 1
Summary of common indicators and measurements of wind erosion and air quality used for monitoring croplands, rangelands, and desert ecosystems by scientists and land managers. Data availability describes how
accessible measurements are through established monitoring programs. Ease of interpretation describes the technical difficulty of understanding how the measurements indicate erosion risk or outcomes.
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Low
High

Holben et al. (1995), Green et al.
(2009)

Moderate
High

Hand et al. (2016)

for modelling (e.g., Chappell et al., 2019) and monitoring of global
drylands – e.g., the US Bureau of Land Management’s (BLM) public
lands Assessment, Inventory and Monitoring (AIM) program, Natural
Resources Conservation Service’s (NRCS) private lands National Resources Inventory (NRI), Australian Terrestrial Ecosystem Research
Network’s (TERN) AusPlots, and rangeland monitoring of the Mongolian National Agency for Meteorology and Environmental Monitoring
(NAMEM) – have increased the information available to identify and
characterize dust source regions. However, data collected by these
programs are largely yet to be utilized to inform wind erosion assessments and management (Webb et al., 2017b). This is because: 1) the
data are not easily accessible from the wide range of sources; and 2) the
capacity of these datasets to provide indicators, along with approaches
to establish benchmarks, has not always been apparent to managers.
This paper identifies how indicators and benchmarks can be used to
support wind erosion monitoring, assessment and management decisions. Our specific objectives are to: 1) review indicators of wind erosion and blowing dust that are currently available to practitioners; and
2) describe approaches and identify best practices for establishing
benchmarks to support wind erosion assessments and management. We
find that most monitoring efforts have focused on air quality impacts of
dust. This is because health impacts of degraded air quality are generally well understood, whilst land condition impacts of wind erosion
are not described well. Integration of wind erosion indicators collected
in the field and through remote sensing can provide the needed information to establish monitoring benchmarks critical to formulating
clear management objectives, evaluating resource condition and trend,
and assessing the efficacy of management actions.

Light scattering laser photometer
Lidar
Sun photometer
Moderate-resolution remote sensing

O'Loingsigh et al. (2010)
High

2. Available indicators of wind erosion and blowing dust
Four types of indicators have been used by practitioners to support
quantitative and qualitative assessments of wind erosion and blowing
dust. These indicators include: 1) soil properties; 2) exposure to potentially erosive winds; 3) land health attributes based on observations
and local/expert opinion; and 4) blowing dust occurrence and air
quality measures (Table 1). Direct measurements of aeolian sediment
transport and more technical indicators of soil and site susceptibility to
wind erosion (erodibility) have been developed for croplands and
rangelands (see review by Webb and Strong, 2011). However, these
require specialized instrumentation, and can be difficult to interpret, so
have not been widely adopted outside the aeolian research community
(Zobeck et al., 2003). Here we focus on indicators that are readily obtained from measurements collected by producers, resource managers,
and agencies in the US and globally and which can be used to support
model-driven assessments.
2.1. Indicators based on soil properties
Following the 1930s Dust Bowl, the USDA Soil Conservation Service
(SCS) sought to identify properties of agricultural soils that describe
their susceptibility to wind erosion. Extensive work by W.S. Chepil and
colleagues identified soil texture (Chepil, 1953), the proportion of dry
aggregates < 0.84 mm diameter at the surface soil (the “erodible fraction”; Chepil, 1951), and calcium carbonate and organic matter contents (Chepil, 1954), as indicators to classify soils into Wind Erodibility
Groups (WEGs). A Wind Erodibility Index (“I” factor) was subsequently
developed as an expression of dry soil aggregate stability under tillage
and abrasion for the Wind Erosion Equation (WEQ), an empirical
equation to estimate potential soil loss by wind (t ha−1 yr−1) (Woodruff
and Siddoway, 1965).
The WEGs and “I” factor are used by managers globally as indicators
of soil erodibility (NRCS, 2018). While the classifications are often ascribed to soils based on surface texture and appear easy to apply to
global texture maps (e.g., Hengl et al., 2017), the WEGs and “I” factor
are broad groupings with limitations that make them inaccurate in

Aerosol optical depth (AOD)

Particulate matter concentration (PM)

Occurrence of blowing dust events, including dust storms,
dust hazes, and dust devils
Abundance of mineral dust particles in a volume of air (μg
m−3)
Natural logarithm of the ratio of incident to transmitted
radiance through the atmosphere
Dust event frequency

High

Gillette et al. (1972)
Low
Vertical dust emission rate (g m−2 s−1)
Dust mass flux (F)

Low

Fryrear (1986), Zobeck et al.
(2003)
Low
Low

Slot samplers
Big Spring Number Eight (BSNE)
Modified Wilson and Cooke (MWAC)
Derived from vertical profile of PM
concentration measurements
Visual observation for weather records
Blowing dust and air quality
Saltation mass flux (Q)

Transport rate of sediment moving horizontally along the
soil surface (g m−1 s−1)

Moderate
High
Visual estimate

Pellant et al. (2005)

High

Wind scouring, blowouts and/or sediment
deposition areas
Soil surface horizon loss or degradation

Table 1 (continued)

Soil loss or gains around plants, rocks and within plant
interspaces
Soil horizon(s) no longer present or loss of organic
material from surface horizon

Visual estimate

High

Pellant et al. (2005)
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collected in the field using standardized methods (e.g., Herrick et al.,
2018) and can be used to explain to the first order where wind erosion
may occur (Okin, 2008).
Indicators of vegetation structure have been measured extensively
across western US rangelands (Goebel, 1998; Toevs et al., 2011),
Mongolian grasslands (Densambuu et al., 2018), and at select cropland
sites (Webb et al., 2016), and could be used to assess wind erosion
across plot (< 1 ha) to regional (> 106 ha) scales (e.g., NRCS, 2011).
Recent remote sensing advances have enabled area-integrated measures
of surface sheltering from the wind (Chappell et al., 2010; Chappell and
Webb, 2016). The approach can be applied globally to estimate wind
erosion, filling gaps in field monitoring (Chappell et al., 2019). As vegetation structure is extremely sensitive to land management, it is
probably the best landscape scale indicator of wind erosion. One of the
limitations of remote sensing is that it is difficult to know the cause of
changes in an indicator. For this reason, landscape-wide monitoring
with satellite remote sensing should be coupled to site-based assessments to aid interpretation.

many soil-landscape settings, management contexts and soil conditions
(Webb and Strong, 2011). The indicators describe the susceptibility of
non-crusted soils to be mobilized by wind and do not necessarily represent their potential to emit fine dust. The WEGs and “I” factor
therefore do not work well for non-arable soils with physical and biological soil crusts (Woodruff and Siddoway, 1965). As the classifications
are static, they are also insensitive to land management activities that
disturb soils (e.g., due to machinery, livestock and fire) and weathering
forces (e.g., wet-dry, freeze-thaw) that change the availability of fine
silt and clay particles on the soil surface that affects dust emission
(Baddock et al., 2011). Because of these limitations, use of the WEGs
and “I” factor on crusted soils and as indicators of wind erosion is potentially misleading. Other, more dynamic indicators of wind erosion
are often more appropriate.
2.2. Indicators of exposure to erosive winds
Ground cover (vegetative and non-vegetative elements, as viewed
from above) is a familiar concept to land managers and has often been
used as a dynamic indicator of land susceptibility to wind erosion (e.g.,
Webb et al., 2009; Pierre et al., 2018). National monitoring programs
and the United Nations Convention to Combat Desertification (UNCCD)
have adopted metrics of ground cover to monitor risk of wind erosion
and land degradation (Cowie et al., 2018). Data availability makes the
indicator attractive for local to regional wind erosion assessments.
However, fractional ground cover on its own is demonstrably a poor
indicator of exposure to wind erosion (Chappell et al., 2018).
Wind erosion is driven primarily by lateral wind forces (Raupach
et al., 1993). Wind momentum absorption and sheltering by surface
roughness elements therefore have the greatest effect on reducing sediment transport (Hagen and Armbrust, 1992). These processes are
moderated by the vertical structure, density and spatial distribution of
roughness, which are not described by ground cover alone (Fig. 2).
Vegetation shape, porosity and flexibility (including leaf and stem area)
also influence momentum absorption and sheltering (Mayaud and
Webb, 2017), and have been used as indicators of erosion risk in
croplands (Hagen and Armbrust, 1994; Armbrust and Bilbro, 1997).
However, without information on vegetation structure, as characterized
by the height and distribution of ground cover, assessments may severely over- or underestimate erosion risk (Webb et al., 2014a). Alternatively, indicators of vegetation canopy height and canopy gap size
distribution (measured as the spacing between plant canopies) can be

2.3. Indicators of land health attributes including soil properties and
exposure
Several global initiatives to assess land health include indicators of
wind erosion (e.g., FAO and ITPS, 2010; International Resource Panel,
2016; Cowie et al., 2018). Of these, the Interpreting Indicators of
Rangeland Health (IIRH) assessment protocol (Pyke et al., 2002; Pellant
et al., 2005) has been applied at over 30,000 sites in the US and integrates 17 indicators of rangeland health into three attributes of soil
and site stability, hydrologic function and biotic integrity (Herrick
et al., 2019). Quantitative and qualitative indicators of wind erosion are
incorporated into IIRH assessments, including the presence of pedestals
and/or terracettes, bare ground fraction, presence of wind scouring,
blowouts and/or sediment deposition areas, litter movement, and soil
surface horizon loss or degradation. However, use of these indicators is
not recommended for monitoring or being agglomerated to independently generate national or regional assessments (Pellant et al.,
2005).
Qualitative indicators of soil and site stability and biotic integrity
provide information on the status of wind erosion at a site that may not
be obtained from quantitative indicators of soil erodibility and site
exposure to erosive winds. Interpreting qualitative indicators like those
used in IIRH requires a descriptive reference of the status of the
Fig. 2. Schematic illustrating main controls on the
susceptibility of landscapes to wind erosion including indicators that are routinely collected by
agroecological (green labels) and air quality (blue
labels) monitoring programs, and which can be obtained from models (black labels) using the agroecological indicators and/or remote sensing.
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indicators for a defined “healthy” site (one with a minimal departure
from reference conditions), or classification for rating indicators that
enables practitioners to define relative expected values for a historical
reference (Herrick et al., 2019). This approach has the benefit of incorporating reference benchmarks into assessments that can help diagnose whether wind erosion is a problem, in addition to providing
another line of evidence in support of more quantitative monitoring and
modeling. However, wind erosion should not be assessed using land
health attributes alone as they reflect current land status, influenced by
past management, and not necessarily potential future erosion. Wind
erosion and dust emission that functionally impact land health and
degrade air quality may occur, or may have recently occurred, without
visual evidence to suggest that land is departing from a reference
condition. Related protocols like Landscape Function Analysis
(Tongway and Hindey, 2004) and Pedoderm and Pattern Class (Burkett
et al., 2013) consider similar indicators as IIRH, but use uniform criteria
to describe the degree of soil erosion across all types of land rather than
departure from a unique reference for each type of land (ecological
site).

Wind erosion and dust emission models can be used to integrate soil
and vegetation indicators to support assessments at the farm scale (e.g.,
Pierre et al., 2018; Tatarko et al., 2019), at plot-to-regional scales using
plot monitoring data (e.g., Munson et al., 2011) and at landscape-toglobal scales using remote sensing (e.g., Chappell et al., 2019). By
combining effects of different indicators, models can enable more robust assessments of wind erosion than when indicators are used independently. However, available models can be difficult to parameterize without expert knowledge. Available models also provide
metrics that remain generally unfamiliar to practitioners as they are
difficult to interpret without a defined reference. These estimates include soil loss (t ha−1 yr−1), sediment transport rates (g m−1 s−1) and
dust emission (g m−2 s−1). Establishing benchmarks related to commonly measured soil and vegetation indicators is necessary for land
managers to understand how the indicators relate to sediment transport
and erosion rates across scales, and to assess whether sites have an
acceptable, or unacceptable, risk of erosion and act accordingly
(Pretorius and Cooks, 1989).
4. Establishing benchmarks for monitoring objectives

2.4. Indicators of atmospheric dust and air quality

Benchmarks are needed to determine if observed indicator values at
assessed locations are within the range of desired conditions to meet
management objectives. If monitoring information shows that an insufficient amount of a management area has met a benchmark, then
changes in management can be triggered (Lindenmayer et al., 2013).
Conversely, failure to set benchmarks can make it difficult to interpret
monitoring data because there are no decision criteria for how to use
observed values to evaluate management objectives (Elzinga et al.,
1998; Fischman and Ruhl, 2016). Critical for establishing wind erosion
benchmarks is an understanding of how aeolian processes respond to
natural environmental gradients through space and time, management
actions, and environmental change such as land cover change.
Wind erosion and dust emission are controlled by climate, soil and
vegetation properties that also determine site potential and the ecological state of a site (Webb and Pierre, 2018). Site potential determines
the capacity of a site to produce certain kinds, amounts and proportions
of vegetation, and its responses to disturbances and management
(USDA, 2013). Vegetation dynamics determine the ecological states of a
site as plant communities and soil properties respond to endogenous
(e.g., competition, facilitation) and exogenous (e.g., disturbance) processes (Bestelmeyer et al., 2003). Ecological states can be described by
vegetation structural features (e.g., ground cover/bare soil, canopy gap
size distributions and canopy height) associated with different plant
communities. Persistent state changes may occur when structural
thresholds are crossed that trigger shifts in feedbacks reinforcing new
structures (e.g., grassland to shrubland transitions; Fig. 3a,b,c). The
vegetation structure of states also impacts the function of aeolian processes, with functional thresholds determining how aeolian processes
respond to changes in vegetation structure; e.g., the cover of canopy
gaps at which a non-linear increase in erosion occurs (Fig. 3d), and how
sites are impacted by erosion (Okin et al., 2006; Sasaki et al., 2018).
Models can be used to identify functional thresholds for wind erosion
based on inputs of vegetation structure (Fig. 3e). Structural and functional thresholds are related (e.g., through ecological feedbacks) and so
provide a biophysical basis for defining benchmarks for different indicator types relative to ecosystem dynamics (e.g., state changes), the
mechanics of aeolian processes, and erosion and dust impacts
(Bestelmeyer, 2006). Differences in site potential can be accommodated
in benchmarks by grouping sites based on land classification systems,
like ‘ecological sites’ with associated state-and-transition models
(STMs) to identify structural thresholds of concern (USDA, 2013;
Bestelmeyer et al., 2015).
Within this context, approaches to establish benchmarks may draw
on: 1) experimental studies reported in peer-reviewed literature; 2)
mechanistic and empirical models; and 3) distributions of indicator

Dust monitoring globally has been coordinated through meteorological observation networks and aerosol measurement networks
(Goudie and Middleton, 2006). Indicators used by these networks include: dust event frequencies obtained from visual observations (e.g.,
McTainsh et al., 1998; Shao and Dong, 2006; O'Loingsigh et al., 2010,
2014); atmospheric particulate matter (PM) concentrations measured
using high volume air samplers, lidar, and light-scattering laser photometers (e.g., Xin et al., 2015; Hand et al., 2016; Love et al., 2019);
and aerosol optical depth (AOD) obtained from ground-based sun
photometers and satellite observations (e.g., Holben et al., 1995;
Prospero et al., 2002; Ginoux et al., 2012). While these indicators directly relate to climate, visibility and human health impacts of dust,
attributing transported dust loads to specific upwind source areas and
land uses with enough accuracy to inform management is very challenging (McTainsh et al., 1998; Webb and Pierre, 2018). Additionally,
dust aerosol data are generally collected and interpreted by agencies, or
divisions of agencies, that have interests in air quality (e.g., environmental protection agencies) and dust forecasting (e.g., WMO SDS-WAS)
but may have little or no formal connection to programs responsible for
monitoring and managing source area soils and vegetation. Such connections are being addressed by the USDA-NRCS National Air Quality
Initiative, and New South Wales Office of Environment and Heritage
that collects and publishes hourly aerosol data on the Rural Air Quality
Network. These air quality data are then interpreted in conjunction
with remotely sensed ground cover, rainfall and fire data to report on
causes of wind erosion in south-eastern Australia via the Community
DustWatch project (Leys et al., 2008).
3. Indicators for multiple management objectives
Management decisions about wind erosion are rarely made in isolation from other conservation and production objectives. To reduce the
need for costly dedicated monitoring, wind erosion indicators can be
selected that are used to assess the status, condition, and trend of other
ecosystem services of management interest; that is, are multi-use and
available from or have value to existing monitoring programs (Probst
and Stelzenmüller, 2015; Karl et al., 2017). Examples include vegetation foliar cover, canopy gap size distribution and vegetation height
that are widely used to monitor land health, invasive species and habitat quality (e.g., Goebel, 1998; Toevs et al., 2011) in addition to wind
erosion (Webb et al., 2016). Selection of multi-use indicators should
consider whether sampling used for their monitoring adequately captures the spatiotemporal variability of wind erosion to confidently detect its change.
6
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Fig. 3. Illustration of wind erosion indicator values for (a) bare soil (%), (b)
percentage of canopy gaps > 100 cm, (c)
mean vegetation height (cm), and (d) total
horizontal sediment mass flux on log axis (g
m−1 d−1) resulting from vegetation state
change (grassland to shrubland transition)
in the sandy ecological site group in Major
Land Resource Area 42 in New Mexico,
USA. Indicator distributions were obtained
from 166 BLM AIM and NRCS NRI monitoring plots and the wind erosion model of
Okin (2008) applied to the plot data following Webb et al. (2014). Vegetation
structural thresholds defining ecological
states were selected as benchmarks from
the 90th percentile of indicator values for
the reference black grama grassland.
Benchmarks are shown as dashed lines for
bare soil (a), canopy gaps (b) and mean
vegetation height (c), and their relation to
state-specific distributions and functional
threshold for aeolian sediment transport
(e).

enable managers to access this information to develop benchmarks.

values obtained from reference site monitoring data. Following these
approaches, benchmarks can also be defined by non-ecological
thresholds, including human goals relating to health and social impacts
of blowing dust. For example, benchmarks can be set for levels of sediment production that have significant impacts on respiratory health,
degradation of viewsheds, or around the cost to replace or maintain
structures and equipment compromised by the erosive forces of blowing
dust. All of the approaches to establish benchmarks vary in their potential for bias (and our ability to quantify that bias), ease of communication, applicability to management questions and policy mandates,
and availability in the geographic region of interest (Wiersma, 2005).
The most suitable approach may depend on the particular policy or
management objective(s) a benchmark is trying to address.

4.2. Model-informed benchmarks
Mechanistic and empirical models can be used in multiple ways to
support benchmark establishment. Mechanistic models can be used to
evaluate how much wind erosion could occur at a site, and identify
functional thresholds of concern for ecological sites and states. For
example, Webb et al., (2014) used the aeolian transport model of Okin
(2008) to identify erosion thresholds of ground cover and vegetation
canopy gap sizes across Chihuahuan Desert ecosystems. A current
limitation of mechanistic wind erosion models is that they have been
parameterized at small (plot) scales for few land cover types and, with
exception of the Wind Erosion Prediction System (WEPS, Tatarko et al.,
2019), they currently do not account for dynamic soil surface properties
like crusting and aggregation (Webb and Strong, 2011). Where important, other indicators of these properties should be considered
alongside model estimates to enable a more complete assessment of
whether management objectives are being met.
Empirical models can be used to support benchmark establishment
by identifying areas of similar ecological potential (e.g., Nauman and
Duniway, 2016; Nauman et al., 2017) and how indicator values measured at ‘reference’ sites vary across landscapes in response to natural
environmental gradients (e.g., Hawkins et al., 2010). This can be particularly useful for predicting the conditions of sites where historical
conditions are unknown, and predicting conditions that should occur in
the absence of anthropogenic impacts. Predicted ‘reference’ indicator
values can then be compared with observed values to assess the degree
of departure from the reference state.
Empirical models of the relationships among indicators (e.g.,
ground cover and dust concentrations) can also be used to support
benchmark establishment. For example, Leys et al (2018) showed how
empirical relationships based on monitoring data can be used to establish benchmarks to support the management objective of reducing

4.1. Benchmarks from scientific literature
Monitoring benchmarks should be established based on the best
available science and data, and whenever possible be supported by
published experimental studies. Field and laboratory wind tunnel studies addressing effects of soil properties (e.g., Chepil, 1944; Fryrear,
1985; Gillette et al., 1980) and ground cover levels (e.g., Wasson and
Nanninga, 1986; Leys, 1991) on functional thresholds for wind erosion
have been conducted to inform management. Results from field and
laboratory experiments can be used to validate benchmarks derived
from monitoring data (Section 4.3) by informing how wind erosion
responds functionally to changes in its controlling factors, and how
agricultural, ecological and human systems respond to different intensities of wind erosion (e.g., Okin et al., 2006). Care should be taken
to ensure that literature used to inform benchmarks is rigorous and
relevant to the soils and potential vegetation at the geographic location
of interest (i.e., site potential). Available studies that could inform
benchmarks are largely limited to croplands and discipline-specific
journals. New research and a synthesis of soil and vegetation thresholds
for wind erosion across agroecological systems are therefore needed to
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processes (as inferred from soil health; e.g., soil organic carbon, electrical conductivity, microbial biomass). As criteria used to identify reference sites can vary, the use of reference sites to define benchmark
conditions can be highly subjective and difficult to gain agreement on
among stakeholders. The end goal of management may not be to attain
reference condition, but to assess the degree of departure from the reference state and decide whether such departures are desirable given
management objectives or if a new ‘improved’ condition should be the
target (Monaco et al., 2012).
Once reference sites have been identified, percentiles of reference
indicator values for an ecoregion could be used as benchmarks to
classify the condition of a monitoring site as having “major”, “moderate”, or “minimal” departure from reference conditions, respectively
(Hughes et al., 1994; Stoddard et al., 2006). When possible, indicator
percentiles used to define benchmarks should be guided by the best
available knowledge of the structure and function of the system and of
the consequences of departure (e.g., Simon and Klimetz, 2008). Managers may aim to keep anthropogenic disturbances below thresholds
thought to accelerate erosion and negatively impact agroecosystem
function. Using this approach without accounting for natural environmental gradients within physiographic boundaries can lead to over- or
under-protection of sites due to natural environmental gradients in
indicator values. The amount of uncertainty is also strongly dependent
on sample size for which the indicators were measured (Webb et al.,
2019), and especially the criteria used to select the ‘reference’ population. Managers should consider the benefits and limitations of approaches to defining reference sites as they impact benchmarks before
deciding on an approach.

Fig. 4. Relationship between percentage area of summer (December, January
and February) ground cover in management area within 25 km radius from
Buronga, Australia, and total hours of dust (PM10 > 25 µg m−3) per year (July
to June). Standard linear regression (linear Buronga), confidence limit 95%
upper (CL95Up) and lower (CL95Lo), prediction limit 95% upper (PL95Up) and
lower (PL95Lo), and 75th percentile regression line (75th regression) are
shown. A benchmark can be set for ground cover in the management area based
on the 75th percentile regression to meet the target of 60 h of dust.

soil degradation by wind erosion (Fig. 4). They used dust activity (hours
with PM10 > 25 µg m−3) and rainfall data to build a regression model
of how dust activity increased with decreasing rainfall in a dust storm
year. A target number of dust hours (60 h) in the management area was
identified by the 75th percentile regression; where values > 60 h suggested wind erosion exceeded that expected for the annual rainfall in
the management area. The dust activity target was then related to
fractional ground cover derived from 500 m MODIS data (Guerschman
and Hill, 2018). Benchmarks were then identified from a regression
between dust activity and the proportion of the management area with
ground cover < 50% (Fig. 4).
A benefit of both mechanistic and empirical modeling is that the
approaches can provide quantitative error/uncertainty estimates that
can be considered in management decision making (Olson and
Hawkins, 2013). Accuracy and precision vary widely among available
wind erosion models (Shao et al., 2011), and these should be considered
in model selection relative to the desired accuracy and precision of
benchmarks. As relationships among indicators within models will be a
product of model formulation, it should be recognized that benchmarks
will also be influenced by model fidelity to aeolian processes. Model
sensitivity analyses and reviews can help users consider trade-offs in
fidelity, accuracy and precision in model selection and select appropriate benchmarks informed by model uncertainty (e.g., Darmenova
et al., 2009; Webb and McGowan, 2009).

4.3.1. Use of historical reference site networks
When historical reference sites can be identified, data collected at
networks of reference sites can be used to develop frequency distributions of reference site indicator values and identify structural thresholds
of concern (e.g., Herrick et al., 2006; Pollock et al., 2012). The distributions of indicator values are a characterization of the ‘historical’
range of variability expected to occur in a region in the absence of
certain anthropogenic impacts. Percentiles of the resulting distributions
can then be used to set benchmarks (e.g., for reference ecological states)
against which monitoring data can be compared and deviations from
reference conditions identified (Stoddard et al., 2006). Reference site
networks are typically grouped by, or modeled continuously within,
categorical variables such as physiographic boundaries (e.g., ecoregions) to account for differences in reference site potential and subsequent variability resulting from factors such as climate and topography (White and Walker, 1997). Difficulty identifying sites that have
not been influenced by land use and management can make ‘historical’
reference sites less practical to use and reference sites may instead be
defined for desired conditions.
4.3.2. Desired conditions from other monitoring data
When historical reference sites cannot be clearly identified, existing
monitoring data could be used to develop benchmarks based on sites in
an identified desired condition. First, monitoring sites could be
screened using land use and disturbance criteria, or specific attributes
related to the desired conditions (e.g., Stoddard et al., 2006; Ode et al.,
2016). Screening attributes should ideally be related to erosion potential, such as conditions defining classification to ecological states. There
should be sound reasoning to expect that sites represent the desired
condition. Benchmarks will correspond with percentiles of indicator
values for the selected sites in the desired condition.
When sites in a desired condition cannot be identified, sites in a
‘least disturbed’, ‘best available’ or ‘best attainable’ condition could be
used. However, setting ‘least disturbed’, ‘best available’ or ‘best attainable’ conditions as the standard for management can have very
significant policy implications, particularly if current technology and
economic constraints (e.g., ‘best attainable’) define the reference. The

4.3. Benchmarks based on desired or reference conditions
In rangelands, ‘reference conditions’ are illustrated by areas where
structural and functional indicators are within historical (e.g., preagricultural) or desired value ranges and/or anthropogenic disturbances are below thresholds thought to impact structure and function. Reference sites have been defined as locations in a ‘historical
condition’, ‘minimally-disturbed condition’, ‘least-disturbed condition’,
‘best available condition’ and ‘best attainable condition’ (Stoddard
et al., 2006). These diverse definitions have arisen from the difficulty of
identifying reference sites in rangelands due to their long land use
histories. For croplands and other intensively managed sites, reference
sites can be identified by other functional indicators of soil and plant
8

Ecological Indicators 110 (2020) 105881

N.P. Webb, et al.

condition of ‘reference sites’ defined in any of these ways can vary
across space and through time as human impacts are disproportionately
distributed, change through time, and can have differing impacts under
certain physiographic conditions (e.g., Pickup et al 1998; Vanacker
et al., 2007; Bastin et al., 2012). An assumption in defining benchmarks
from current conditions is that these conditions are good enough. This
may be appropriate for meeting management objectives if the ‘best
available’ current condition matches the desired condition or ecological
state. However, management objectives may aspire to smaller wind
erosion and dust emission rates than are occurring today. Accepting a
baseline that represents, or is shifting towards, an alternative state or
degraded condition, or including too many degraded sites in the reference, can reduce benchmarks, potentially under-protect assessed
sites and perpetuate soil degradation (Wiersma, 2005; Soga and Gaston,
2018). It is also conceivable that some ‘least disturbed’ sites may have
larger erosion rates than disturbed locations (e.g., with invasive grasses
that provide surface sheltering), and this should be considered against
other management objectives. To avoid unintended consequences, selecting sites with specific attributes defined by ecological states should
be used to identify the ‘least erodible conditions’. Monitoring sites used
to establish benchmarks should be independent of those being assessed
to avoid introduction of circular reasoning into management decisions.

adopt locally relevant mitigation strategies (e.g., increase area sheltered
from wind erosion) and understand how effective management strategies are (and why) in meeting broader policy objectives. Where indicators of outcomes are too expensive to measure, management flexibility may be promoted by identifying alternative indicators (e.g.,
vegetation cover and structure) that may be used to predict achievement of outcome-based targets, provided that the outcome remains the
overall objective. This both helps promote innovation as managers
focus on the desired result, rather than the regulation, and allows for
the introduction of new less expensive measurement technologies in the
future.
6. Best practices for establishing monitoring benchmarks
In the absence of existing benchmarks for wind erosion, managers
are faced with the need to use best professional judgement to develop
benchmarks from available information sources. In all cases, best professional judgement should be based on relevant science and data
(Gordon et al., 2016). The approaches described above for establishing
benchmarks are not mutually exclusive in principle or practice. Using a
combination of approaches is therefore recommended. Multiple lines of
evidence should be provided for different monitoring indicators.
Benchmarks should reflect aeolian process mechanics whilst being relevant to broader land management objectives at relevant scales of
management. Air quality benchmarks may reflect blowing dust impacts
but should be related to the causal soil and vegetation controls in
eroding landscapes to directly inform management. A basic set of
principles for developing monitoring benchmarks should therefore be
followed.
Benchmarks should account for differences in site potential across
landscapes and thresholds of structural and/or functional concern. This
can be achieved by establishing benchmarks for areas defined by climoedaphic groups (e.g., ecological sites; USDA, 2013) using information that is relevant to the geographic area of interest. Linking wind
erosion indicators to ecological sites through applications like the
Ecosystem Dynamics Interpretive Tool (Bestelmeyer et al., 2016) would
improve our ability to set benchmarks, assess whether sites meet (or fail
to meet) monitoring objectives, and enable wind erosion to be considered alongside other ecosystem processes and services (e.g., Galloza
et al., 2017).
The amount and quality of information and compatibility of data
collection methods used to group sites and establish benchmarks should
be described. This includes policy documents, regulations and scientific
literature, which should be cited with a rationale for including (and
excluding) different information sources or studies. It is important to
understand the geographic location and sample size of data used to
establish benchmarks and how reference conditions were defined and
used to develop indicator distributions and models. Understanding how
model uncertainties and the shape and bias of indicator distributions
can affect benchmarks is important to determine whether model-informed benchmarks will result in more or less protection of resources
than other data-driven approaches. All approaches for setting benchmarks have their own limitations and are subject to error. Benchmarks
should be periodically reviewed and updated as new information becomes available. Benchmarks should also be updated to account for
shifting baselines in resource condition and ecological state transitions,
including emergence of ‘novel states’, in response to land use and climate change (Soga and Gaston, 2018). Overall, robust benchmarks
should enable managers to: (1) assess the degree or risk of departure of
sites from desired conditions; and (2) make objective decisions to
maintain agroecosystem structure and function and air quality.

5. Establishing benchmarks for policy and regulation
Most monitoring benchmarks relating to wind erosion have been set
for policy and environmental regulations for air quality. The US Clean
Air Act of 1970 and Environmental Protection Agency’s (EPA) 1999
Regional Haze Rule are examples of regulatory actions to manage air
quality and visibility impairment, including impacts of mineral dust.
Similar regulations are in place at national, state and county levels
globally. The regulations typically stipulate concentrations limits (e.g.,
for wilderness areas and around cities and towns) as functional
thresholds for particulate matter with aerodynamic diameter < 10 μm
(PM10) and < 2.5 μm (PM2.5) that may be suspended in the atmosphere
for long periods (e.g., hours to weeks) and impact human health. For
example, the US National Ambient Air Quality Standards (NAAQS) state
the 24-hour average PM10 concentration must not exceed 150 μg m−3
more than once per year on average over three years to meet the
NAAQS (EPA, 1997).
Policy and regulations may stipulate benchmarks, and so should be
referenced by managers, but they are not the mechanism used to develop a given benchmark. Benchmarks adopted as policy should be
developed based upon scientific understanding and identified from one
or more information sources (e.g., scientific literature, models, monitoring data) on the impacts of indicator conditions on the environment
and human health and safety. Science-policy briefs may outline principles and approaches for establishing benchmarks. For example, the
UNCCD developed ‘Target-Setting Building Blocks’ to provide guidance
for identifying indicators, setting benchmarks, and assessing progress
toward Land Degradation Neutrality that are relevant to managing
wind erosion and other sustainability challenges (UNCCD, 2016).
To provide managers with flexibility in meeting targets and
avoiding unintended consequences, policy should encourage use of
indicators of outcomes (e.g., dust concentrations) over factors that determine these outcomes. However, unless policy is made relevant to
managers and land management agencies, the existing disconnect between dust monitoring and land management (Section 2.4) is likely to
remain. Policy should therefore provide a clear path for agencies and
managers to link wind erosion and air quality outcomes to management
actions. This could be achieved, for example, by requiring natural resource management plans of land management agencies to address air
quality policy set out by environmental protection agencies. Establishing such links would also require models and analysis tools that
enable managers to connect indicators of controlling factors of wind
erosion to air quality impacts of dust. This would enable managers to

7. Conclusions
Identifying indicators and establishing benchmarks for monitoring
wind erosion and blowing dust are required to quantitatively assess
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management outcomes and whether management objectives have been
met (UNEP, WMO, UNCCD, 2016). Numerous indicators of wind erosion are routinely collected by coordinated monitoring programs, including indicators based on soil properties and vegetation characteristics, indicators of land health attributes, and indicators of air quality.
Some of these (e.g., air quality indicators) are widely used among
practitioners interested in the impacts of blowing dust, while available
soil and vegetation datasets are generally underutilized to inform wind
erosion assessments and management.
Using monitoring data to inform wind erosion assessments and
management requires indicator benchmarks that describe desired conditions and can trigger adjustments to management practices, additional data collection, or indicate management success. Wind erosion
and air quality benchmarks have been established by policy and environmental regulations from peer-reviewed literature, but approaches
that use readily available soil and vegetation indicators are needed to
provide clearer links between land management and wind erosion
outcomes. However, care should be taken to account for shifting
baselines and potential under-protection of resources when using existing monitoring data to establish benchmarks. Few scientific studies
have quantified functional thresholds for wind erosion and research and
syntheses are needed, particularly for rangelands, to enable land
managers to access this information to establish benchmarks. The best
approach to establishing benchmarks is one that is based on rigorous
science and/or monitoring data and documents the rationale for selecting indicator values or ranges based on their environmental and
human impacts. By promoting links between land management and
indicators of outcomes (e.g., through resource management plans),
policy can promote management flexibility for meeting benchmarks to
avoid trade-offs and unintended consequences. The approaches to establishing benchmarks described here have broad utility for managing
agroecological systems, as monitoring technologies change, and for
considering co-benefits of resource management among multiple ecosystem services.

References
Angermeier, P.L., Karr, J.R., 2019. Ecological Health Indicators. Encyclopedia of Ecology
(second ed.) 1, 391–401.
Armbrust, D.V., Bilbro, J.D., 1997. Relating plant canopy characteristics to soil transport
capacity by wind. Agron. J. 89, 157–162.
Baddock, M.C., Zobeck, T.M., Van Pelt, R.S., Fredrickson, E.L., 2011. Dust emissions from
undisturbed and disturbed, crusted playa surfaces: cattle trampling effects. Aeolian
Res. 3, 31–41.
Barchyn, T.E., Hugenholtz, C.H., 2010. Field comparison of four piezoelectric sensors for
detecting aeolian sediment transport. Geomorphology 120, 368–371.
Bastin, G., Scarth, P., Chewings, V., Sparrow, A., Denham, R., Schmidt, M., O'Reagain, P.,
Shepherd, R., Abbott, B., 2012. Separating grazing and rainfall effects at regional
scale using remote sensing imagery: a dynamic reference-cover method. Remote Sens.
Environ. 121, 443–457.
Belnap, J., Gillette, D.A., 1998. Vulnerability of desert biological soil crusts to wind
erosion: the influences of crust development, soil texture, and disturbance. J. Arid
Environ. 39, 133–142.
Bestelmeyer, B.T., Brown, J.R., Havstad, K.M., Alexander, R., Chavez, G., Herrick, J.E.,
2003. Development and use of state-and-transition models for rangelands. J. Range
Manage. 56, 114–126.
Bestelmeyer, B.T., 2006. Threshold concepts and their use in rangeland management and
restoration: the good, the bad, and the insidious. Restor. Ecol. 14, 325–329.
Bestelmeyer, B.T., Okin, G.S., Duniway, M.C., Archer, S.R., Sayre, N.F., Williamson, J.C.,
Herrick, J.E., 2015. Desertification, land use, and the transformation of global drylands. Front. Ecol. Environ. 13, 28–36.
Bestelmeyer, B.T., Williamson, J.C., Talbot, C.J., Cates, G.W., Duniway, M.C., Brown,
J.R., 2016. Improving the effectiveness of ecological site descriptions: general stateand-transition models and the ecosystem dynamics interpretive tool (EDIT).
Rangelands 38, 329–335.
Bouyoucos, G.H., 1951. A recalibration of the hydrometer for making mechanical analysis
of soils. Agron. J. 43, 434–438.
Bréda, N.J.J., 2003. Ground-based measurements of leaf area index: a review of methods,
instruments and current controversies. J. Exp. Bot. 54, 2403–2417.
Burkett, L.M., Bestelmeyer, B.T., Tugel, A.J., 2013. A Field Guide to Pedoderm and
Pattern Class, USDA Agricultural Research Service, Las Cruces p. 77.
Chappell, A., Van Pelt, S., Zobeck, T., Dong, Z., 2010. Estimating aerodynamic resistance
of rough surfaces using angular reflectance. Remote Sens. Environ. 114, 1462–1470.
Chappell, A., Webb, N.P., 2016. Using albedo to reform wind erosion modelling, mapping
and monitoring. Aeolian Res. 23, 63–78.
Chappell, A., Webb, N.P., Guerschman, J.P., Thomas, D.T., Mata, G., Handcock, R.N.,
Leys, J.F., Butler, H.J., 2018. Improving ground cover monitoring for wind erosion
assessment using MODIS BRDF parameters. Remote Sens. Environ. 204, 756–768.
Chappell, A., Webb, N.P., Leys, J.F., Waters, C.M., Orgill, S., Eyres, M.J., 2019.
Minimising soil organic carbon erosion by wind is critical for land degradation
neutrality. Environ. Sci. Policy 93, 43–52.
Chepil, W.S., 1944. Utilization of crop residue for wind erosion control. Sci. Agric. 24,
307–319.
Chepil, W.S., 1951. Properties of soil which influence wind erosion: V. Mechanical stability of structure. J. Soil Sci. 72, 465–478.
Chepil, W.S., 1953. Factors that influence clod structure and erodibility of soil by wind. 1.
Soil texture. Soil Sci. 75, 473–483.
Chepil, W.S., 1954. Factors that influence clod structure and erodibility of soil by wind.
III. Calcium carbonate and decomposed organic matter. Soil Sci. 77, 473–480.
Chepil, W.S., Woodruff, N., 1963. The physics of wind erosion and its controls. Adv.
Agron. 15, 211–302.
Cowie, A.L., Orr, B.J., Castillo Sanchez, V.M., Chasek, P., Crossman, N.D., Erlewein, A.,
Louwagie, G., Maron, M., Metternicht, G.I., Minelli, S., Tengberg, A.E., Walter, S.,
Welton, S., 2018. Land in balance: the scientific conceptual framework for Land
Degradation Neutrality. Environ. Sci. Policy 79, 25–35.
Darmenova, K., Sokolik, I.N., Shao, Y., Marticorena, B., Bergametti, G., 2009.
Development of a physically based dust emission module within the Weather
Research and Forecasting (WRF) model: assessment of dust emission parameterizations and input parameters for source regions in Central and East Asia. J. Geophys.
Res. 114 (D14201), 2009. https://doi.org/10.1029/2008JD011236.
Decker, D.J., Riley, S.J., Organ, J.F., Siemer, W.F., Carpenter, L.H., 2014. Third edition.
Applying Impact Management: A Practitioner’s Guide. Human Dimensions Research
Unit and Cornell Cooperative Extension, Department of Natural Resources, Cornell
University, Ithaca, NY, p. 119.
Densambuu, B., Sainnemekh, S., Bestelmeyer, B., Ulambayar, B., 2018. National report on
the rangeland health of Mongolia: Second Assessment. Green Gold-Animal health
project, SDC; Mongolian National Federation of PUGs. Ulaanbaatar p. 62.
Duniway, M.C., Pennigwerth, A.A., Fick, S.E., Nauman, T.W., Belnap, J., Barger, N.N.,
2019. Wind erosion and dust from US drylands: a review of causes, consequences,
and solutions in a changing world. Ecosphere 10 e02650. 02610.01002/
ecs02652.02650.
Edwards, B.L., Webb, N.P., Brown, D.P., Elias, E., Peck, D.E., Pierson, F.B., Williams, C.J.,
Herrick, J.E., 2019. Climate change impacts on wind and water erosion on US rangelands. J. Soil Water Conserv. 74, 405–418.
Elzinga, C.L., Salzer, D.W., Willoughby, J.W., 1998. Measuring and Monitoring Plant
Populations, BLM Technical Reference 1730-1.
EPA, 1997. Reviewing National Ambient Air Quality Standards (NAAQS): Scientific and
Technical Information. United States Environmental Protection Agency.
FAO and ITPS, 2010. Status of the World’s Soil Resources (SWSR) – Main Report. Food
and Agricultural Organization of the United Nations and Intergovernmental

Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.
Acknowledgements
We thank Nicole Cappuccio, Jennifer Courtright, and Nelson
Stauffer for their input to development of benchmark concepts and
Laura Burkett for assistance with ecological site classification. We thank
Terry Koen for statistical advice and drafting of Fig. 4 and Stephan
Heidenreich for access to the DustWatch data that was supplied by the
Department of Planning, Industry and Environment Rural Air Quality
network. DustWatch is funded by: The National Landcare Programme,
Western and Murray Local Land Services in NSW; the NSW EPA, the
Mallee and North Central CMAs in Victoria and Murray Darling Basin
NRM in South Australian, CSIRO, TERN and the Australian National
University. We particularly thank the many DustWatch volunteers who
provide observations and help maintain instruments. This research was
supported by funding from the USDA NRCS (agreement 67-3A75-17469), the BLM (agreement 4500104319), and National Science
Foundation award EAR-1853853. Any use of trade, product, or firm
names is for descriptive purposes only and does not imply endorsement
by the US Government.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2019.105881.
10

Ecological Indicators 110 (2020) 105881

N.P. Webb, et al.
Technical Panel on Soils, Rome, Italy p. 650.
Fischman, R.L., Ruhl, J.B., 2016. Judging adaptive management practices of US agencies.
Conserv. Biol. 30, 268–275.
Fryrear, D.W., 1985. Soil cover and wind erosion. Trans. ASAE 28, 781–784.
Fryrear, D.W., 1986. A field dust sampler. J. Soil Water Conserv. 41, 117–120.
Galloza, M.S., Webb, N.P., Bleiweiss, M., Winters, C., Herrick, J.E., Ayers, E., 2017.
Resolving dust emission responses to land cover change using an ecological land
classification. Aeolian Res. 32, 141–153.
Gillette, D.A., Blifford Jr., I.H., Fenster, C.R., 1972. Measurements of aerosol size distributions and vertical fluxes of aerosols on land subject to wind erosion. Paper No.
3403, Journal Series, Nebraska Agricultural Experiment Station, 977–987.
Gillette, D.A., Adams, J., Endo, A., Smith, D., Kihl, R., 1980. Threshold velocities for input
of soil particles into the air by desert soils. J. Geophys. Res. 85, 5621–5630.
Ginoux, P., Prospero, J.M., Gill, T.E., Hsu, N.C., Zhao, M., 2012. Global scale attribution
of anthropogenic and natural dust sources and their emission rates based on MODIS
Deep Blue aerosol products. Rev. Geophys., 50, 2012RG000388.
Goebel, J.J., 1998. The National Resources Inventory and its role in U.S. Agriculture,
Agricultural Statistics 2000, Proceedings of the Conference on Agricultural Statistics
Organized by the National Agricultural Statistics Service of the U.S. Department of
Agriculture, Under the auspices of the International Statistical Institute, p. 181.
Gordon, B., Rothrock, P.E., Labus, P., 2016. Testing the use of best professional judgement
to create biological benchmarks for habitat assessment of wetlands and oak savannas
in northwestern Indiana. Ecol. Ind. 60, 410–419.
Goudie, A.S., Middleton, N.J., 2006. Desert Dust in the Global System. Springer, Berlin.
Green, M., Kondragunta, S., Ciren, P., Xu, C., 2009. Comparison of GOES and MODIS
Aerosol Optical Depth (AOD) to Aerosol Robotic Network (AERONET) AOD and
IMPROVE PM2.5 mass at Bondville, Illinois. J. Air Waste Manage. Assoc. 59,
1082–1091.
Guerschman, J.P., Hill, M.J., 2018. Calibration and validation of the Australian fractional
cover product for MODIS collection 6. Remote Sens. Lett. 9, 696–705.
Hagen, L.J., Armbrust, D.V., 1992. Aerodynamic roughness and saltation trapping efficiency of tillage ridges. Trans. Am. Soc. Agric. Engineers 35, 1179–1184.
Hagen, L.J., Armbrust, D.V., 1994. Plant canopy effects on wind erosion saltation. Trans.
Am. Soc. Agric. Engineers 37, 461–465.
Hand, J.L., White, W.H., Gebhart, K.A., Hyslop, N.P., Gill, T.E., Schichtel, B.A., 2016.
Earlier onset of the spring fine dust season in the southwestern United States.
Geophys. Res. Lett. 43, 4001–4009.
Hawkins, C.P., Olson, J.R., Hill, R.A., 2010. The reference condition: predicting benchmarks for ecological and water-quality assessments. J. North Am. Benthol. Soc. 29,
312–343.
Hayes, W.A., 1965. Wind erosion equation useful in designing northeastern crop protection. J. Soil Water Conserv. 20, 153–155.
Hayes, W.A., 1972. Designing wind erosion control systems in the Midwest Region. RTSCAgron. Tech. Note LI-9. Soil Cons. Serv., USDA, Lincoln, NE.
Hengl, T., Mendes de Jesus, J., Heuvelink, G.B.M., Ruiperez Gonzalez, M., Kilibarda, M.,
Blagotic, A., Shangguan, W., Wright, M.N., Geng, X., Bauer-Marschallinger, B.,
Guevara, M.A., Vargas, R., MacMillan, R.A., Batjes, N.H., Leenaars, J.G.B., Ribeiro, E.,
Wheeler, I., Mantel, S., Kempen, B., 2017. SoilGrids250m: Global gridded soil information based on machine learning. PLoS ONE 12 (2), e0169748.
Herrick, J.E., Van Zee, J.W., Havstad, K.M., Burkett, L.M., Whitford, W.G., 2005.
Monitoring manual for grassland, shrubland and savanna ecosystems. Vol. I: Quick
start. USDA-ARS Jornada Experimental Range, Las Cruces, NM: Distributed by
University of Arizona Press.
Herrick, J.E., Schuman, G.E., Rango, A., 2006. Monitoring ecological processes for restoration projects. J. Nature Conserv. 14, 161–171.
Herrick, J.E., Van Zee, J.W., McCord, S.E., Courtright, E.M., Karl, J.W., Burkett, L.M.,
2018. Monitoring Manual for Grassland, Shrubland, and Savanna Ecosystems,
Volume 1: Core Methods, Second Edition. USDA-ARS Jornada Experimental Range,
Las Cruces, New Mexico.
Herrick, J.E., Shaver, P., Pyke, D.A., Pellant, M., Toledo, D., Lepak, N., 2019. A strategy
for defining the reference for land health and degradation assessments. Ecol. Ind. 97,
225–230.
Holben, B.N., Eck, T.F., Slutsker, I., Tanre, D., Buis, J.P., Setzer, A., Vermote, E., Reagan,
J.A., Kaufman, Y.J., Nakajima, T., Lavenu, F., Jankowiak, I., Smirnov, A., 1995.
AERONET – a federated instrument network and data archive for aerosol characterization. Remote Sens. Environ. 66, 1–16.
Hughes, R.M., Heiskary, S.A., Matthews, W.J., Yoder, C.O., 1994. Use of ecoregions in
biological monitoring. In: Loeb, S.L., Spacie, A. (Eds.), Biological Monitoring of
Aquatic Systems. Lewis Publishers, Boca Raton, Florida, pp. 125–151.
IPCC, 2019. IPCC Special Report on Climate Change, Desertification, Land Degradation,
Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in
Terrestrial Ecosystems, Summary for Policy Makers. p. 43.
IRP, 2016. Unlocking the sustainable potential of land resources: evaluation systems,
strategies and tools. A report of the working group on land and soils of the
International Resourve Panel. Herrick, J.E., Arnalds, O., Bestelmeyer, B., Bringezu, S.,
Han, G., Johnson, M.V., Kimiti D., Lu, Y., Montanarella, L., Pengue, W., Toth, G.,
Tukahirwa, J., Velayutham, M., Zhang, L., p. 96.
Karl, J.W., Herrick, J.E., Pyke, D.A., 2017. Monitoring protocols: options, approaches,
implementation, and benefits. Springer Series on Environmental Management In:
Briske, D.D. (Ed.), Rangeland Systems: Processes, Management and Challenges.
Springer Verlag, pp. 527–567.
Lal, R., 2001. Soil degradation by erosion. Land Degradation and Rehabilitation 12,
519–539.
Leys, J.F., 1991. Towards a better model of the effect of prostrate vegetation cover on
wind erosion. Vegetatio 91, 49–58.
Leys, J.F., McTainsh, G.H., Strong, C.L., Heidenreich, S., Biesaga, K., 2008. DustWatch:

using community networks to improve wind erosion monitoring in Australia. Earth
Surf. Proc. Land. 33, 1912–1926.
Leys, J.F., Smith, J., MacRae, C., Rickards, J., Yang, X., Randall, L., Hairsine, P., Dixon, J.,
McTainsh, G.H., 2009. Improving the capacity to monitor wind and water erosion: a
review, Australian Government Department of Agriculture, Fisheries and Forestry p.
160.
Leys, J.F., Strong, C.L., Heidenreich, S., Koen, T., 2018. Where she blows! A ten year dust
climatology of western New South Wales Australia. Geosciences 8, 232.
Lindenmayer, D.B., Piggott, M.P., Wintle, B.A., 2013. Counting the books while the library burns: why conservation monitoring programs need a plan for action. Front.
Ecol. Environ. 11, 549–555.
Love, B.M., Leys, J.F., Strong, C.L., McTainsh, G.H., 2019. Dust climatology of Mildura,
Victoria, Australia: transport direction. Earth Surf. Proc. Land. 44, 1449–1459.
Lyles, L., Dickerson, J.D., Disrud, L.A., 1970. Modified rotary sieve for improved accuracy. Soil Sci. 109, 207–210.
Marticorena, B., Kardous, M., Bergametti, G., Callot, Y., Chazette, P., Khatteli, H., Le
Hegarat-Mascle, S., Maille, M., Rajot, J.-L., Vidal-Madjar, D., Zribi, M., 2006. Surface
and aerodynamic roughness in arid and semiarid areas and their relation to radar
backscatter coefficient. J. Geophys. Res. 111 (F03017), 2006. https://doi.org/10.
1029/2006JF000462.
Mayaud, J.R., Webb, N.P., 2017. Vegetation in drylands: effects on wind flow and aeolian
sediment transport. Land 6, 64. https://doi.org/10.3390/land6030064.
McTainsh, G.H., Lynch, A.W., Tews, E.K., 1998. Climatic controls upon dust storm occurrence in eastern Australia. J. Arid Environ. 39, 457–466.
Middleton, N.J., Tozer, P., Tozer, B., 2017. Sand and dust storms: underrated natural
hazards. Disasters 43, 390–409.
Monaco, T.A., Jones, T.A., Thurow, T.L., 2012. Identifying rangeland restoration targets:
an appraisal of challenges and opportunities. Rangeland Ecol. Manage. 65, 599–605.
Munson, S.M., Belnap, J., Okin, G.S., 2011. Responses of wind erosion to climate-induced
vegetation changes on the Colorado Plateau. Proc. Natl. Acad. Sci. 108, 3854–3859.
Nauman, T.W., Duniway, M.C., 2016. The automated reference toolset: a soil-geomorphic
ecological potential matching algorithm. Soil Sci. Soc. Am. J. 80, 1317–1328.
Nauman, T.W., Duniway, M.C., Villarreal, M.L., Poitras, T.B., 2017. Disturbance automated reference toolset (DART): assessing patterns in ecological recovery from energy development on the Colorado Plateau. Sci. Total Environ. 584, 476–488.
NRCS, 2011. RCA Appraisal: Soil and Water Resources Conservation Act,
Washington, DC.
NRCS, 2018. U.S. Department of Agriculture, Natural Resources Conservation Service,
National soil survey handbook, title 430-VI.
Ode, P.R., Rehn, A.C., Mazor, R.D., Schiff, K.C., Stein, E.D., May, J.T., Brown, L.R., Herbst,
D.B., Gillett, D., Lunde, K., Hawkins, C.P., 2016. Evaluating the adequacy of a reference-site pool for ecological assessments in environmentally complex regions.
Freshwater Sci. 35, 237–248.
Okin, G.S., Gillette, D.A., Herrick, J.E., 2006. Multi-scale controls on and consequences of
aeolian processes in landscape change in arid and semi-arid environments. J. Arid
Environ. Special Issue Landscape linkages and cross scale interactions in arid and
semiarid ecosystemss 65, 253–275.
Okin, G.S., 2008. A new model of wind erosion in the presence of vegetation. J. Geophys.
Res. 113, F02S10. https://doi.org/10.1029/2007JF000758, 002008.
O'Loingsigh, T., McTainsh, G.H., Taper, N.J., Shinkfield, P., 2010. Lost in code: a critical
analysis of using meteorological data for wind erosion monitoring. Aeolian Res. 2,
49–57.
O'Loingsigh, T., McTainsh, G.H., Tews, E.K., Strong, C.L., Leys, J.F., Shinkfield, P.,
Tapper, N.J., 2014. The Dust Storm Index (DSI): a method for monitoring broadscale
wind erosion using meteorological records. Aeolian Res. 12, 29–40.
Olson, J.R., Hawkins, C.P., 2013. Developing site-specific nutrient criteria from empirical
models. Freshwater Sci. 32, 719–740.
Pellant, M., Shaver, P., Pyke, D.A., Herrick, J.E., 2005. Interpreting Indicators of
Rangeland Health, Version 4. Interagency Technical Reference 1734-6. Bureau of
Land Management, Denver, Colorado. 136.
Pickup, G., Bastin, G.N., Chewings, V.H., 1998. Identifying trends in land degradation on
non-equilibrium rangelands. J. Appl. Ecol. 35, 365–377.
Pierre, C., Kergoat, L., Hiernaux, P., Baron, C., Bergametti, G., Rajot, J.L., Abdourhamane
Toure, A., Okin, G.S., Marticorena, B., 2018. Impacts of agro-pastoral management on
wind erosion in Sahelian croplands. Land Degrad. Dev. 29, 800–811.
Pollock, M.M., Beechie, T.J., Imako, H., 2012. Using reference conditions in ecosystem
restoration: an example for riparian conifer forests in the Pacific Northwest.
Ecosphere 3, 98.
Potter, K.N., Zobeck, T.M., Hagen, L.J., 1990. A microrelief index to estimate soil erodibility by wind. Trans. ASABE 33, 151–155.
Pretorius, J.R., Cooks, J., 1989. Soil loss tolerance limits: an environmental management
tool. GeoJournal 19, 67–75.
Probst, W.N., Stelzenmüller, V., 2015. A benchmarking and assessment framework to
operationalise ecological indicators based on time series analysis. Ecol. Ind. 55,
94–106.
Prospero, J.M., Ginoux, P., Torres, O., Nicholson, S.E., Gill, T.E., 2002. Environmental
Characterization of Global Sources of Atmospheric Soil Dust Identified with the
Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) Absorbing Aerosol Product.
Rev. Geophys. 40, 2–31.
Pyke, D.A., Herrick, J.E., Shaver, P., Pellant, M., 2002. Rangeland health attributes and
indicators for qualitative assessment. J. Range Manage. 55, 584–597.
Raupach, M.R., Gillette, D.A., Leys, J.F., 1993. The effect of roughness elements on wind
erosion threshold. J. Geophys. Res. 98, 3023–3029.
Rodríguez, J.P., Beard Jr., T.D., Bennett, E.M., Cumming, G.S., Cork, S.J., Agard, J.,
Dobson, A.P., Peterson, G.D., 2006. Trade-offs across space, time, and ecosystem
services. Ecol. Soc. 11, 28.

11

Ecological Indicators 110 (2020) 105881

N.P. Webb, et al.
Saleh, A., 1993. Soil surface roughness measurement: chain method. J. Soil Water
Conserv. 48, 527–529.
Sasaki, T., Koyama, A., Okuro, T., 2018. Coupling structural and functional thresholds for
vegetation changes on a Mongolian shrubland. Ecol. Ind. 93, 1264–1275.
Shao, Y., Dong, C.H., 2006. A review on East Asian dust storm climate, modelling and
monitoring. Global Planet. Change 52, 1–22.
Shao, Y., Wyrwoll, K.-H., Chappell, A., Huang, J., Lin, Z., McTainsh, G.H., Mikami, M.,
Tanaka, T.Y., Wang, X., Yoon, S., 2011. Dust cycle: an emerging core theme in Earth
system science. Aeolian Res. 2, 181–204.
Simon, A., Klimetz, L., 2008. Relative magnitudes and sources of sediment in benchmark
watersheds of the Conservation Effects Assessment Project. J. Soil Water Conserv. 63,
504.
Soga, M., Gaston, K.J., 2018. Shifting baseline syndrome: causes, consequences, and
implications. Front. Ecol. Environ. 16, 222–230.
Stoddard, J.L., Larsen, D.P., Hawkins, C.P., Johnson, R.K., Norris, R.H., 2006. Setting
expectations for the ecological conditions of streams: the concept of reference condition. Ecol. Appl. 16, 1267–1276.
Tatarko, J., Wagner, L., Fox, F., 2019. The Wind Erosion Prediction System and its Use in
Conservation Planning. In: O. Wendroth, R.J. Lascano, L. Ma, (Eds.), Bridging Among
Disciplines by Synthesizing Soil and Plant Processes, Advances in Agricultural
Systems Modeling 8, Madison, WI.
Toevs, G.R., Karl, J.W., Taylor, J.T., Spurrier, C.S., Karl, M., Bobo, M.R., Herrick, J.E.,
2011. Consistent indicators and methods and a scalable sample design to meet assessment, inventory, and monitoring information needs across scales. Rangelands 33,
14–20.
Tongway, D., Hindey, N.L., 2004. Landscape Function Analysis: Procedures for
Monitoring and Assessing Landscapes – with Special Reference to Minesites and
Rangelands. CSIRO Sustainable Ecosystems, Canberra p. 80.
UNCCD, 2016. Achieving Land Degradation Neutrality at the Country Level: Building
Blocks for LDN Target Setting. United Nations Convention to Combat Desertification,
p. 32.
UNEP, WMO, UNCD, 2016. Global Assessment of Sand and Dust Storms. United Nations
Environment Programme, Nairobi.
USDA, 2013. Interagency Ecological Site Description handbook for rangelands. United
States Department of Agriculture, Washington DC, USA p. 109.
Vanacker, V., von Blanckenburg, F., Govers, G., Molina, A., Poesen, J., Deckers, J., 2007.
Restoring dense vegetation can slow mountain erosion to near natural benchmark
levels. Geology 35, 303–306.
Wasson, R.J., Nanninga, P.M., 1986. Estimating wind transport of sand on vegetated
surfaces. Earth Surf. Proc. Land. 11, 505–514.
Webb, N.P., McGowan, H.A., 2009. Approaches to modelling land erodibility by wind.
Prog. Phys. Geogr. 33, 587–613.
Webb, N.P., McGowan, H.A., Phinn, S.R., McTainsh, G.H., Leys, J.F., 2009. Simulation of
the spatiotemporal aspects of land erodibility in the northeast Lake Eyre Basin,
Australia, 1980-2006. J. Geophys. Res. 114, F01013 doi: 01010.01029/
02008JF001097, 002009.
Webb, N.P., Strong, C.L., 2011. Soil erodibility dynamics and its representation in wind
erosion and dust emission models. Aeolian Res. 3, 165–180.

Webb, N.P., Herrick, J.E., Duniway, M.C., 2014. Ecological site-based assessments of wind
and water erosion: informing accelerated soil erosion management in rangelands.
Ecol. Appl. 24, 1405–1420.
Webb, N.P., Herrick, J.E., Van Zee, J.W., Courtright, E.M., Hugenholtz, C.H., Zobeck,
T.M., Okin, G.S., Barchyn, T.E., Billings, B.J., Boyd, R., Clingan, S.D., Cooper, B.F.,
Duniway, M.C., Derner, J.D., Fox, F.A., Havstad, K.M., Heilman, P., LaPlante, V.,
Ludwig, N.A., Metz, L.J., Nearing, M.A., Norfleet, M.L., Pierson, F.B., Sanderson,
M.A., Sharratt, B.S., Steiner, J.L., Tatarko, J., Tedela, N.H., Toledo, D., Unnasch, R.S.,
Van Pelt, R.S., Wagner, L., 2016. The National Wind Erosion Research Network
Building a standardized long-term data resource for aeolian research, modeling and
land management. Aeolian Res. 22, 23–36.
Webb, N.P., Marshall, N.A., Stringer, L.C., Reed, M.S., Chappell, A., Herrick, J.E., 2017a.
Land degradation and climate change: building climate resilience in agriculture.
Front. Ecol. Environ. 15, 450–459.
Webb, N.P., Van Zee, J.W., Karl, J.W., Herrick, J.E., Courtright, E.M., Billings, B.J., Boyd,
R., Chappell, A., Duniway, M.C., Derner, J.D., Hand, J.L., Kachergis, E., McCord, S.E.,
Newingham, B.A., Pierson, F.B., Steiner, J.L., Tatarko, J., Tedela, N.H., Toledo, D.,
Van Pelt, R.S., 2017b. Enhancing wind erosion monitoring and assessment for US
rangelands. Rangelands 39, 85–96.
Webb, N.P., Pierre, C., 2018. Quantifying anthropogenic dust emissions. Earth’s Future 6,
286–295.
Webb, N.P., Chappell, A., Edwards, B.L., McCord, S.E., Van Zee, J.W., Cooper, B.F.,
Courtright, E.M., Duniway, M.C., Sharratt, B., Tedela, N., Toledo, D., 2019. Reducing
sampling uncertainty in aeolian research to improve change detection. J. Geophys.
Res. Earth Surf. 124. https://doi.org/10.1029/2019JF005042.
White, P.S., Walker, J.L., 1997. Approximating nature's variation: selecting and using
reference information in restoration ecology. Restor. Ecol. 5, 338–349.
Wiersma, Y.F., 2005. Environmental benchmarks vs. ecological benchmarks for assessment and monitoring in Canada: Is there a difference? Environ. Monit. Assess.
100, 1–9.
WMO, 2015. Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS):
Science and Implementation Plan 2015-2020. Nickovic, S., Cuevas, E., Baldasano, J.,
Terradellas, E., Nakazawa, T., and Baklanov, A. WWRP Report 2015 – 5, World
Meteorological Organization, Geneva p. 37.
Woodruff, N.P., Siddoway, F.H., 1965. A wind erosion equation. Soil Sci. Soc. Am. Proc.
29, 602–608.
Xin, J., Wang, Y., Pan, Y., Ji, D., Liu, Z., Wen, T., Wang, Y., Li, X., Sun, Y., Sun, J., Wang,
P., Wang, G., Wang, X., Cong, Z., Song, T., Hu, B., Wang, L., Tang, G., Gao, W., Guo,
Y., Miao, H., Tian, S., Wang, L., 2015. The campaign on atmospheric aerosol research
network of China, CARE-China. Bull. Am. Meteorol. Soc. 96, 1137–1155.
Zobeck, T.M., 1989. Fast-Vac – a vacuum system to rapidly sample loose granular material. Trans. ASAE 32, 1316–1318.
Zobeck, T.M., 2004. Rapid soil particle size analyses using lazer diffraction. Appl. Eng.
Agric. 20, 633–639.
Zobeck, T.M., Sterk, G., Funk, R., Rajot, J.L., Stout, J.E., Van Pelt, R.S., 2003.
Measurement and data analysis methods for field-scale wind erosion studies and
model validation. Earth Surf. Proc. Land. 28, 1163–1188.

12

