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1 | INTRODUCTION

| Junran Li?® | Joel B. Sankey®

Abstract

Aeolian processes are important drivers of ecosystem dynamics in drylands, and
important feedbacks exist among aeolian—hydrological processes and vegetation.
The trapping of wind-borne sediments by vegetation canopies may result in changes
in soil properties beneath the vegetation, which, in turn, can alter hydrological and
biogeochemical processes. Despite the relevance of aeolian transport to ecosystem
dynamics, the interactions between aeolian transport and vegetation in shaping dry-
land landscapes where sediment distribution is altered by relatively rapid changes in
vegetation composition such as shrub encroachment, are not well understood. Here,
we used a computational fluid dynamics modelling framework to investigate the sed-
iment trapping efficiencies of vegetation canopies commonly found in a shrub-grass
ecotone in the Chihuahuan Desert (New Mexico, USA) and related the results to spa-
tial heterogeneity in soil texture and infiltration measured in the field. The vegetation
structures were created using a computer-aided design software, with inherent can-
opy porosities, which were derived using Light Detection and Ranging (LIDAR) mea-
surements of plant canopies. Results show that considerable heterogeneity in
infiltration and soil grain size distribution exist between the microsites, with higher
infiltration and coarser soil texture under shrubs. Numerical simulations further indi-
cate that the differential trapping of canopies might contribute to the observed het-
erogeneity in soil texture. In the early stages of encroachment, the shrub canopies,
by trapping coarser particles more efficiently, might maintain higher infiltration rates
leading to faster development of the microsites with enhanced ecological productiv-

ity, which might provide positive feedbacks to shrub encroachment.
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& Pinder, 2003). In these landscapes, aeolian processes are especially
responsible for the erosion of fine sediments from unvegetated soil

Aeolian processes, the erosion, transport, and deposition of sediment by
wind, are recognized as important abiotic drivers in the Earth's system,
with implications on landscape evolution, biogeochemical cycles, climate,
air quality, and desertification (Field et al., 2010; Ravi et al., 2011). Aeo-
lian processes are dominant in many arid and semi-arid regions of the
world which are characterized by low annual precipitation and exhibit

soils with sparse patchy vegetation cover (Breshears, Whicker, Johansen,

surfaces and the downwind deposition beneath vegetation canopies
(Li, Okin, Alvarez, & Epstein, 2009; Okin & Gillette, 2001; Ravi, Breshears,
Huxman, & D'Odorico, 2010). On the other hand, the structure and
distribution of vegetation and other non-erodible roughness elements
is a dominant control over the rate and patterns of erosion and redistri-
bution by wind (Wolfe & Nickling, 1993; Okin & Gillette, 2001; Raupach,
Woods, Dorr, Leys, & Cleugh, 2001; Li, Okin, Alvarez, & Epstein, 2007).

Ecohydrology. 2018;11:1986.
https://doi.org/10.1002/ec0.1986

wileyonlinelibrary.com/journal/eco

Copyright © 2018 John Wiley & Sons, Ltd. 1of 11


http://orcid.org/0000-0002-0425-9373
http://orcid.org/0000-0001-7837-641X
http://orcid.org/0000-0003-3150-4992
mailto:sravi@temple.edu
https://doi.org/10.1002/eco.1986
https://doi.org/10.1002/eco.1986
http://wileyonlinelibrary.com/journal/eco

20011 |\ EY

GONZALES ET AL

Dryland vegetation patches can trap wind- and water-borne
sediments, resulting in sediment deposition under vegetated patches
and the subsequent development of areas of enhanced hydrological
and biogeochemical productivity, which are distributed between
areas of nutrient depleted bare interspaces (Charley & West, 1977;
Puigdefabregas, 2005; Schlesinger et al., 1990). In some dryland
ecosystems, aeolian processes are dominant and their role in the
formation and maintenance of these “islands of fertility” is well
documented (Okin & Gillette, 2001; Ravi, D'Odorico, & Okin, 2007;
Li, Okin, Alvarez, & Epstein, 2008). However, the sediment trapping
efficiencies of vegetation canopies—herein defined as the proportion
of the total aeolian sediment removed from transport due to canopy
effect on windflow and sediment—vary by the particle size distribution
(PSD) of the entrained sediment and the aerodynamic properties of the
vegetation species including canopy porosity and geometry (Raupach
et al., 2001). Thus, the differential trapping of wind-borne sediment
by dryland vegetation may in turn lead to heterogeneity in the spatial
patterning of soil, nutrient, and hydrologic properties at the scale of
vegetated microsites and bare interspaces. In many dryland systems,
the coppice and interspace variation in soil properties is a key aspect
in understanding ecosystem processes including plant community
changes (e.g., invasion or encroachment) and the response to manage-
ment and restoration practices (Bhark & Small, 2003; Hoover &
Germino, 2012; Li & Ravi, 2018; Puigdefabregas, 2005; Sankey,
Germino, Sankey, & Hoover, 2012; Sankey, Ravi, Wallace, Webb, &
Huxman, 2012; Schlesinger et al., 1990; Wang et al., 2018).

Despite the relevance of aeolian-vegetation interactions to
ecosystem dynamics, the interactions between these two processes
in landscapes undergoing rapid land-use changes or recurrent
disturbances, or even longer-term succession, is not well understood.
In particular, aeolian-vegetation interactions are important in shaping
dryland landscapes where sediment distribution is altered by relatively
rapid changes in vegetation composition (Okin & Gillette, 2001;
Li et al., 2008). A case in point is the encroachment of shrubs into areas
historically dominated by grasses, which is documented worldwide and
is often considered a manifestation of land degradation (Archer,
Schimel, & Holland, 1995; Schlesinger et al., 1990; Van Auken, 2000).
The grass-shrub vegetation shifts are attributed to a variety of factors
including natural and anthropogenic disturbances, overgrazing, less
frequent fires, and microclimatic modification by shrubs (Coetzee,
Tincani, Wodu, & Mwasi, 2008; He, D'Odorico, De Wekker, Fuentes,
& Litvak, 2010; Scholes & Archer, 1997; Van Auken, 2000). Overall,
shrub encroachment results in the development of a heterogeneous
patchy landscape with nutrient-enriched shrub microsites interspaced
between nutrient-depleted bare interspaces, with implications for
ecohydrological, geomorphological, and biogeochemical processes
(Huxman et al., 2005; Okin & Gillette, 2001; Sankey, Germino, et al.,
2012; Sankey, Ravi, et al., 2012; Schlesinger et al., 1990; Wilcox &
Thurow, 2006). The landscapes undergoing vegetation shifts from
grass to shrub may experience accelerated soil erosion, due to
increased bare patches between the vegetation (Okin et al., 2009).
Aeolian processes, in particular, are thought to play a major role in
the formation and development of the islands of fertility by the
removal of sediments from interspaces and the subsequent redistribu-

tion onto the shrub-vegetated microsites.

Traditional field methods to quantify the parameters related to the
sediment trapping efficiencies of vegetation canopies can be challeng-
ing, as both the characteristics of the canopy (i.e., geometry, porosity),
and the sediment deposition is difficult to quantify. Fortunately,
there is an alternative way to predict windflow and sediment
trapping associated with the growth forms of different plant species
by implementing numerical modelling through computational fluid
dynamics (CFD) simulation. A number of studies using various types of
vegetation models (natural or artificial) were conducted in the past as a
validation for numerical modelling using commercially available software
(e.g., Bitog et al, 2012; Endalew et al., 2009; Gromke, Buccolieri,
Di Sabatino, & Ruck, 2008; Guo & Maghirang, 2012; Lin, Barrington,
Choiniére, & Prasher, 2007; Rosenfeld, Marom, & Bitan, 2010; Tiwary,
Morvan, & Colls, 2006). The GNU Public License provides alternative
CFD open-source software packages that can be freely downloaded
and shared through the internet (e.g., OpenFOAM, 2015).

Here, we assessed the trapping efficiencies of shrub and
grass species commonly associated with shrub encroachment into
grasslands in the northern Chihuahuan Desert using a novel CFD
approach. We conducted infiltration experiments and analysed PSD
of soils at microsites beneath several individuals of both species and
used ground-based Light Detection and Ranging (LiDAR; Sankey,
Law, Breshears, Munson, & Webb, 2013) to quantify their typical can-
opy porosities. We created three-dimensional (3D) architectural depic-
tions of each species using an open-source computer-aided design
software (Blender®). We, then, used these data in an open-source
CFD software (OpenFOAM®) program to assess trapping efficiencies
of the two species of vegetation against aeolian sediment flux. The
potential ecohydrological implications of the differential aeolian sedi-
ment trapping of shrub and grass canopies are discussed.

2 | METHODS

2.1 | Field and laboratory soil analysis

Field experiments were conducted at the Sevilleta National Wildlife
Refuge (New Mexico, USA) in the northern Chihuahuan Desert. The
study site is located in a shrub-grass ecotone (lat/long: 34.33°N,
106.72°W) composed of Black Grama (Bouteloua eriopoda) dominated
grassland with Creosote (Larrea tridentata) shrubs (Figure 1). The study
area is characterized by flat topography, and the shrub microsites are
in the early stage of development with less microtopographic relief
compared to areas with well-developed shrub islands (Dukes et al.,
2018). The predominant wind in this location during the windy season
(February to May) is from the southwest (Dukes et al., 2018). The
annual long-term average precipitation at the site is 250 mm, and up
to 80% of the precipitation occurs during the summer months
(Muldavin, 2002).

Infiltration experiments were conducted in three distinct
microsites—shrub, grass, and bare soil interspace. For the grass
microsites, the infiltration measurements were taken inside the
grass patch, depending on the ease of installing the infiltrometer.
For the shrub microsites, to maintain consistency, the measurements

were taken on the southwest side under the shrub canopy within
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FIGURE 1 (a) The shrub-grass ecotone at the Sevilleta National
Wildlife Refuge, New Mexico. (b) A conceptual depiction of aeolian
sediment trapping by vegetation

25 cm from the base of the shrub. Field saturated hydraulic conductiv-
ity (Ksqt) was estimated using a portable dualhead infiltrometer
(Decagon Services, Pullman, WA), which measures K., using a
modified two-ponding head approach (Nimmo, Schmidt, Perkins, &
Stock, 2009; Reynolds & Elrick, 1990). The infiltrometer has an inner
diameter of 14.4 cm and insertion depth of 5 cm. This device has an
infiltration rate range of 0.0038-115 cm hr%, with a resolution of
0.0038 cm hr't and an accuracy of *5%. The fully automated
infiltrometer can produce variable hydraulic conductivity conditions
without varying the water depth by using air pressure to create
different pressure heads. It maintains the steady water levels and
measures infiltration rates through two complete pressure cycles.
The data are collected by a control unit that performs the calculations
to determine field saturated hydraulic conductivity. The K, was
measured on five randomly selected shrub, grass, and bare microsites
each (5 x 3 replicates). Unsaturated hydraulic conductivity (K at 2 cm
suction) was measured using the mini disk infiltrometer (Decagon
Devices, WA, USA) following the method of Zhang (1997). The
infiltrometer has an adjustable suction and a small footprint (measur-
ing area of 5 cm diameter porous stainless-steel disc) and is ideal for
measuring the variability of unsaturated hydraulic conductivity of
each microsite. The unsaturated hydraulic conductivity was measured
on 10 randomly selected shrub, grass, and bare microsites each
(10 x 3 replicates).

Soil samples were collected from the top 2 cm of the soil profile
for six shrub, grass, and bare interspaces (6 x 3 replicates). In the lab-
oratory, soil samples were air-dried and sieved using a 2-mm sieve and
split into 2-g subsamples using a riffle sampler (Humboldt Mfg. Co. IL,
USA). The samples were treated with sodium hypochlorite (24 hr) to
digest the organic matter. The PSD of soils was determined using a
laser-diffraction grain size analyzer (LS 13 320 Particle Size Analyzer,

Beckman Coulter, Inc, CA, USA) with a dynamic measurement range

of 0.017-2,000 um. Grain-size statistics and parameters (median [¢],
mean [¢], and sorting) were obtained by using the results of the laser
diffraction analysis and equations presented by Folk (1980). The phi
unit () is a logarithmic transformation of millimetres into whole inte-
gers (¢ = -Logod, where d is the grain diameter in mm). The median
grain size (¢so) corresponds to the 50th percentile of a grain sample
by weight in phi units. The average grain-size or mean was derived

using the graphical mean (M,) equation as follows:

_ 16+ Pso + Pes

M, 3

(1)
where ©®14, $so, and gy represent sizes at 16th, 50th, and 84th
percentiles of the grain sample by weight. Sorting (o4) is a measure
of variation in grain sizes and is based on the inclusive standard

deviation introduced by Folk (1980) and is computed as follows:

_ Paa=bis Pos—ds

4 6.6 (@)

01
where dga, G146, Dos, and s represent sizes at 84th, 16th, 95th, and
5th percentiles of the grain sample by weight.

The threshold shear velocity (TSV) of soil particles from the bare
microsites (the dominant source of aeolian sediments) was estimated
using an empirical method developed by Li et al. (2010). In this
method, TSV was estimated with the resistance of the soil surface to
disturbances created by a penetrometer and projectile shot (at 45°
to the soil surface) by air gun at the soil. The TSV measurements
(n = 5) were conducted prior to the infiltration measurements and soil
sampling when the soil surface was not disturbed. More details about
this method, including the accuracy of TSV estimates from the same
sites, may be found in Dukes et al. (2018).

Statistical tests (One-way ANOVA and TUKEY HSD, R version
3.2.4, 2016) were conducted to test the significance of differences

in hydraulic conductivity and PSD among different microsites.

2.2 | Wind profiles

Wind profiles were obtained at the site using the wind speeds mea-
sured by four anemometers (Model 03101 RM Young, MI, USA)
mounted at incremental heights above ground (0.5, 1, 2, and 4 m) on
a stationary tower. Wind speeds were recorded continuously using a
datalogger (Model CR1000, Campbell Scientific, UT, USA).

2.3 | Vegetation porosity determination

Typical porosities of shrub and grass were estimated using LiDAR data
acquired with a Riegl VZ1000 laser scanner mounted on a tripod. Nine
individual creosote shrubs and nine individual black grama grass
bunches were scanned from two opposing scan locations or sides of
each plant during March 2016. The individual plants of each species
were selected with equal representation from three undisturbed (con-
trol) study plots described in detail in Dukes et al. (2018). For each indi-
vidual plant, the two scan datasets were coregistered to produce a
single point cloud dataset of LiDAR returns. Each point cloud dataset
was edited to remove LIDAR returns from the ground surface

and then octree-filtered to decimate the data such that there was no
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more than one point (LIDAR return from vegetation) per 1 cm®. Then,
porosities of the individual plant canopies were estimated by first

estimating the volume of a cylinder that would contain the plant as:
Volume (cm®) = n*Canopy radius®*Plant height 3)

and then
Porosity (%) = [1— [Lidar point count/VqumeH“lOO7 (4)

where LiDAR point count is the number of LiDAR returns from vegeta-
tion in the filtered point cloud dataset. All processing and analysis of
the LiDAR data was completed in RiscanPro software. The ranges of
canopy porosity estimates were 80-90% for the Creosote shrubs and
65-75% for the Black Grama grasses.

2.4 | Numerical simulation

Numerical simulation through CFD modelling involved three stages of
operations: preprocessing, processing, and post-processing. The pre-
processing stage created the geometry and computational domain
combined with the generation of the computational mesh. The mesh
created for this study was for an external flow (outside the 3D com-
puter-aided design model). The processing stage involves the selection
of a specific solver based on the discretization schemes considered
for the governing equations of the problem to be solved. In the
post-processing stage, the data were visualized using charts, graphs,
and contour plots. We used an open-source software, OpenFOAM®
(ver. 4.0, ESI-OpenCFD, openfoam.org).

The porosity data obtained using the LiDAR were used to con-
struct the 3D geometries of shrub and grass. The computational
domain for the external flow simulation generated from the
blockMesh and snappyHexMesh tools of the OpenFOAM is given in
Figure 2 with the direction of airflow as indicated. The face boundaries
of the computational domain were named as inlet (-x axis), outlet (+x
axis), frontAndback (-y and +y axes), upperWall (z = H), and lowerWall
(z = 0), which were in accordance to the direction of air flow (-x axis to
+x axis) for simulation purposes. Due to the intensive computational
power required for complex structures of shrub and grass canopy, only
a single vegetation element was considered for the domain. The length
and height of the elements were dictated by the computational time
required for computing wind speeds across the vegetation.

A simplified numerical simulation approach was investigated to
identify the efficiency of two representative plants, that is, creosote
shrub and black grama grass in trapping soil particles during the pro-
cess of aeolian sediment transport. The air flow through the shrub
and the grass adapts the Reynolds-averaged Navier-Stokes (RANS)
instantaneous multiple component velocities approach. The 3D geom-
etries of the shrub and grass also requires the use of the 3D RANS
steady-state, incompressible, isothermal, and neutrally stratified turbu-
lent atmospheric layers as assumptions for the airflow (Guo &
Maghirang, 2012) while ignoring mass transfer. During the process
of a wind event, the continuity and conservation of momentum may
be described as (Cheng, Lien, Yee, & Sinclair, 2003; Endalew et al.,
2009; Yeh, Tsai, & Yang, 2010):

FIGURE 2 Computational domain for airflow and dust flow through
shrub using ParaView (Ver. 5.3, paraview.org)

W _
66—)(i_ 0 (5)

6u,~u,» - _1 6p 140 % an a <ﬁ
an 6x,-

o  pox pox T\t ©

where i is the subscript for all three directions (x, y, and 2), j is the sub-
script for the direction evaluated (x, y, or z), u is the velocity (m s‘l),
p is the pressure force (Pa) in i-direction evaluated, and u is the fluid
viscosity (N s m™2).

The two-equation RANS-based model, the RNG k-model, was
used for the numerical simulations for this study and is given by the

following equations (Bitog et al., 2012; Yeh et al., 2010):

a a ok
6_)<,~(pku") = a [U‘kueffa—xi] +G-pe (7)
] d O € . g2
3r(05) = ey + Cuc (6)-Coup ®
G= 2l.lt5,}5,} (9)
k2
Ht = PCH;7 (10)

where [ is the effective viscosity (N s m~2), k is the turbulence kinetic
energy (m? s72), € is the turbulence dissipation rate (m? s7°), ay is the
Prantdl number of the turbulence kinetic energy, o, is the Prantdl
number of the turbulence dissipation rate, C4, is a turbulence model

constant equal to 1.42, S; is the strain rate tensor, and p; is the

turbulent viscosity (N s m~?). Meanwhile, C;E is obtained as follows:
Cy. = Coc + Cp, (11)

with Cy, as the turbulence model constant equal to 1.68 whereas C'2£
is determined using the equation:

.+ Cupn®(1-n/no)

Cope = 1+pn3 (12)
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with n, as a constant equal to 4.38 whereas n is obtained by using the

equation:

k
n= SE (13)

S =1/25;S; (14)

The RNG k - € model was found to be the best turbulence model
for investigation of complex wind flows around barriers in a number of
studies (Bitog et al., 2012; Bourdin & Wilson, 2008; Lee & Lim, 2001;
Packwood, 2000; Lee, Sase, & Sung, 2007; Li et al., 2007; Santiago,
Martin, Cuerva, Bezdenejnykh, & Sanz-Andrés, 2007; Yeh et al.,
2010). The transport of particles across the 3D vegetation was
modelled using the Eulerian approach, which treats the passing
stream of particles as one continuum. A convection-diffusion equation
(a scalar transport equation) was used for soil particles flow through
the shrub and grass (OpenFOAM, 2015):

2

%(wC)—aa—X?(rDQ ~o, (15)
where C is dust concentration and Ip is effective diffusion coefficient
of dust particles. The wind speed values required for the particle
transport calculation in Equation (5) is obtained from the results of
the simpleFoam solver simulations, which essentially solves for the
wind velocity fields. The assumption made here is that the amount
of reduction of particles of specific sizes at the wake of the canopy
is the reduction of particle concentration of that size. Furthermore,
Ip =T, + 't where I, is the laminar component while ['; is the turbu-
lent component. I, is computed using the Stoke-Einstein equation
(Guo & Maghirang, 2012):

ac.
3rtud,’

M= (16)
where (is the Boltzmann constant, T is absolute temperature (K), C. is
the slip correction factor, d,, is particle diameter. The term C. may be
found using the following equation:

Cc=1+ di {2.34 +1.05exp <—O'3A9d”)] , (17)
P

where A is the mean free path (um). The parameter 't is computed

()
M= ~F (18)

SCt ’

according to

where Sc; is the turbulent Schmidt number. An extensive study by
Tominaga and Stathopoulos (2007) showed that different values of
Sc; are required for various types of flow fields. Riddle, Carruthers,
Sharpe, McHugh, and Stocker (2004) suggested that values of
Scidower than 0.7 are appropriate for plume dispersion and we used
a value of 0.63 for Sc; in this study.

With the assumption of an equilibrium boundary layer (Bourdin &
Wilson, 2008; Guo & Maghirang, 2012; Richards & Hoxey, 1993; San-
tiago et al., 2007; Yeh et al., 2010), the inlet values for € and k may be

calculated as follows:

kin = (19)

3
& = (20)
KZ

where u- is the TSV upstream of the vegetation elements (i.e., shrub
and grass). The pressure values at the inlet, lower wall, front and back
faces were given zero gradients, the upper wall was given a symmetry
condition, and a constant value was set for the outlet conditions. As
for the other regions in the domain, the outlet flow was given a fully
developed flow condition (i.e., zero velocity gradient), symmetry
condition at the upperWall, back and front regions, and no-slip condi-
tion at the lowerWall, and near-wall conditions for ¢ and k (i.e.,
epsilonWallFunction and kqrWallFunction, respectively) for all other
domain regions were utilized. The initial values inside the domain
(called internalField in OpenFOAM) for all parameters were set to
be zero. The wind velocity profiles obtained from field measurements
were made as the input values for the x-component inlet velocities (uy)
whereas other velocity components u, and u, were zero. Simulation
was continued until the residual values of 1 x 1077 that was attained
for about 47,000 iterations for the wind speed simulation and about
1,250 iterations for the concentration. The model parameters and

their values used in the CFD simulations are provided in Table 1.

3 | RESULTS

3.1 | Particle size distribution (PSD)

The PSDs of soil obtained from underneath the shrub and grass
patches are shown in Figure 3. Shrub microsites have soils with the
coarsest-grained PSDs, bare interspaces have the finest-grained PSDs,
and grass patches have PSDs that are intermediate to the other two
types of microsite. The median grain diameters were 341.6, 212.6,
and 147.1 um for the shrub, grass, and bare microsites, respectively.
Statistical tests (One-way ANOVA and Tukey HSD) showed significant
differences in median (F = 99.34, p < .001) and mean (F = 123.1,

p < .001) grain diameter between the microsites. The increase in

TABLE 1 Model parameters and their values used in the CFD
simulations

Parameter Symbol Value
Air density (kg m™3) p 1.225
Air dynamic viscosity (kg m™* s7%) u 1.79 x 10™°
Turbulence model constant Ce 142
Turbulence model constant Coe 1.68
Turbulence model constant Cyu 0.085
Turbulence model constant B 0.012
Turbulence model constant No 4.38
Turbulence Prandtl number for k Oy 0.719
Turbulence Prandtl number for € [ 0.719
Von Karman constant K 0.4187

Note. CFD = computational fluid dynamics.



GONZALES ET AL

(a)

/:2\ 41 — Grass

& 3 — Interspace
g 2] ~— Shrub

2 11

= ! .

0 500 1000 1500 2000
Grain size (um)
(b)
3.0 Grass o

E’ 2 5{ O Interspace ®© o ., 00

£ 20{0mw oo

® 45 Y

1.0
2.0 25 3.0 3.5 4.0 45

(c) Mean ()

E =0 B3 Median *

E 300 -Mean

‘@

@ 200 = :

g 100 — ——

Grass Interspace Shrub

FIGURE 3 (a) Particle size distribution, (b) the mean and median

grain size, and (c) sorting and mean of grain size (¢) of soils from the
microsites (shrub, grass, and bare). The box plot (b) shows the median
(solid line); the box enclosure, which represents the interquartile range
(first and the third quartiles); and the whiskers, which represent the
variability outside the upper and lower quartiles (1.5 times or more the
range of variation above the third quartile or more below the first
quartile)
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FIGURE 4 Saturated (a) and unsaturated (b) hydraulic conductivity
measured under shrub and grass canopies and in bare soil microsites.
Each box plot shows the median (solid line); the box enclosure, which
represents the interquartile range (first and the third quartiles); and the
whiskers, which represent the variability outside the upper and lower
quartiles (1.5 times or more the range of variation above the third
quartile or more below the first quartile)

sorting with decreased grain diameter mean (¢ size scale) that is
observed among the microsites in Figure 3b is typical for active
transport systems.

3.2 | Soil hydrological properties

The results from the infiltrometer experiments show that the satu-
rated (Ksq:) and unsaturated (K,,sqt) hydraulic conductivities were con-
sistently higher in the shrub microsites (Figure 4) compared to grass
and bare microsites. The dual head infiltrometer measurements
showed that the Ky, average values were 0.012, 0.004, 0.003 cm s
1 for the shrub, grass, and bare microsites, respectively. Kynsqr Values
were higher in the shrub microsites as well (Figure 4). The average
Kunsat Values were 0.004, 0.002, and 0.001 cm s~ for shrub, grass,

FIGURE 5 Example air flow simulation runs in OpenFOAM®: (a)
shrub and (b) grass. Direction of simulated windflow is from left to
right. U is the simulated wind velocity in m st
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and bare microsites, respectively. Statistical test showed significant
differences in K;; among the microsites (F = 9.16, p = .004).
However, Tukey HSD post hoc tests showed that the difference in
Ksat values specifically between the grass and bare microsites were
not significant (p = .97). The Kynsqt Values showed similar trend with
significant difference in K,.s«¢ between shrub and interspace
microsites (p = .001).

3.3 | Numerical simulation

Sliced views (along the centerline) of the 3D contour plots of the wind
speed profiles both for the grass and the shrub are shown in Figure 5.
The plots show that wind speed reduction occurs along the top of the
canopies, and the presence of branches and leaves within the canopies
cause a dramatic decrease of wind speed downwind and in the lee of
the canopies as shown by the sharp colour change in the contour
plots. In Figure 5, maximum wind speed reduction occurs at around

60
S
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o 40
Q
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[=2]
£
Q
&
= 20
0

0 250 500 750
Grain size (um)

1000

FIGURE 6 Trapping efficiencies of shrub and grass canopies at a
constant wind speed of 9 m s™%. The high and low error bars
represent the trapping efficiency at 6 and 12 m s, respectively

0.7H; (height of the shrub) for the shrub while it occurs at 0.2Hg
(height of the grass) for the grass. The wind profiles are affected by
the inherent porosity of the grass and shrub canopies. CFD simula-
tions showed increased trapping efficiencies of both the grass and
shrub when subjected to increased wind speeds of 6,9, and 12 m s™*
(Figure 6). This may be attributed to the fact that the motion of vege-
tation elements was not explicitly incorporated into our numerical sim-
ulation. As such, the streamlining phenomenon that occurs for moving
vegetation elements that could have lowered the trapping efficiencies
especially at higher wind speeds were not encountered (Beckett,
Freer-Smith, & Taylor, 2000).

While both shrub and grass tend to be more efficient in trapping
coarse sediments, the trapping efficiencies for grasses level off at
33% with a corresponding grain size of approximately 100 um
(Figure 6). Additionally, Figure 6 shows that the grass is more efficient
for trapping fine-grained particles <250 pm, but shrubs are more
efficient for trapping coarse particles (250-1,000 um). Our modelling
results also show that the trapping efficiencies for both shrub and
grass decreased when the plants are more porous, and the proportion
of the sediments trapped by the plants also depend on the grain size
of the wind-borne sediments (Figure 7). Collection efficiency varies
by particle size to a greater extent for the more-porous shrub than it
does for the less-porous grass.

4 | DISCUSSION

This study investigated the applicability of an open-source CFD
approach to evaluate the aeolian sediment trapping efficiencies of
two species of vegetation associated with the phenomenon of land
degradation due to shrub encroachment in a desert grassland. From
the CFD simulations and field measurements of PSD and infiltration
rates in a grass-shrub ecotone in the Chihuahuan Desert, we infer
that trapping of wind eroded sediment by the shrub and grass might
contribute to textural changes over time in the underlying soil surface
due to the selective size range of particles that each type of vegeta-
tion filters out of the air flow. We determined that the less-porous
Black Grama grass traps finer particles more efficiently in comparison

to the more-porous Creosote shrub, which traps coarser particles
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more efficiently (Figure 6). Modelling results were supported by our
field measurements of soil texture among microsites, which showed
that soils underneath shrubs are generally coarser than those of
the grasses (Figure 3). Because suspension of particles in desert
shrublands predominantly occurs at heights >0.75 m above ground
(Breshears et al., 2003), a majority of the aeolian sediment transport
within Creosote shrub and Black Grama grass canopies probably
occurs via saltation of particles 70-500 um in diameter (Field et al.,
2010; Saxton, Chandler, & Schillinger, 1999). In addition to trapping
wind-borne aeolian sediment, the presence of both types of vegeta-
tion creates surface roughness and a protective cover to the soil
surface that is essential in limiting re-suspension of soil particles
and decreasing soil erosion beneath the plant canopies (Zhao, Ma, &
Chen, 2007). Although we did not determine the specific mechanism
by which the different plant types cause more or less deposition of
different sized particles, we speculate that shrub canopies are not
only more porous but also have larger pores than grass canopies,
thus permitting many fine particles of aeolian sediment to pass
through the canopy whereas larger particles are more likely to
encounter a leaf, stem, or branch and be removed from the wind
stream and deposited on the shrub microsite soil surface.

The primary source of erosion in this environment is via saltation
and suspension of finer particles from bare interspace patches in the
shrub-grass ecotone (Ravi & D'Odorico, 2009; Sankey, Ravi, et al.,
2012). These particles are then deposited beneath and in the lee of
grasses and shrubs. The PSD results (Figure 3) showed that the soil
surface beneath grasses consisted of a finer distribution of particle
sizes whereas the PSD was coarser beneath shrubs. As illustrated with
the CFD simulations, this difference in the spatial patterning of soil
particles could be related to the more porous nature of the shrub
canopies compared to the grass. These modelling results agree with
observations of Leenders, Sterk, and Van Boxel (2011), who used an
empirical model to predict the amount of trapped particles, as well
as Gross (1987), who developed simulations using a homogeneous
porosity approach and regularly shaped geometries for the vegetation
structures. For our study, we simulated the airflow across the closely
resembled geometries of both the Creosote shrub and Black Grama
grass. Our simulations, however, did not account for leaf architecture,
spatial distribution of leaves, growth stage of the plants, plant-to-plant
morphological variations, and seasonal changes of canopy structure
(e.g., phenology). Each of these factors may impact the sediment trap-
ping efficiencies of vegetation. Nevertheless, our study presents the
first step toward a novel application of the CFD modelling framework.

The wind speed contour plots (Figure 5) showed that the
expected behaviour of the normalized wind speed profiles at the wake
of the canopy agrees with observations by previous studies (Cionco &
Ellefsen, 1998; Endalew et al., 2009; Katul, Mahrt, Poggi, & Sanz,
2004; Pyles, Paw U, & Falk, 2004). The instantaneous increase of wind
speeds of the displaced profile at the top and sides of the vegetation
canopies was compensated by overflows and wind speeds that
increased instantaneously around the plants (Endalew et al., 2009).
This region, known as the roughness sublayer (Georgiadis, Dalpane,
Rossi, & Nerozzi, 1996), dictates the turbulence in air flow due to
the complexity and three-dimensionality of the structure of canopies,

and it is also where oscillations in air flow occur. A potential limitation

of this study is that the numerical simulations were completed under
the assumption of an equilibrium boundary layer in order to simplify
equations and numerical simulations. Moreover, our numerical simula-
tion did not incorporate a reduction in trapping efficiency due to veg-
etation motion (Beckett et al., 2000); however, our results showed
increased particle trapping by vegetation with increased wind speed
which could be explained by the obstruction of air flow due to (rigid)
vegetation and gravitational settling of sediment due to reduced
capacity of air to carry dust leeward of the plant (Hoffmann, Funk,
Wieland, Li, & Sommer, 2008). A potentially confounding issue is that
the increased windspeed might actually result in less deposition
directly beneath the plant since the most rapid flow might be expected
to transport the grains farther in a horizontal direction as they fall
slowly downward (i.e., in the lee of, as opposed to directly beneath,
the plant). It is interesting to compare where the simulated maximum
reduction of velocity occurs within the obstructed flow on the down-
wind side of the grass and shrub. For the shrub, a majority of the veg-
etative elements responsible for wind speed reduction are located in
the upper canopy portion of the plant compared to the lower portion
that is mostly composed of the trunk and stems. The grass, on the
other hand, forms a tighter bunch of stalks and blades that reduce
wind speed especially near to base of the plant (Figure 5).

Our results also highlight the significance of sediment trapping
in structuring patch-scale soil properties and ecohydrological pro-
cesses. Despite the fact that we only considered the rigid structure
of both canopies, the CFD model demonstrated differential trapping
efficiencies between the grass and shrub. This is primarily due to
the difference in the structure and porosity of the shrub and grass
that dictated the soil particle transport across both vegetation types,
as well as the size ranges of soil particles present beneath each
vegetation type.

Land degradation induced by shrub encroachment is character-
ized by a decline in structural connectivity which can exert a dominant
control on shrub establishment in grasslands (D'Odorico, Bhattachan,
Davis, Ravi, & Runyan, 2013; Okin et al., 2009; Turnbull et al., 2012).
Increases in the length of connected pathways (functional connectiv-
ity) in these landscapes trigger a self-sustained cycle of soil erosion
and resource depletion, whereas the vegetation canopies can capture
sediments transported by wind and water resulting in the formation
of fertile shrub patches (Schlesinger et al., 1990). In landscapes at
the early stages of the encroachment processes, with coexistence
of shrub, grass and bare soil microsites, the differential trapping of
sediments by shrub and grass canopies may be an important factor
controlling the variability of hydrologic processes in the vegetated
microsites. The shrub canopies, by trapping coarser particles in com-
parison to grass canopies, can maintain higher infiltration rates in the
shrub microsites. Higher infiltration rates in turn might result in faster
development of shrub fertile islands with enhanced ecological produc-
tivity, whereas in the case of grass islands the accumulation of fine
particles might result in lower water infiltration. In desert grasslands
that are subject to increased wind erosion as a result of shrub
encroachment (Ravi & D'Odorico, 2009; Sankey, Ravi, et al., 2012),
the vegetation change over time might result in (a) a reduction in grass
canopies that efficiently capture the finest-grained aeolian particles,

(b) an increase in bare interspaces where wind erosion occurs, and
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(c) an increase in porous shrub canopies that are most efficient
at trapping coarse aeolian sediments. These changes in aeolian-
vegetation dynamics due to shrub encroachment over time produce
a landscape with more shrub soil microsites with greater water infiltra-
tion capacity. Notably, there are also many desert shrublands that are
subjected to increased wind erosion as a result of type conversion
from shrubland to grassland due to disturbance of fire and invasive
grasses (Miller, Bowker, Reynolds, & Goldstein, 2012; Sankey,
Germino, & Glenn, 2009; Sankey, Germino, et al., 2012). Thus, the
CFD approach we demonstrated here is likely well-suited for quantify-
ing trapping efficiencies and elucidating ecohydrological implications
of vegetation-aeolian dynamics associated with land degradation
worldwide in ecosystems undergoing transitions from grassland to

shrubland or vice versa.

5 | CONCLUSION

Results of field observations and CFD modelling provided complemen-
tary evidence that shrubs are more efficient in trapping coarse grained
wind-borne sediments whereas grasses selectively capture more fine
particles in a grass-shrub transition zone in the Chihuahuan Desert.
The differential trapping of aeolian sediments by vegetation canopies
could have important ecological and hydrological implications in that
it might result in textural changes beneath the vegetation and thus,
for example, affect the competition between shrubs and grasses.
Our study represents the first attempt to evaluate the effect of
porosities corresponding to 3D canopy structure models of both shrub
and grass in a heterogeneous arid landscape and to validate their
size-selective trapping efficiencies of wind-borne sediments.
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