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A B S T R A C T

Despite efforts to quantify the impacts of land cover change on wind erosion, assessment uncertainty remains
large. We address this uncertainty by evaluating the application of ecological site concepts and state-and-
transition models (STMs) for detecting and quantitatively describing the impacts of land cover change on wind
erosion. We apply a dust emission model over a rangeland study area in the northern Chihuahuan Desert, New
Mexico, USA, and evaluate spatiotemporal patterns of modelled horizontal sediment mass flux and dust emission
in the context of ecological sites and their vegetation states; representing a diversity of land cover types. Our
results demonstrate how the impacts of land cover change on dust emission can be quantified, compared across
land cover classes, and interpreted in the context of an ecological model that encapsulates land management
intensity and change. Results also reveal the importance of established weaknesses in the dust model soil
characterisation and drag partition scheme, which appeared generally insensitive to the impacts of land cover
change. New models that address these weaknesses, coupled with ecological site concepts and field measure-
ments across land cover types, could significantly reduce assessment uncertainties and provide opportunities for
identifying land management options.

1. Introduction

Wind erosion of dryland soils is a global problem exacerbated by
land cover change (Lal, 2001). The impacts of land cover change on
wind erosion have been evaluated at regional and global scales using
integrated land surface-atmosphere-dust modelling, which suggests that
human modification of landscapes may contribute< 10–60% of global
wind erosion (e.g., Tegen et al., 2004; Mahowald et al., 2004;
Mahowald et al., 2010). Remote sensing studies appear to support the
case that anthropogenic land cover change (e.g., cropland expansion
into rangelands) accounts for around 25% of wind eroding areas
globally (Prospero et al., 2002; Ginoux et al., 2012). At the field scale,
research targeting the impacts of land use and land management
practices on land cover change has revealed more about the nature of
wind erosion responses to cropland and rangeland management (e.g.,
Webb et al., 2009; Aubault et al., 2015; Pierre et al., 2015, Pierre et al.,
2017) and the impacts of landscape-scale ecological change (Floyd and
Gill, 2011; Webb et al., 2014a). However, our ability to assess the im-
pacts of land cover change on wind erosion remains limited by the
capabilities of assessment models (Raupach and Lu, 2004; Li et al.,

2014) and by the precision of land cover classifications used to evaluate
change at broad spatial scales. Identifying land management strategies
to mitigate soil degradation and build resilient agricultural systems
requires that the impacts of land cover change on wind erosion can be
accurately resolved (Zobeck et al., 2013; Webb et al., 2017). To im-
prove assessment capabilities, research is needed to investigate the
utility of different land classification systems and models for detecting
dust emission responses to land cover change.

Land cover is defined as the (bio)physical cover of the Earth’s sur-
face (Di Gregorio and Jansen, 2005). Land cover classifications have
provided a means for delineating areas, for example grasslands and
shrublands, that have different surface roughness/aerodynamic char-
acteristics and therefore susceptibilities to wind erosion (Cowie et al.,
2013). Land cover has been used synonymously with land use, which
describes the arrangement of human activities at the Earth’s surface,
and to assess anthropogenic influences on wind erosion (Ginoux et al.,
2012). However, neither land use or land cover classifications used at
regional and global scales (e.g., Friedl et al., 2010) contain sufficient
information to identify how and why the wind erodibility of landscapes
has changed. Increasing the level of detail in information used to
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interpret dust emission dynamics, and identifying models with suffi-
cient precision to represent these dynamics, will be critical for under-
standing the relationship between land cover change and wind erosion
and for finding management options.

Ecological models of landscape change have potential to increase
the precision of dust emission assessments across land cover types and
the evaluation of accelerated and anthropogenic wind erosion (Webb
and Pierre, 2018). In the United States, ecological sites have been
adopted by resource management agencies including the Bureau of
Land Management (BLM) and the Natural Resources Conservation
Service (NRCS) to provide a framework for classifying landscapes and
landscape responses to natural (e.g., climate variability) and anthro-
pogenic (e.g., management) drivers of change. Ecological sites are de-
fined as “distinctive kinds of land with specific soil and physical char-
acteristics that differ from other kinds of land in their ability to produce
distinctive kinds and amounts of vegetation and their ability to respond
similarly to management actions and natural disturbances” (USDA,
2013). State-and-transition models (STM) are used to depict and orga-
nise information about the ecological dynamics of ecological sites (e.g.,
Bestelmeyer et al., 2009). STMs enable integration of quantitative and
qualitative information about the causes and nature of land cover
change (Fig. 1), including the biophysical and biogeochemical inter-
actions between drivers and responses, such as wind erosion (Okin
et al., 2006). Connections between ecological sites, their ecological
dynamics and wind erosion have previously been explored at the plot
scale (e.g., Bergametti and Gillette, 2010; Webb et al., 2014a). Recent
research has incorporated hydrologic data and estimates of water ero-
sion into STMs to inform rangeland management (Polyakov et al., 2016;
Williams et al., 2016). Integrating landscape-scale aeolian process re-
sponses into STMs is now required to examine the applicability of the

ecological framework, coupled with the assessment power of available
dust emission models, to improve understanding of the impacts of land
cover change on wind erosion and identify management-relevant
knowledge gaps.

The objective of this research was to evaluate the application of
ecological site concepts and a spatial dust emission model to detect and
describe the impacts of land cover change on wind erosion. We con-
ducted the research by applying a state-of-the-art dust model (Shao,
2004), run offline with the Weather Research and Forecasting (WRF)
model, with a land surface database representing soil properties and
ecological sites across the southern Jornada Basin in the Chihuahuan
Desert, New Mexico, USA. We evaluated model estimates of horizontal
sediment mass flux and dust emission (2012–2015) in the context of
historical field measurements across five ecological sites and their ve-
getation states (plant communities and soil surface conditions that
control feedback mechanisms and ecological processes (Bestelmeyer
et al., 2010)) to identify the magnitude of dust emission responses to
land cover change, and how both the assessment framework and models
can be improved to better assess land cover change impacts on wind
erosion.

2. Materials and methods

2.1. Study area

The study area encompasses the Jornada Experimental Range, a
78,413 ha US Department of Agriculture (USDA) Agricultural Research
Service (ARS) research station in the Chihuahuan Desert of southern
New Mexico, USA, and additional field plots located in the adjacent
Chihuahuan Desert Rangeland Research Center that is managed by New
Mexico State University. The study area has a history of long-term re-
search into the biophysical, management and climatic drivers of eco-
logical (including land cover) change and its feedbacks with wind
erosion (Havstad et al., 2006). Land cover change within the Jornada
Basin has been extensive since the 1880s, following a pattern of shrub
encroachment and grassland-shrubland conversion typical of the
northern Chihuahuan Desert (Peters et al., 2006). The area has a history
of livestock grazing, predominantly by cattle, which has been identified
with drought as a driver of regional land cover change (Bestelmeyer
et al., 2013). The basin therefore provides an ideal setting for evalu-
ating the impacts of land cover change on wind erosion at scales
bridging the gap between field measurements (e.g., Webb et al., 2014a)
and regional modelling studies (e.g., Mahowald et al., 2010). The study
area is dominated by six ecological sites: Loamy, Clayey, Gravelly,
Sandy, Shallow Sandy, and Deep Sand, with the sandy sites differ-
entiated by soil depth to a petrocalcic horizon (Shallow Sandy at
20–50 cm) and/or textural change (Sandy at 50–75 cm; Deep Sand
at> 50 cm). Table 1 reports the total area covered by each ecological
site within the study area and defines their vegetation states. Fig. 2
illustrates the spatial distribution of the ecological sites and modelling
domain within the Jornada Experimental Range. The study area has an
arid to semi-arid climate, with long-term (90-year) mean annual tem-
perature of 15 °C (Wainwright, 2006). Mean annual precipitation
(1915–2014) for the study area was 250mm (coefficient of variation
35%), with 60% falling in the summer months from June through
September.

2.2. Model description

2.2.1. Dust model
Wind erosion and dust emission were estimated using the Shao

(2004) dust model run offline using atmospheric and land surface (i.e.,
soil moisture) data from the Weather Research and Forecasting (WRF)
model, and a GIS database representing static soil properties and eco-
logical sites. Similar and online applications of the dust model are re-
ported by Shao et al. (2007), while Darmenova et al. (2009) provide a

Fig. 1. Generalized state-and-transition model (STM) for an ecological site illustrating
relationship of land cover change between vegetation states (1–7) with management
intensity, and risk of accelerated wind erosion (modified after Ash et al., 1994). Transi-
tions between vegetation states, for example from native perennial and annual grasses
(State 2) to a shrub-invaded state (State 5) or shrub-dominated state (State 7), often entail
changes in ground cover, distribution of exposed soil surfaces, and the aerodynamic
roughness of a site. These changes can result in increased wind friction velocities at the
soil surface, increased sediment transport rates, and the local redistribution and off-site
transport of soil and nutrients. Positive biogeochemical and hydrological feedbacks be-
tween aeolian and fluvial processes may further enhance ecological change (Ravi et al.,
2010).
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detailed model description. Here we provide an overview.
The model represents the horizontal sediment mass flux, Q

(g m−1 s−1) and dust emission, F (g m−2 s−1) as a function of the wind
friction velocity (u∗) and the land surface threshold friction velocity
(u∗t):

=∗
∗u d λ w u d
R λ

H w( , , ) ( )
( )

( ),t s
ts s

(1)

where u∗ts(ds) is the bare soil threshold friction velocity for entrain-
ment, estimated as a function of soil particle diameter (ds) following
Shao and Lu (2000):
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for which ρa is the air density (g m−3), ρp is the soil particle density (g
m−3), g is the acceleration of gravity (m s−2), AN is a scaling coefficient,
and Γ describes the cohesive force between soil particles
(1.65×10−4 kg s−2). R(λ) is a correction for the drag partition and a
function of the lateral cover (λ) of surface roughness following Raupach
et al. (1993):
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where βr is the ratio of the drag coefficient for isolated roughness ele-
ments to the drag coefficient for the surface, σr is the basal-to-frontal
area ratio of the roughness elements, and m is a scaling parameter to
account for the nonuniformity in surface shear stress due to hetero-
geneous roughness. H(w) is a correction for the soil moisture content
following Fécan et al. (1999). The size-resolved horizontal sediment

mass flux Qh is calculated using the Owen (1964) model, applied for
each given ds:
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where c0 is a dimensionless coefficient (0.0123). The total horizontal
sediment mass flux Q (g m−1 s−1) is then given by the weighted integral
of the horizontal sediment mass flux Qh, assuming that the relative
contribution of each particle size to the total horizontal mass flux is
proportional to the relative area covered by the particle size at the soil
surface (Darmenova et al., 2009):
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where d1 and d2 define the size range of particles transported in
saltation, and p(ds) is the soil particle size distribution. Dust emission, F
is considered a result of saltation bombardment and aggregate disin-
tegration (auto-abrasion), with the mechanisms dependent on the
horizontal sediment mass flux Qh (Shao, 2004). F is calculated for a
range of soil particle diameters as:
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where ∼F d d( , )i s is the dust emission rate for the ith dust bin with size di
produced by saltation of particles of size ds. The parameter cy is a di-
mensionless coefficient of the order 1× 10−5 to 5×10−5 (Shao,
2004), ηfi is the mass fraction of dust in the parent soil for the ith
particle size, and γ is a function following:

Table 1
Summary of the six ecological sites within the Jornada Experimental Range and characteristic species of the respective vegetation states. The Gravelly ecological site was not included in
the model analysis due to its high surface rock cover (Section 2.2.2).

Ecological Site

Sandy Shallow Sandy Deep Sand Loamy Clayey Gravelly

Area (ha) 26,304 2989 6376 19,628 1394 21,720
Surface Soil Textures† FSL, SL, LFS SL, LS, GFSL LFS, LS, S SCL, L, SCL GCL, C, SCL GL, VGL, VGSL
Vegetation State Characteristic species♯

Grassland (GR) Black grama
Dropseeds
Snakeweed
Soaptree yucca

Black grama
Dropseeds
Threeawn
Soaptree yucca

– Black grama
Tobosa

Tobosa
Burrograss

–

Altered Grassland (AG) Threeawn
Dropseeds
Black grama

Threeawn
Dropseeds
Black grama

– Burrograss
Tobosa
Threeawn

Burrograss
Tobosa

–

Shrub/Tree Savanna (SS) – – Dropseeds
Black grama
Bush muhly

– – Bush muhly
Black grama
Creosotebush

Shrub/Tree Invaded (SI) Black grama
Honey mesquite

Black grama
Honey mesquite

– Tobosa
Black grama
Threeawn
Honey mesquite
Tarbush

Tobosa
Honey mesquite
Burrograss
Tarbush
Creosotebush

–

Shrub/Tree Dominated (SD) – – Broom dalea
Sand sage

Tarbush
Honey mesquite
Tobosa
Burrograss

– Creosotebush
Bush muhly
Black grama

Shrubland/Woodland (SW) Honey mesquite
Dropseed

Honey mesquite
Dropseed

Honey mesquite
Broom dalea

– Tarbush
Creosotebush

Creosotebush

Bare Annuals (BA) – – – Bare Non-vegetated –

Note: summaries based on Ecological Site Descriptions for Major Land Resource Area (MLRA) 42, New Mexico, for the Sandy (XB012), Shallow Sandy (XB015), Deep Sand (XB011),
Loamy (XB014), Clayey (XB023), Gravelly (XB010) ecological sites. Full site descriptions are available through the NRCS Ecological Site Information System (https://esis.sc.egov.usda.
gov/Default.aspx). The SW state occurs within SD for the Loamy ESD.
† Soil textures: fine sandy loam (FSL), sandy loam (SL), loamy fine sand (LFS), loamy sand (LS), gravelly fine sandy loam (GFSL), sand (S), gravelly clay loam (GCL), clay (C), sandy clay
loam (SCL), gravelly loam (GL), very gravelly loam (VGL), very gravelly Sandy Loam (VGSL).
♯ Species: black grama (Bouteloua eriopoda (Torr.) Torr.), dropseed (Sporobolus R. Br.), snakeweed (Gutierrezia sarothrae (Pursh) Britton & Rusby), soaptree yucca (Yucca elata (Engelm.)
Engelm.), threeawn (Aristida L.), honey mesquite (Prosopis glandulosa Torr.), bush muhly (Muhlenbergia porteri Scribn. ex Beal), broom dalea (Psorothamnus scoparius (A. Gray) Rydb.), sand
sage (Artemisia filifolia Torr.), tobosa (Pleuraphis mutica Buckley), tarbush (Flourensia cernua DC.), creosotebush (Larrea tridentata (DC.) Coville).
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and σp= pm(ds)/pf(ds), where pm(ds) and pf(ds) are minimally and fully
dispersed soil particle size distributions (McTainsh et al., 1997). The
bombardment efficiency of saltating grains/aggregates is represented
as:
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where ρb is the soil bulk density (∼1000 kgm−3) and p is the soil
plastic pressure (Pa) (Shao, 2004). The dust emission rate for the ith
dust particle size is calculated as:
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where d1 and d2 define the size range of particles transported in sus-
pension. Total dust emission is then given by:
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2.2.2. Model implementation
The simulation area (1435 km2) contained the Jornada

Experimental Range (Fig. 2). The WRF model was used to produce the

dust model input data, including wind friction velocity u∗ (m s−1) and
volumetric soil moisture content at 0–10 cm depth (m3m−3) converted
to gravimetric content through division by the soil bulk density. North
American Mesoscale Forecast System (NAM) data were used to define
WRF boundary conditions and initialise the model simulations which
were run at a 6-h temporal resolution. These data were acquired from
the National Oceanic and Atmospheric Administration (NOAA) Na-
tional Operational Archives and Distribution System (NOMADS; http://
nomads.ncdc.noaa.gov). WRF was run using three domains (Fig. 2) with
one-way nesting and the domains having 9 km, 3 km and 1 km hor-
izontal resolutions and 40 vertical levels. The Noah land surface model
(Chen et al., 1996), YSU boundary layer scheme (Hong et al., 2006),
RRTM longwave radiation scheme (Mlawer et al., 1997), Dudhia
shortwave radiation scheme (Dudhia, 1989) and Kain-Fritsch con-
vective parameterisation (Kain, 2003) were used for the simulations.
Data from the inner domain were used offline to drive the dust model in
a simulation period from January 2012 to August 2015.

Non-erodible areas in the modelling domain were initially masked
on the basis of topography (slope 5–30%) and surface rock cover
(15–45%). Total horizontal sediment mass fluxes (Q) and dust emission
(F) were only computed for the erodible land areas. The threshold
friction velocity (u∗t) for erodible areas was calculated following Eq.
(1). Lateral cover (λ) data, required as input to the drag partition, were
derived from Moderate Resolution Imaging Spectroradiometer (MODIS)
MOD13Q1 Version 6 Normalized Difference Vegetation Index (NDVI)

Fig. 2. Study area map showing the location of the Jornada Experimental Range in southern New Mexico, USA, and three WRF model domains (inset). Ecological sites considered in this
study are mapped along with the WRF model grid, the network of 24 rain gauges, and 15 Long-Term Ecological Research (LTER) Network monitoring sites used to determine historical
(1999–2004) patterns of horizontal sediment mass flux.

M.S. Galloza et al. Aeolian Research 32 (2018) 141–153

144



data following Shao (2008). The 16-day composite NDVI images (250m
resolution) were resampled to the 1 km WRF model resolution. The
vegetation cover fraction ac was then calculated from the NDVI fol-
lowing:

= − +a x22.5 150c (11)

where x is the 16-day composite NDVI value, then converted to λ with
the empirical relation:

= −λ c ln a(1 )λ c (12)

where cλ is a coefficient with value 0.35 established by Shao et al.
(1996). This approach to establishing ac and λ from NDVI has the ob-
vious limitation of underestimating surface roughness for non-photo-
synthetic vegetation (that has small NDVI), in addition to being in-
sensitive to the height, shape and spatial configuration of vegetation
that characterise differences in roughness among land cover types
(Chappell et al., 2017). In the absence of a more sensitive measure of λ,
we followed previous applications of the dust model in using the ac→ λ
relation (e.g., Shao et al., 2007).

A geodatabase defining ecological sites for the Jornada
Experimental Range was used to delimit surface (0–10 cm) soil textures
according to the USDA soil texture classification (Soil Survey Division
Staff, 1993), and the ecological sites and vegetation states. The ecolo-
gical sites and vegetation states (Table 1) were identified by inter-
pretation of high-resolution (< 1m) aerial and satellite remote sensing
imagery combined with the existing NRCS Soil Survey and field ob-
servations, as described by Steele et al. (2012). Following Shao et al.
(2007), soil particle size distributions (PSDs) determined by McTainsh
et al. (1997) were selected as being representative of each USDA soil
texture class and were used to calculate u∗t and the total horizontal
sediment mass flux (Q) and dust emission (F). All atmospheric and land
surface data were ingested into the dust model at a 1 km spatial re-
solution.

2.2.3. Model limitations
The Shao (2004) dust model was selected for this application as it

provides arguably the highest fidelity representation of land surface
erodibility included in regional dust models (Darmenova et al., 2009).
However, as described and implemented, the dust model has known
limitations that reduce its sensitivity to land cover change and were
foreseen to impact our ability to assess the application of ecological site
concepts to interpret patterns of wind erosion. These limitations relate
to: (1) the model approximation of u∗ts (Eq. (2)) omits the effects of
physical and biological soil crusting on bed hardness and the supply of
loose erodible material, which often change in response to land man-
agement and land cover change (Ravi et al., 2010; Okin et al., 2015);
and (2) the Raupach et al. (1993) drag partition scheme (Eq. (3)) and its
NDVI-derived inputs (Eqs. (10) and (11)) are insensitive to the spatial
configuration of vegetation that varies among ecological sites and their
vegetation states (Li et al., 2013; Webb et al., 2014b). The implications
for our simulations were that patterns of modelled sediment mass fluxes
were likely to be driven more by the photosynthetic cover of vegetation
and availability of fines within the input soil PSDs, and the dust model
sensitivity to the soil PSDs, than the landscape features distinguishing
the land cover types (Table 1). Drag partition schemes that explicitly
represent the effects of vegetation spatial distribution on sediment
transport rates (e.g., Okin, 2008) would likely have been more sensitive
to the effects of land cover change than the Shao (2004) model, but
required spatial data describing vegetation canopy gap size distribu-
tions were not available for the entire study area. The limitations of the
Shao (2004) model are common among dust emission models and
provide an important challenge for any dust model application to assess
land cover change-wind erosion interactions.

2.3. Historical field measurements

The Jornada Basin is a Long-Term Ecological Research (LTER)
Network site with a history of aeolian process studies across different
land cover types (e.g., Gillette and Chen, 2001; King et al., 2006;
Bergametti and Gillette, 2010; Gillies et al., 2014). We used measure-
ments of precipitation and horizontal sediment mass flux acquired as
part of LTER monitoring to provide context and a means for inter-
preting spatiotemporal patterns of modelled Q and F and the utility of
ecological sites for assessing wind erosion (Section 2.2). Precipitation
data were sampled from a network of 24 tipping bucket rain gauges
(Texas Instruments model TE525) distributed across the study area
(Fig. 2), and used to calculate spatially-averaged total precipitation for
each ecological site (January 2012 – August 2015).

Measurements of vertically-integrated horizontal sediment mass
flux (comparable with modelled Q) were obtained from the LTER data
reported by Bergametti and Gillette (2010). Big Spring Number Eight
(BSNE) sediment sampler masts, sampling at 5, 10, 20, 50 and 100 cm
above the soil surface, were used to measure a single sediment mass
flux profile over 3-month sampling intervals at each of 15 LTER mon-
itoring locations distributed across the Sandy, Loamy, Clayey and
Gravelly ecological sites (Fig. 2). The historical BSNE data cover the
period January 1999 to December 2004. Whilst the measurement
period is outside our model simulation period, the BSNE data provide
the only available picture of the relative magnitude of Q that may be
expected from the ecological sites and across the study area. Bergametti
and Gillette (2010), and Floyd and Gill (2011), report on previous
analyses of these data.

3. Results and discussion

3.1. Spatial and temporal patterns of wind erosion

Fig. 3 reports model estimates of the seasonal total horizontal se-
diment mass flux Q for the study area. Model estimates of Q were lar-
gest in the northeast and southeast, and within a band extending from
the southeast to northwest across the study area. The regions are bound
to the east by Gravelly ecological sites and San Andres Mountains,
classified here as non-erodible due to their surface rock cover and
slopes, and to the west by a large sand sheet that extends across the
study area from the Rio Grande valley to the west of the Jornada Basin.
The south-western side of the study area, within the sand sheet (Fig. 2),
had consistently smaller modelled Q. Spatial patterns of modelled dust
emission (F) appear more pronounced than for Q, with emissions ori-
ginating largely within the south-eastern corner and a southeast-to-
northwest band across the study area (Fig. 4). In contrast with the es-
timates of Q (Fig. 3), dust emissions were consistently small in both the
northeast and southwest corners of the study area on the Sandy, Deep
Sand and Shallow Sandy ecological sites.

Fig. 3 and Fig. 4 reveal a seasonal pattern in modelled Q and F.
Modelled horizontal sediment mass flux and dust emission reached a
maximum during the spring and summer months (March to August) in
each year of the simulations (Fig. 5). The Sandy and Loamy ecological
sites produced the largest total modelled Q and F and strongest sea-
sonality, while these ecological sites also occupy the largest areas
considered erodible in the model (Table 1). The Sandy and Loamy
ecological sites contributed 43% and 40% of the total modelled Q, and
32% and 54% of the total modelled F, respectively for the study area
over the study period (2012–2015). The Deep Sand, Shallow Sandy and
Clayey ecological sites contributed 11%, 4% and 2% of the total mod-
elled Q, and 8%, 3%, and 3% of the total modelled F, respectively.

Seasonality in modelled Q followed an expected pattern relative to
seasonal variability in wind erosivity (u∗), precipitation, and ground
cover (Fig. 6). The pattern of large Q coinciding with the spring and
early summer (March to June) periods of high wind speeds, a lack of
precipitation, and low estimated vegetation cover (ac) reflects the
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response of the dust model to seasonal changes in its dynamic weather
and vegetation inputs. We note that the MODIS NDVI-derived estimates
of ac during winter and spring (December to May) are likely smaller
than in the field, where standing non-photosynthetic biomass, e.g.,
deciduous mesquite (Prosopis glandulosa Torr.) shrubs and senescent
perennial grasses (e.g. Black grama; Bouteloua eriopoda Torr.), that
produce small NDVI values still provide substantial protective ground
cover (Browning et al., 2017). The seasonal pattern of Q reaching a
maximum during spring and a minimum during autumn and winter is
consistent with the seasonality of sediment mass flux observed in field
measurements across the study area (Bergametti and Gillette, 2010;
Floyd and Gill, 2011; Webb et al., 2016).

3.2. Ecological site and state effects

Fig. 7 shows the probability density of modelled Q for the ecological
sites and vegetation states over spring and summer (March to August)

of 2012–2015, corresponding with the local duration of maximum wind
erosion activity (Fig. 5). All the ecological sites had a consistently large
spatial variability (range) of modelled Q across the study years. Mod-
elled Q tended to be smaller for the Shallow Sandy ecological site than
for the other sites. Our results show that modelled Q for grassland (GR)
vegetation states in the Deep Sand and Shallow Sandy ecological sites
tended to be smaller than for the other vegetation states, while mod-
elled Q for the shrub invaded (SI), shrub/savanna (SS) and shrub/
woodland (SW) states tended to be larger. Modelled Q tended to be
smaller for areas in the SW state in the Loamy ecological site, but very
similar for areas in both the GR and SI states in that ecological site.
Areas classified as bare ground (BA) in the Clayey ecological site tended
to produce larger modelled Q than altered grasslands (AG) and grass-
land (GR) areas respectively.

Fig. 8 reports the probability density of modelled dust mass flux F
for the ecological sites and vegetation states over spring and summer
(March to August) of 2012–2015. Our results show generally smallest

Fig. 3. Modelled seasonal total horizontal sediment mass flux, Q (gm−1 season−1) for the study area and analysis period January 2012 through August 2015. Note December 2011 is not
included in the winter 2012 map.
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modelled F for areas classified as mesquite dominated shrub/woodland
(SW) in the Deep Sand, Sandy and Shallow Sandy ecological sites.
Modelled F was slightly larger for areas classified as bare ground (BA)
and altered grassland (AG) in the Clayey and Loamy ecological sites,
and smaller for grassland (GR) areas in the Clayey, Loamy and Sandy
ecological sites, but the differences in modelled F among these and the
shrub invaded (SI) and shrub dominated (SD) vegetation states in the
Sandy and Deep Sand ecological sites appeared small. Overall, we found
considerable overlap in the distribution of modelled Q and F among the
ecological sites and vegetation states. Interpreted with the modelled
spatial patterns of sediment transport (Figs. 3 and 4), our results suggest
that the Shao (2004) dust model detected some small differences in
sediment transport among the land cover types; but was generally in-
sensitive to the very different vegetation structural characteristics of the
states (Table 1; Webb et al., 2014a), and the nature of the differences in
Q and F (relatively larger or smaller among ecological sites) were likely

affected by a lack of model control over sediment availability for
transport provided by soil crusting.

3.3. Comparison of measured and modelled wind erosion

Field measurements of horizontal sediment mass flux (1999–2004)
reveal a different spatial pattern of aeolian sediment transport in the
Jornada Basin to that indicated by the dust model. Mesquite-dominated
shrublands (SD) on Sandy ecological sites have significantly larger
(order-of-magnitude) measured Q than grasslands (GR) on the same
ecological site, or grasslands and shrublands on the Loamy and Gravelly
ecological sites (Table 2). Large horizontal sediment mass fluxes in
shrub-dominated areas of the Sandy ecological site have been attrib-
uted, on the basis of the field measurements and observations, to: (i) the
distribution of mesquite shrubs facilitating wind erosion due to large
interspaces between plant canopies that allow for large wind friction

Fig. 4. Modelled seasonal total dust mass flux, F (g m−2 season−1) for the study area and analysis period January 2012 through August 2015. Note December 2011 is not included in the
winter 2012 map.
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velocities (u∗) at the soil surface (Gillette et al., 2006) and not re-
presented by the Raupach et al. (1993) drag partition (Eq. (3)); and (ii)
a supply of loose, erodible sediment that can saltate and potentially
release fine dust particles to the atmosphere by abrasion (Bergametti
and Gillette, 2010). While the Loamy and Clayey ecological sites in the
Jornada Basin have fine textured soils and relatively sparse vegetation
cover (Fig. 6), and so larger dust emission potential in the Shao (2004)
dust model, strong physical and biological soil crusts in the field protect
these surfaces and restrict both saltation and dust emission (Webb et al.,
2016). As identified in Section 2.2.3, these soil surface conditions were
not represented in the dust model and affect the model response to
differences among land cover types. Following the field measurements,
one would expect to see a spatial pattern of Q and F somewhat inverse
of the modelled pattern in Fig. 3, with largest observed Q occurring

across the northern and north-eastern regions of the study area in the
Sandy, Deep Sand and Shallow Sandy ecological sites. That these re-
gions are covered by extensive nebkha dunefields is an indicator of this
active sediment transport (Gillies et al., 2014).

While spatial patterns of modelled F appear different to the field
measurements of sediment flux, the Loamy and Clayey ecological sites
can be dust sources. Floyd and Gill (2011) found that, while the largest
horizontal sediment mass fluxes have been measured on shrub-domi-
nated Sandy ecological sites, playas and tarbush (Flourensia cernua DC.)
shrublands on the Loamy ecological site can emit a relatively larger
proportion of fine dust particles per mass unit of sediment transport.
Aeolian sediment samples collected from these sites (also presented by
Bergametti and Gillette, 2010) have ∼45% dust-size (≤50 μm) parti-
cles transported below 10 cm height above the soil surface, as opposed

Fig. 5. Modelled monthly total horizontal sediment mass flux (gm−1 month−1) and monthly total dust mass flux (mgm−2 month−1) for the five studied ecological sites.
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to> 80% sand-sized (> 50 μm) particles collected in saltation below
20 cm height for Sandy ecological sites (Floyd and Gill, 2011). How-
ever, in general, dust emissions from Loamy ecological sites within the
Jornada Basin also tend to be limited by surface crusting and smaller
horizontal sediment transport rates (Table 2) that could generate dust
through saltation bombardment and aggregate disintegration.

3.4. Implications for evaluating wind erosion impacts of land cover change

Detecting and quantitatively describing the impacts of land cover
change on wind erosion still faces some important challenges.
Ecological frameworks for classifying landscapes and describing land-
scape change have potential to overcome the difficulty of resolving the
drivers of land cover change encountered using coarse spatial resolu-
tion and low precision land cover classifications (Webb and Pierre,
2018). Application of the ecological site framework for interpreting
modelled wind erosion enabled us to explore spatial and temporal
patterns of Q and F across a range of soil-vegetation complexes that are
characteristic of the northern Chihuahuan Desert and reflect a history of
climate- and management-induced land cover change. However, our
results also show that dust models used to assess impacts of land cover
change must be sensitive enough to accurately represent measured
magnitudes and spatial patterns of sediment transport. Limitations of

the Shao (2004) dust model identified in Section 2.2.3 impacted our
ability to evaluate the true nature of wind erosion responses to land
cover change.

Assuming future research can address the dust model limitations,
Fig. 9 demonstrates how modelled Q and F and their variability could
be associated with ecological site information in an STM. At a basic
level, this association enables direct comparison of land cover impacts
on wind erosion – among ecological sites and vegetation states (e.g.,
Figs. 7 and 8). At a more sophisticated level, associating wind erosion
rates with ecological sites and STMs could enable anthropogenic in-
fluences on land cover change and wind erosion to be assessed. Such
information will be critical for quantifying the magnitude and direction
of land use and land management impacts on wind erosion. Anthro-
pogenic activities such as livestock grazing of rangelands or cultivation
of croplands will impact rates of wind erosion and dust emission when
management activities perturb the erodibility of landscapes outside
their natural range of variability relative to current climatic conditions
(Webb et al., 2014a). This perturbation may be considered in the form
of a vegetation state change (e.g. grassland to shrubland), or due to
changes in ground cover and soil erodibility within a vegetation state
(Fig. 9). The STM framework therefore enables consideration of cli-
mate, land management, ecological change and wind erosion responses
together in a way that links the drivers of land cover change directly to

Fig. 6. Modelled monthly areal mean horizontal sediment mass flux, Q (g m−1 month−1), total wind friction velocity, u* (m s−1), measured total precipitation (mm), and MODIS-derived
mean fractional vegetation cover, ac.
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biotic and abiotic (e.g., aeolian sediment transport) responses.
Land management information can be included in STMs through

narratives describing drivers and vegetation responses (e.g., Fig. 9).
Management information can also be incorporated through modelling
or measurements that relate management intensity, such as stocking
rates and forage utilisation, to changes in ground cover and wind ero-
sion (e.g., Aubault et al., 2015) and the dynamics of state transitions
(D’Odorico et al., 2012) . While the focus of our research has been on
rangelands, ecological site concepts and STMs can be applied in a

similar way to croplands (Wills et al., 2016) and to assess the impacts of
rangeland-cropland transitions. Such data, and tools to interpret them
(e.g., Bestelmeyer et al., 2016), will enable regionalized assessments of
the impacts of land cover change on wind erosion and in theory more
accurate quantification. Realising this analysis potential will be con-
tingent upon the development of dust models that are sensitive to ve-
getation and soil surface responses to land management and land cover
change.

To address the dust model limitations, advances in drag partition

Fig. 7. Probability density plots of modelled seasonal (March-August) total horizontal sediment mass flux, Q (g m−1 season−1) for the five ecological sites: Clayey (CL), Deep Sand (DS),
Loamy (LO), Sandy (SA), and Shallow Sandy (SS); and vegetation states (see text and Table 1 for description).

Fig. 8. Probability density plots of modelled seasonal (March-August) total dust mass flux, F (mgm−2 season−1) for the five ecological sites: Clayey (CL), Deep Sand (DS), Loamy (LO),
Sandy (SA), and Shallow Sandy (SS); and vegetation states (see text and Table 1 for description).
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theory (Okin, 2008) and remote sensing of soil (Chappell et al., 2010)
and vegetation properties (Okin et al., 2013; Chappell and Webb, 2016)
provide opportunities for increasing the sensitivity of wind erosion
models to land cover change. Coupled with the increased precision
provided by ecological site concepts and STMs, these advances should
enable uncertainty in assessments of land cover change and wind ero-
sion to be reduced. At the national scale, increasingly available alter-
native data sources to drive model applications, e.g., generated by long-
term monitoring programs like the NRCS’s National Resources In-
ventory (NRI; Goebel, 1998; Herrick et al., 2010) and the Bureau of
Land Management’s Assessment, Inventory and Monitoring (AIM)
Strategy (Toevs et al., 2011), will provide additional opportunities to
advance both assessment frameworks and our understanding of the

impacts of land cover change on wind erosion.

4. Conclusions

Land cover change, driven by changing patterns of land use and
land management intensity, have potentially large impacts on global
rates of wind erosion. Detecting and quantifying the impacts of land
cover change on wind erosion requires information about spatial pat-
terns of land cover, linked with information about the types and in-
tensities of associated land management. Our research has explored the
utility of ecological site concepts and state-and-transition models
(STMs) for connecting land cover and wind erosion information within
a single assessment framework. This framework can utilize both
quantitative (e.g., measured, modelled) or qualitative (e.g., narrative)
information on the drivers and responses of land cover to climate
variability and land management and, therefore, the mechanisms con-
trolling wind erosion responses to land cover change. The approach has
significant potential to improve the precision of land cover-wind ero-
sion assessments, contingent upon the sensitivity of analysis models.

Our research has shown that improvements to dust emission models
and their input data are needed to resolve the impacts of land cover
change. Implementing drag partition schemes in models that can ac-
count for changes in vegetation spatial distributions and soil roughness
across land cover types (e.g., Okin, 2008; Chappell and Webb, 2016),
along with input data that represent the roughness patterns, will in-
crease the sensitivity of models to land cover change. Developing new
approaches and models that account for dynamic soil surface influences
on soil erodibility (u∗t), soil surface disturbance, and erodible sediment
supply is an ongoing challenge for aeolian research, but one that could
provide substantial improvements in assessment capabilities. Without
these developments, dust model uncertainties are likely to remain large
and our capacity to assess the impacts and feedbacks of land cover
change and wind erosion will be limited. New models and their

Table 2
Summary of measured mean horizontal sediment mass flux, Q (g cm−1 d−1) for the 15
Long-Term Ecological Research (LTER) Network monitoring sites in the study area (after
Bergametti and Gillette, 2010).

Location 1999 2000 2001 2002 2003 2004 Mean Std CV (%)

C-CALI 0.24 0.20 0.18 0.33 0.34 0.15 0.24 0.08 33
C-GRAV 0.12 0.28 0.14 0.29 0.32 0.11 0.21 0.10 45
C-SAND 0.41 0.26 0.22 0.30 0.46 0.26 0.32 0.09 30
G-BASN 0.16 0.11 0.14 0.28 0.26 0.12 0.18 0.07 42
G-IBPE 0.23 0.20 0.29 0.38 0.48 0.25 0.30 0.10 35
G-SUMM 0.13 0.20 0.19 0.27 0.52 0.17 0.25 0.14 57
M-NORT 14.19 10.64 4.50 10.31 7.59 – 9.46 3.62 38
M-RABB 9.51 8.05 – – – 2.30 6.62 3.81 58
M-WELL 2.02 1.33 – – – 0.52 1.29 0.75 58
P-COLL 0.30 0.17 0.23 0.34 0.44 0.13 0.27 0.11 43
P-SMAL 0.17 0.39 0.10 0.42 – – 0.27 0.16 60
P-TOBO 0.10 0.08 0.15 0.32 0.22 0.15 0.17 0.09 51
T-EAST 0.17 0.22 0.13 0.32 0.41 0.22 0.25 0.10 42
T-TAYL 0.16 0.17 0.15 0.34 0.35 0.20 0.23 0.09 41
T-WEST 0.13 0.15 0.19 0.29 0.46 0.19 0.23 0.13 60

Fig. 9. State-and-transition model for the Loamy ecological site within the Jornada Experimental Range (after Bestelmeyer et al., 2004), including model estimates of the mean, standard
deviation (Std. Dev.) and coefficient of variation (CV%) of seasonal (March-August) total horizontal sediment mass flux, Q (g m−1 season−1) and dust emission, F (mgm−1 season−1).
Despite the differences in land cover among the vegetation states, the model was unable to resolve significant differences in wind erosion.
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applications should be supported by field measurements that enable the
mechanisms of land cover change to be tested within the context of
ecological sites and STMs, and account for the large spatial variability
in aeolian sediment transport to improve change detection.
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