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Abstract

Aims The sub-Antarctic cushion plant, Azorella selago,
is usually hemispherical when small but frequently
crescent-shaped when larger. Spatial variation in wind
speed and in air-borne seed and sediment deposition is
examined to determine if wind scouring and deposition
patterns could contribute to the development of non-
hemispherical shapes in cushion plants.

Methods Computational fluid dynamic analyses were
conducted for hemispherical and crescent-shaped cush-
ion plants parameterizing models with data from
A. selago habitats on Marion Island. Numerical data
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were contextualized with field observations to arrive at
a conceptual model for shape development.

Results Airflow modelling showed that both wind
scouring and seed deposition of the commonly co-
occurring grass Agrostis magellanica are greater on
the windward side of the plant. By contrast, heavier
sediment particles are predominantly deposited on the
leeward side of plants, leading to burial of lee-side
A. selago stems. This sediment accumulation may initi-
ate the development of the crescent-shape in hemispher-
ical plants by increasing stem mortality on the plant’s
leeward edge. Once developed, the crescent-shape is
probably self-reinforcing because it generates greater
air recirculation (and lower air velocities) which en-
hances further deposition and establishment of
A. magellanica grasses in the lee of the crescent. The
conceptual model consists therefore of three stages
namely, (1) negligible air recirculation, (2) sediment
deposition and grass establishment, and (3) differential
cushion growth.

Conclusion This conceptual model of plant shape de-
velopment may explain the occurrence and orientation
of crescent-shaped cushion plants and highlights how
predicted changes in wind patterns may affect vegeta-
tion patterns.

Keywords Aecolian processes - Airflow modelling -
Burial - Computational fluid dynamics - Positive
feedback - Shading - Sub-Antarctic - Vegetation
patterning
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Introduction

Strong and prevailing winds can have considerable ef-
fects on the growth and survival patterns of individual
plants. The impacts of wind on plants can be direct, by
altering a plant’s microclimate (e.g. affecting tempera-
ture or humidity gradients around leaves) or through
mechanical damage to leaves and stems (de Langre
2008; Grace 1977; Wilson 1959). However, the impacts
of wind can also be indirect, acting through the entrain-
ment, transport and deposition of particles (Grace 1977),
leading to, for example, erosion around plant’s roots,
wind-scouring of leaves and stem burial e.g.
(Baumeister and Callaway 2006; Kullman 2005; van
Gardingen et al. 1991). While the direct and indirect
impacts of wind on the growth and survival of trees and
some crops has been relatively well studied (de Langre
2008; Ennos 1997), wind impacts on other growth
forms are more poorly understood. Indeed, even though
the compact and hemispherical cushion growth form is
considered an adaptation to windy conditions (Hauri
1912) (see also (Hauri and Schroter 1914) and
(Spomer 1964)), there has been surprisingly little re-
search examining the impact of wind on cushion plants
(e.g. (Ashton and Gill 1965; Fitzgerald and Kirkpatrick
2017; Lynch and Kirkpatrick 1995; Whitehead 1951)).

Cushion plants are often common in cold and ex-
posed areas ((Aubert et al. 2014; Hauri and Schroter
1914; Koérner 2003)), with the cushion growth form
being genetically fixed (i.e. obligate) for many species,
but facultative for others i.e. only adopted in windy
habitats; (Hauri 1912; Spomer 1964). The cushion
growth form may also reflect responses to other
stressors, such as higher ultraviolet radiations and lower
temperatures, which are also prevalent at higher alti-
tudes (Ruffier-Lanche 1964; Ruthsatz 1978). In these
abiotically-stressful environments individual cushion
plants of the same species can exhibit a range of differ-
ent shapes, particularly as they grow larger (Huntley
1972; Pysek and Liska 1991), despite a circular circum-
ference (i.e. a hemispherical shape) being optimal for
heat and moisture retention (Gauslaa 1984), see also
(Zotz et al. 2000). Various mechanisms have been sug-
gested to cause unequal growth and/or mortality on
different sides of cushion plants, thereby resulting in
the development of non-hemispherical shapes in larger
individuals. For example, the presence of rocks and
other plants can cause irregular growth of cushions
(Pysek and Liska 1991), while cushions established on
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inclines may grow perpendicular to the slope (Selkirk-
Bell and Selkirk 2013; Taylor 1955a). Turf exfoliation
by needle ice formation (in colder areas) and salt-spray
deposition (in coastal areas) could also contribute to
unequal mortality of cushion plant stems and the devel-
opment of crescent-shaped cushions (Boelhouwers et al.
2003; Huntley 1971).

Airflow patterns may also affect the shape of cushion
plants (Boelhouwers et al. 2003; Pysek and Liska 1991;
Whitehead 1951), as wind strength (i.e. air flow veloc-
ity) influences the height, growth rate and compactness
of some cushion-forming species (Lynch and
Kirkpatrick 1995) (see also (Fitzgerald and Kirkpatrick
2017; Huntley 1972; Ralph 1978; Ternetz 1902;
Whinam et al. 2014)). The interaction between cushion
plant shape and airflow is probably important in ex-
posed sites because plant survival may be strongly
linked to the shape of individuals. For example, plants
with a more irregular shape offer greater resistance to
airflow, and therefore have a greater chance of sustain-
ing wind damage (including breaking of branches and
erosion of soil under the plant; (Whitehead 1951), see
also (Cerfonteyn et al. 2011)). As a result, the factors
that determine cushion shape probably also affect the
survival of individual plants. However, contrasting ob-
servations have been made about cushion plants sustain-
ing wind-related damage predominantly on their wind-
ward or leeward sides, see e.g. (Ashton and Gill 1965;
Huntley 1971; Whinam et al. 2014).

Furthermore, because many cushion plant species are
nurse plants facilitating the presence of other species,
the survival and longevity of cushion plants can consid-
erably alter plant community richness and composition
(Badano and Marquet 2008; Badano and Cavieres
2006). For example, at high altitudes in the Andes,
cushion plants increase local species richness by 22—
243% (Badano and Cavieres 2006) and the biomass of
other species by up to 54% (Badano et al. 2007). There-
fore, the pattern of airflow over individual cushion
plants may have community-level consequences, direct-
ly by providing sheltered establishment sites and indi-
rectly by affecting the survival of the cushion plants and
all the species that depend on them. However, apart
from a few basic observational studies, see also e.g.
(Courtin and Bliss 1971; Wilson 1959), airflow around
cushion plants has yet to be studied in detail.

Due to the differences in the height of origin, mass,
density and smoothness of plant seeds and sediment
particles, their deposition patterns can differ
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considerably. In particular, soil sediment particles typi-
cally have a relatively high density and are entrained
into the airflow from the soil surface (Zhang and Miao
2003). As a result, sediment particles usually travel
close to the ground and for relatively short distances.
Wind movement of sediments is well understood, with
most sediments accumulating in areas of low shear
stress (i.e. regions of decreased velocity) (Duran and
Herrmann 2006; Pye and Tsoar 1990; Zhang and Miao
2003). In vegetated areas wind-transported sediments
often accumulate on the lee of plants with non-porous
canopies or bases that divert airflow (Pye and Tsoar
1990) or within plants that slow airflow due to a porous
canopy (Ravi et al. 2008). Indeed, some species are able
to initiate dune (nebkha) formation by causing sand
deposition in their lee (Cooke and Warren 1973).

Here we use computational fluid dynamics tech-
niques to model airflow around cushion plants to predict
spatial variation in the direct physical force of the wind
and in the accumulation of air-borne seeds, and to
understand if these impacts of wind could affect the
directional growth and, as a result, the shape of cushion
plants. Based on these results, and combined with field
observations, we propose a conceptual model of cushion
plant shape development in windy environments. In
particular we focus on Azorella selago (Apiaceae)
which is a dominant species across much of the sub-
Antarctic (Frenot et al. 1993). The size, shape and
compactness of this species are representative of many
other cushion plants (Aubert et al. 2014; Rauh 1939),
and it is therefore an appropriate model species for this
study.

Materials and methods
Study species

A. selago (Apiaceae) forms compact cushions with a
thin surface layer of photosynthesizing leaves overlying
a dense core of live stems, decomposing leaves and fine
mineral material soil (Fig. 1). Due to their dense nature,
cushion plants were modelled as non-porous obstruc-
tions to airflow, see e.g.(Hager and Faggi 1990). On
sub-Antarctic Marion Island (46°54°S, 32°45'E),
A. selago is the most widespread vascular plant species,
and has a median maximum diameter of 0.4—1.2 mand a
height of 0.05-0.20 m, (Huntley 1972; le Roux and
McGeoch 2004; Phiri et al. 2009) (see also (Chown

and Froneman 2008) for a complete review of the
island’s climate, geology and ecology).

Cushion shape varies between individuals, with
smaller plants usually being hemispherical and larger
plants having more irregular shapes (Haussmann et al.
2009). Indeed, larger cushions may often have a cres-
cent shape, with their convex edges facing in the direc-
tion of the prevailing wind, i.e. the tails of the crescent
point away from the prevailing wind; (Huntley 1972).
As a result, we modelled the airflow over two different
plant shapes, corresponding to the size and form of a
medium-sized hemispherical cushion and a larger
crescent-shaped cushion (sizes based on data from (le
Roux and McGeoch 2004); see Table 1).

The grass A. magellanica (Poaceae) is the second
most widespread vascular plant on Marion Island (Fig.
2; (Huntley 1971)) and grows both rooted in the soil and
epiphytically on A. selago (i.e. rooted within the cushion
plant’s humus-like core) (Huntley 1972).

At mid and high altitudes (> 100 m a.s.l.)
A. magellanica is strongly facilitated by A. selago, hav-
ing higher abundance, cover, biomass and reproductive
effort when growing on A. selago relative to the adjacent
substrate (le Roux and McGeoch 2010). High densities
of epiphytic A. magellanica are thought to have a neg-
ative impact on A. selago due to the strong shading of
the cushion plant’s leaves (le Roux et al. 2005), see also
(Schob et al. 2014). At higher altitudes the abundance of
A. magellanica is thought to be limited by strong winds
(le Roux et al. 2005; Taylor 1955b) see also (Pammenter
et al. 1986) and low temperatures (Huntley 1970).

Study site: Fellfield habitats on eastern Marion Island

Fellfield habitats cover the majority of Marion Island
between 100 and 500 m a.s.l. (Smith et al. 2001). This
vegetation type is characterised by the dominance of
A. selago (up to 30% cover), low total plant cover
(usually <30%), high rock cover and poorly-developed
mineral soils (Huntley 1971) (Fig. 3).

The climate in these habitats is cold (mean annual
temperature = 6.4 °C), oceanic (seasonal temperature
range =4.1 °C) and wet (mean annual precipitation =
1975 mm, mean humidity exceeding 80%) (data from
the meteorological station on the eastern side of the
island at sea level; (le Roux 2008; le Roux and
McGeoch 2008; Smith 2002)). As is typical for the
sub-Antarctic region, the island is very windy,
experiencing gale force winds (> 15 m/s) on more than
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(2)

(b)

Fig. 1 Azorella selago plants on Marion Island with (a) hemispherical shape and (b) crescent shape. A 15 cm length ruler is provided for
scale. The grass Agrostis magellanica is visible on both cushion plants (see also Fig. 2)

100 days per year (Schulze 1971). The dominant winds
on the eastern side of the island are north-westerlies
(60% of observations) and south-westerlies (20%),
which are also the strongest winds, averaging >10 m/s
and 7 m/s respectively (le Roux 2008). Average wind
speed at sea level on the island is 8 m/s, although this is
probably stronger at higher altitudes, particularly under
neutrally stable atmospheric conditions, (Garratt 1994);
see also le Roux et al. 2018-2019 unpublished data,
(Berg et al. 2011).

Modelling airflow using computational fluid dynamics

Previous studies of airflow around plants have almost
exclusively considered trees and grasses (de Langre
2008). Similarly, amongst studies not examining plants,
few researchers have documented the patterns of airflow
over hemispheres or crescents (Cao and Tamura 2020;
Kim and Baik 2003; Savory and Toy 1985; Tavakol
et al. 2015; Tavakol et al. 2010). However, the airflow

Table 1 Model dimensions for cushion plant shapes

Shape Plant dimensions [m]
Longitudinal Transverse Height
diameter diameter
Hemisphere 0.3 0.3 0.15
Crescent 0.9 0.4 0.14
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around spherical and cylindrical obstructions is well
described (Achenbach 1974; Achenbach 1972; Breuer
2000; Breuer 1998; Constantinescu and Squires 2004;
Dehbi and Martin 2011; Hoffman 2006; Lyotard et al.
2007; Norberg 1987; Raithby and Eckert 1968; Tiwari
et al. 2020), and provides a framework to interpret flow
around cushion plants. Indeed, it has been consistently
observed that as free-stream air approaches a non-
porous bluff (i.e. not streamlined) obstacle, like a sphere
or a cylinder, shear forces on the object’s surface cause
the velocity of the air particles to decrease, creating a
narrow boundary layer over the object’s surface [i.e. a
layer separating the free-stream air and the still air on the
obstacle’s surface; (Greeley and Iversen 1985; White
2016). As air flows over the crest of a cylinder (or
around the circumference of a sphere) it attains its
highest velocity, and the boundary layer remains rela-
tively thin (Anderson Jr 2015; Pye and Tsoar 1990).
However, as air particles move into the lee of the ob-
struction (i.e. downstream of the maximum flow veloc-
ity), the boundary layer may separate from the surface of
the obstruction due to an adverse pressure gradient [i.e.
diminishing of the shear stress, hampering airflow at-
tachment to the plant surface; (Greeley and Iversen
1985; Houghton and Carpenter 1993; White 2016). As
a result, a wake forms between the boundary layer and
the obstruction, where recirculation occurs (i.c. airflow
counter to the free-stream airflow direction), turbulent
eddies form and mean air flow velocity is low (Baki¢
and Peri¢ 2005; Pye and Tsoar 1990). Downstream of
the obstruction the boundary layer rejoins the surface at
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(@)

Fig. 2 Agrostis magellanica growing (a) on Azorella selago in a fellfield site and (b) in the ground at a low altitude coastal site

the reattachment point, beyond which recirculation is
minimal (Pye and Tsoar 1990).

We investigated these patterns of airflow around
hemispherical and crescent-shaped cushion plants grow-
ing on a flat surface using computational fluid dynamics
(CFD), a mathematical modelling tool that solves fluid
flow problems using numerical algorithms (Versteeg
and Malalasekera 2007). CFD models are based on the
three laws of conservation of mass, momentum and
energy, from which a system of partial differential equa-
tions governing the flow of fluids and entrained particles
are derived. These equations are algebraically trans-
formed and solved iteratively. StarCD software (CD-
Adapco, London, UK) was used to conduct the airflow
analysis over hemispherical and crescent-shaped

Fig. 3 Azorella selago and
surroundings on Skua Ridge, a
fellfield site (c. 100 m a.s.l.)

(b)

cushion plant (version 3.24), and to perform Eulerian
two phase flow simulations for particle tracks (version
4.06). Complete model specifications, wind tunnel val-
idation and results are provided in (Combrinck 2009)
and verified (Meas et al. n.d.).

In addition to mean airflow patterns, turbulence in
atmospheric flow is also well described by the three
conservation laws on which CFD modelling is based
(see above). However, due to current computational
resource limitations, the fine-scale patterns of airflow
speed and direction need to be resolved using additional
turbulence modelling. A comparison of turbulence
models by Combrinck (Combrinck 2009), based on
wind tunnel tests of air flowing over a hemispherical
model, concluded that the k-¢ turbulence model (k=
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Fig.4 Schematic illustrating the computational domain and boundary conditions. The inset (top-left) illustrates the airflow velocity profile,

based on data collected in fellfield vegetation on Marion Island

turbulence kinetic energy, € = turbulence kinetic energy
dissipation rate) with wall functions can adequately
resolve the bulk flow features examined here such as
velocity and pressure increase and decrease (Meas et al.
n.d.; Versteeg and Malalasekera 2007).

CFD modelling requires the definition of a computa-
tional domain and the specification of boundary condi-
tions (Fig. 4). The domain consists of: a free stream
velocity inlet with an atmospheric profile (as discussed
in section 2.4.1), a pressure outlet, sides and top defined
as symmetry planes and no-slip walls with defined
surface roughness (discussed in section 2.4.2) to repre-
sent the hemisphere or crescent and floor surrounding
the cushion.

The computational domain for the hemisphere had
a length, width and height of 4 m, 4.5 m and 1.5 m
respectively (Table 2). Given the dimensions of the
hemisphere (Table 1), the aerodynamic blockage of

the hemisphere in the domain was 0.5%, in line with
good practice requiring blockage of <10%
(preventing the boundaries of the domain from
influencing the solution). Similarly, the dimensions
of the crescent shape computational domain are 5 x
3.5 x 1 m, equating to a blockage percentage of 3.5%.
The cell numbers (i.e. the number of units into which
the computational domain was divided for calcula-
tions) for the hemispherical and crescent shapes were
923,181 and 778,973 respectively. The spatial reso-
lution was constructed for both grid independent and
y* values associated with the high Reynolds number
turbulence model strategy (i.e. y* between 30 and
300). Grid independence ensure that the number of
units into which the computational domain was di-
vided was sufficiently small to obtain a good mathe-
matical resolution of the results. Smaller resolutions
provide more accurate results, however this comes at

Table 2 Model parameters for control volume (the extent over which airflow was modelled)

Shape Control volume [m] Blockage % Cell number Iterations to convergence
Length Width Height

Hemisphere 4 4.5 1.5 0.5% 923,181 4535

Crescent 5 3.5 1 3.6% 778,973 2268
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the cost of computational time. Part of the verifica-
tion process of flow modelling is obtaining a grid size
that is small enough to obtain a good results within
reasonable CPU (central processing unit) time. An-
other part of verification process was ensuring that
the cell size at the walls was appropriate for the
turbulence model used. The parameter y* is a dimen-
sionless wall distance which is an indication of the
cell sizes in the near wall region.

The computational model has to capture the flow
physics correctly; this is dependent on the regime of
the flow and the solution methodology implemented.
The flow was hence defined as incompressible (since
the Mach number for air is well below 0.3) with
standard atmospheric conditions for the pressure.
The simulations were solved in the steady state do-
main with single precision. The AMG (Algebraic
Multigrid) solution method was employed in con-
junction with the SIMPLE (Semi-Implicit Method
for Pressure Linked Equations) solution algorithm.
Discretisation of the domain was done using a central
differencing scheme with a blending factor of 0.9.
Relaxation factors were employed for the momen-
tum, pressure and turbulent viscosity at values of
0.7, 0.3 and 0.7 respectively. Models were run to
convergence where the residual values were both
lower than le-6 and stabilised to a near constant
value. The hemispherical model converged after
4535 iterations and the crescent shape after 2268.

Fig. 5 Measurement setup for
airflow velocity profiles
(forefront) near the Marion Island
base (background)

Parameterizing the airflow models

First, to simulate airflow over cushion plants, models
were parameterized based on the characteristics of
A. selago cushion plants and on the physical conditions
on the eastern side of sub-Antarctic Marion Island in
fellfield habitats where the species is the dominant vas-
cular plant. Model parameterization was completed by
determining the airflow velocity profile within fellfield
habitats, and the surface roughness of A. selago cush-
ions and the surrounding surface.

Airflow velocity profile

The vertical airflow velocity profile experienced by
A. selago cushions was measured in two fellfield sites,
Skua-Ridge and Tafelberg, on the eastern side of Marion
Island. Wind speed was recorded at three heights (0.20,
0.47 and 1.40 m above the soil surface) using WSD100
anemometers with 5% accuracy and a XR5SE data
logger (Pace Scientific, Mooresville, USA; Fig. 5).

Data were obtained on Skua-Ridge on three dif-
ferent days measuring one sample per minute for
three hours. On Tafelberg this was repeated also
on three separate days taking four samples per min-
ute for 1.5 h. Airflow velocity increased strongly
with height (Table 3), and a logarithmic relationship
fitted the data well (R*=0.98-0.99, p<0.001) for
both sites after log-transformation.
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Table 3 Mean airflow velocity in fellfield habitats on the eastern side of Marion Island

Height above the soil surface (m)

Airflow velocity [m/s] (mean =+ S.E.)

Site 1: Skua-Ridge
(+100 m as.1.)!

Site 2: Tafelberg
(300 m as.].)?

n=>540 n=1080
0.20 6.36 £ 1.32 6.53 £ 1.10
0.47 7.64 £1.53 7.76 £ 1.35
1.40 9.84 £ 1.82 9.85 £ 1.61

"'n= 540, one measurement per minute for three hours, repeated on three different days; 2p= 1080, four measurements per minute for 1.5 h,

repeated on three different days

As aresult, the airflow velocity profile was modelled
by:

w22 b

where 1" is the friction velocity, k is the von Karman
constant (= 0.41), z is the height above the soil surface
and z, the roughness length (following (Petersen et al.
1998). The final parameter, 1, is a stability-dependent
function that is positive in unstable conditions, nega-
tive in stable conditions and zero for neutral stability
(Kim and Baik 2003; Petersen et al. 1998; Yang et al.
2008). To achieve a logarithmic vertical airflow pro-
file (such a observed in the result shown in?) with a
mean velocity of 8§ m/s at 1.5 m height (i.e. the mean
speed recorded at the island’s meteorological station
(le Roux and McGeoch 2008)) over a surface with
20=0.0057, we set " =0.138 and { =—18. This ver-
tical airflow velocity profile was then used in all
simulations.

Surface roughness parameters

Both Skua Ridge and Tafelberg are pre-glacial lava
flows dominated by smooth basalt rocks. The sediment
size in the immediate surface area around A. selago can
display a high degree of variation (e.g. Fig. 6).

The diameter of surface particles around A. selago
cushions at a fellfield site on the eastern side of Marion
Island ranged between 2.0 and 313.2 mm (Haussmann
et al. 2009). The mean particle size (5.7 mm diameter)
was therefore used as an estimate of ground surface
roughness. The surface roughness of fellfield A. selago
cushions was estimated as 1.5 mm (pers. obs.; MLC),
reflecting the average deviation of the height of the leaf
surface.
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The model for surface roughness in StarCD version
3.24 is based on the sand grain experiments of
Nikuradse (H. Schlichting 1968). The modified Law-
of-the-Wall equation is used to model fully rough walls
at high Reynolds numbers:

1 yt=D7
A (L2
! T "(B T CR
where

D* = pC0250 D (2)
2 1

0.257,0.5)0
R+ = pCN k ;

The generic values for the constants A, B, C, D and
C, are 8.5, 0, 1, 0 and 0.09 respectively. k is the von
Karman constant (= 0.41). The parameter y, represents
the roughness height; this was specified in the model as
5.7 mm and 1.5 mm for the ground and plant area
respectively.

Modelling seed deposition

The deposition of solid particles on cushion plants was
modelled using a Eulerian two phase flow model, where
Phase 1 represents the continuous fluid (i.e. the airflow)
and Phase 2 the dispersed particles (i.e. seeds) (CD-
Adapco Group 2008). The two phases (a gas and a solid)
behave differently in the proximity of an obstruction due
to their different physical properties and densities. In
particular, while the trajectory of an air particle is
deflected by an object (guided around the curvatures),
a solid particle is more likely to impact with the obstruc-
tion (due to the greater momentum of heavier particles;
(CD-Adapco Group 2008)). In contrast to sediment
particles, seeds are lighter (equivalent to airborne



Plant Soil (2020) 455:339-366

347

Fig. 6 Sediment surrounding Azorella selago indicating (a) high variability and (b) low variability in size

contaminants in CFD modelling; (CD-Adapco Group
2008)) and are released into the airstream above the
ground surface (e.g. inflorescences at 0.05-0.4 m in
fellfield; le Roux et al. unpublished data).

Seed particles in the model were parameterized based
on the aerodynamic characteristics of the seeds of the
common grass Agrostis magellanica. The seeds appear
to be dispersed within their spikelets, which have an
irregular shape and numerous sharp points, which are
likely to enhance seed adherence to surfaces. As a result,
the seeds (and the spikelets) are likely to be deposited on
first impact, while smoother sediment particles are more
likely to be deflected and only settle in low airflow
velocity conditions, see also (Beyers and Waechter
2008; Grace 1977). Therefore, air-borne seeds and sed-
iment are expected to have different deposition patterns
due to differences in their mass, shape and the height at
which they are entrained into the airstream. As sediment
deposition has been modelled extensively in other stud-
ies, seed deposition was the focus of this study.

The mean drag coefficient of A. magellanica seeds
was determined using a gravitational drop test
(Combrinck 2009; C.T. Crowe et al. 2001), where the
mean time taken for seeds to fall 4.15 m was deter-
mined. A. magellanica inflorescences were collected
from the eastern side of the island, and dried at room
temperature. Individual spikelets (n =150) were sepa-
rated from the inflorescence, weighed (mean+S.E. =
0.29£0.09 mg) and measured (mean + S.E. maximum
diameter =3.26 +0.09 mm). For calculations the as-
sumption was made that seeds instantly reached termi-
nal velocity [see (Grace 1977), data analysed in Matlab
version R2007b, details in (Combrinck 2009)]. The

average time of first arrival (3.33 s) was used, excluding
seeds which fell more slowly due to collisions with the
container wall during descent. Four equations were used
to model the drag coefficient of the seeds (Clift and
Gauvin 1970; Flemmer and Banks 1986; Perry and
Chilton 1973; Schiller and Naumann 1933), of which
the Flemmer and Banks correlation (Flemmer and
Banks 1986) had the smallest difference between the
numerical and experimental drag coefficient. As a result,
the drag coefficient calculated by this method (Cy4=
0.681) was considered most suitable for this application,
within the range of values reported by e.g. (Greene and
Quesada 2005).

In the CFD simulations the deposition of seeds on
A. selago plants was modelled by releasing particles at
the air inlet of the computational domain (Fig. 4) with a
volume fraction of 0.01% in the dispersed phase (Phase
2). The seeds were assumed to be spherical particles
with a diameter of 3 mm. The virtual mass was left per
default value of 0.5. The drag coefficient was specified
as 0.681.

Results
Airflow patterns

Results are displayed through contour plots of velocity
magnitude (using side and top views at various slices
through the computational domain), velocity vector
plots (to highlight regions of recirculation and reattach-
ment), air particle tracks (to show the path of a particle
though the domain), pressure contours on the
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Fig. 7 Explanatory image of the view orientation and flow direction of CFD results

hemisphere or crescent and velocity profiles extracted at
specified points (Figs. 8 and 9). Figure 7 facilitate ex-
planation of the flow results obtained from the CFD
analysis. In each image the flow direction is indicated
along with the orientation from which it is shown (i.e.
top view or front view and x-y-z axis orientation). This
convention is used consistently throughout the
manuscript.

Vertical velocity profiles were obtained at the mid-
section of the hemisphere and crescent shape, this

Sample line 2: Sample line 4:

At the apex 0.4 m behind the object
v L ]
4 | 3
Sample line 1: Sample line 3:

In front of object Behind object

extended from the ground level to the top boundary of
the domain (Fig. 8). The data from four sample lines
were extracted; directly in front, at the apex, directly
behind and 0.4 m behind the object. The results are
displayed in (Fig. 9); this is used in subsequent para-
graphs to describe the behaviour of the airflow.

In the analyses of the hemisphere the airflow decel-
erated at the leading edge (from Fig. 9 velocities were
1.2 m/s, 4.17 m/s and 6.18 m/s directly in front of the
hemisphere at heights of 40 mm, 80 mm and 120 mm

Sample line 2 Sample line 4

Top view

Sample line 1 Sample line 3

Fig. 8 Sample lines in the computational domain where velocity profiles were extracted
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Fig. 9 Comparison of velocity profiles for hemispherical and crescent shapes at (a)&(b) directly in front (sample line 1), (¢) at the apex
(sample line 2), (d)&(e) directly behind (sample line 3) and (f) 0.4 m downwind of the plant (sample line 4)
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Fig. 10 Airflow velocity
magnitude around hemispherical
shape; side view taken at the
midsection
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respectively, in comparison with free stream velocities
of 6.88 m/s, 7.12 m/s and 7.26 m/s at similar heights) of
the cushion plant. This created a region of high pressure
approximately 21.67 Pa higher than the reference atmo-
spheric pressure; 101,350 Pa. The flow was deflected
equally over and around the plant (Figs. 10and 11). Asa
result, faster air flow (maximum velocity was 10 mm
above the apex of the plant at 9.42 m/s) and lower
pressure following Bernoulli’s principal (35.11 Pa lower
than the reference pressure) occurred over the top and
around the sides of the plant (Fig. 12). This suggests that
wind scouring would be greatest on these portions of the

cushions’ windward aspect. In the lee of the hemispher-
ical cushion plant airflow velocity was slower in two
narrow zones, separated by a broader region of airflow
at the midsection of the domain (from Fig. 9 the flow
directly behind the plant was 1.75 m/s, 3. 89 m/s and
6.38 m/s at heights of 40 mm, 80 mm and 120 mm
respectively, in comparison with free stream velocities
0f 6.88 m/s, 7.12 m/s and 7.26 m/s). This pattern of three
trailing zones of airflow velocity suggests the establish-
ment of a horseshoe vortex in the lee of hemispherical
plants (Fig. 13), which regularly sheds vortices (i.e.
turbulent eddy features comprising recirculating air) in

Fig. 11 Pressure contours over
the hemispherical shape relative
to atmospheric pressure

STARM
pro-STAR 3.2
PRESSURE
REL TO PREF
PA
ITER = 4535

LOCAL MX= 2167
LOCAL MN= -35.11

@ Springer



351

Plant Soil (2020) 455:339-366

A% = T XTSRS
PoRANL D KO ATR BT KT e
AN SO 1 ’ A
E  os A R ey s IR
& g8 WA RAA, NSRS
pi] VAN AARNOR DRI
$ %o iy e
UM 9 / IR
Lx= , REREE
955 R
Q a2 B v TN
& "I KBRS
pehds PRRNNER
Emﬁoo Wy
>z i

(b)

Fig. 13 Auir particle path line for arrival at the hemispherical shape (a) 20 mm and (b) 30 mm from ground level
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separated from the plant’s surface and started to recir-
culate, forming a wake (Figs. 14 and 15). Airflow only
became more regular (and recirculation reduced) well
beyond the trailing edge of the plant, with the distance to
center of the plant (Fig. 16). The distance to airflow

airflow reattachment varying with distance from the
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Fig. 12 Airflow velocity magnitude around hemispherical shape; top view taken at (a) 7.5 mm and (b) 49.5 mm from the ground level
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On the windward side of hemispherical cushions

airflow closely followed the contours of the plant (e.g.

conditions, two lines of eddies form behind hemispher-

ical cushion plants.

two distinct areas. Therefore, under average wind speed
Figure 13). However, in the plant’s lee, airflow
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Fig. 14 Velocity component
direction (Y-Z) at a vertical plane
64 mm from the hemisphere
midsection
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reattachment was greater further from the mid-plane of
the cushion (i.e. stronger recirculation occurring further
from the center of the cushion within the two trailing
zones of lower airflow velocity). As a result, recircula-
tion was reduced behind the center of the plant relative
to its edges (Fig. 17). Recirculation was strongest close
to the ground but weaker higher above the ground
surface (Combrinck 2009).

Airflow patterns were similar on the windward sides
of the crescent and the hemispherical cushion plants,
with a deceleration of air velocity (from Fig. 9 velocities
were 3.36 m/s, 5.54 m/s and 6.45 m/s directly in front of
the hemisphere at heights of 40 mm, 80 mm and

120 mm respectively, in comparison with free stream
velocities of 6.88 m/s, 7.12 m/s and 7.26 m/s at similar
heights) in front of the crescent cushion due to the
obstruction of the airflow (Fig. 18). This resulted in a
zone of high pressure (14.76 Pa higher than the refer-
ence atmospheric pressure; 101,350 Pa) along the lead-
ing edge of the plant (Fig. 19). On the sides and the top
of the plant the airflow accelerated and a distinct area of
low pressure was formed (maximum velocity of
9.35 m/s was reached approximately 15 mm above the
plant apex at a pressure of 33.6 Pa lower than reference
pressure) (Fig. 19). On the leeward side of the plant the
airflow showed three areas of differing velocities, with

Fig. 15 Velocity component 8 oy

direction (X-Y) at a horizontal
plane 7.5 mm from the hemi-
sphere ground level
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Fig. 16 Velocity component direction (Y-Z) at a vertical plane (a) at the midsection and (b) 88 mm from the hemisphere midsection

the lowest velocity in the center, bordered by two
trailing zones of slightly accelerated airflow (Fig. 20).
There is a distinct region of near zero velocity flow
directly behind the plant the extends to approximately
90 mm above ground level (Fig. 9). The low velocity
flow extends to 120 mm above ground level where the
velocity is 3.45 m/s, the free stream in comparison at
that height would have been 7.26 m/s. While the two
outer zones (faster airflow, Fig. 20) weaken rapidly with
increasing height, the central zone of slower mean air-
flow weakened more slowly. The central zone of airflow
therefore represents a single vortex street being shed in
the wake of the crescent (Fig. 21), contrasting with the

s h STARN
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horseshoe vortex observed behind hemispherical cush-
ion plants.

Recirculation patterns in the lee of the crescent
cushion were more pronounced, and of a different
form, than those behind the hemispherical plant
(Figs. 22 and 23). The ground level airflow around
the crescent was pulled into the recirculation zone
behind the plant, and then directed upwards (Fig. 24).
Additionally, in contrast to the hemispherical plants,
the distance to airflow reattachment was further from
the center of the plant than from the edges of the
cushion (Fig. 25) illustrating the persistence of tur-
bulence due to the vortex street in the lee of the plant.
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Fig. 17 Velocity component direction (X-Y) at a horizontal plane (a) 24 mm and (b) 40.5 mm from the hemisphere ground level
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Fig. 18 Airflow velocity
magnitude around crescent shape;
side view taken at the midsection
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Seed deposition

The flow patterns between the continuous phase (Phase
1, airflow modelled as a gas) and the dispersed phase
(Phase 2, seeds modelled as solid particles) is distinctly
different (Fig. 26). The recirculation patterns behind the
hemispherical and crescent shapes are also less complex
for Phase 2 than observed for Phase 1 in the previous
section.

An air particle is deflected over and around the sides
of the object, guiding it along the curvatures and
forming unique patterns such as the horseshoe vortex
behind the hemisphere. The entrained solid particle has

a greater mass and will be propelled by its momentum in
the air stream. An entrained seed approaching an obsta-
cle will behave in a number of ways; it may impact with
the object on the windward side or it may be carried
upwards or around the sides of the object with the air
stream. It was previously explained that seed are likely
to deposit on the plant at first impact due to their
irregular shape and numerous sharp points. Therefore,
seeds that impact on the windward side is not expected
to be displaced to other regions of the plant. In the
second instance where the seed was lifted over and
deflected around the plant the momentum imposed on
the seed by the increase of the airflow in this region will

Fig. 19 Pressure contours over
the crescent shape relative to
atmospheric pressure
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(a)

Fig. 20 Airflow velocity magnitude around crescent shape; top view taken at (a) 16 mm and (b) 55 mm from the ground level

likely carry it away from the plant. A portion of the
seeds lifted and deflected, that is not displaced by mo-
mentum, will be further entrained by the airflow and
trapped in the recirculation region. It is expected that
these seeds will be deposited on the lower regions of the
leeward side of the plant where it is sheltered from the
elements thus facilitating germination.

Simulations suggest that most seeds would be depos-
ited in the upper middle region of the windward side of
cushion plants (red region in Figs. 27 and 28), suggest-
ing that the friction drag forces of the air on the seeds
particles were insufficient to lift a significant portion of
the seeds over and around the plant. However, in the

(b)

regions closer to the ground a portion of the seeds were
carried upwards and deposition in the region indicated
in red. Accelerated airflow on the sides and the top of
the plants increased the momentum and kinetic energy
of the seeds, causing them to deflect from the plant in
the direction of the resultant residual forces. Therefore,
few particles were deposited on the leeward side of the
plant through the mechanism of recirculation in the flow
field. However, because light particle recirculation ex-
tended to a height of 39 mm (Fig. 29) for hemispherical
cushion and to 81 mm (Fig. 30) for crescent plants (both
plants having similar heights; Table 1), a greater pro-
portion of particles were deposited on the leeward side

Fig. 21 Air particle path line for arrival at the crescent shape 2 mm from ground level
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Fig. 22 Velocity component
direction (Y-Z) at a vertical plane
55 mm from the crescent
midsection
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of the crescent-shaped plants than on the leeward side of
the hemispherical plants.

The mathematical simulation of airflow around dif-
ferent shapes of cushion plants provided a clear indica-
tion of the potential impacts of wind on these plants.
Numerical analyses indicated some similarities in air-
flow velocity patterns around hemispherical and
crescent-shaped plants. For example, air velocity was
always fastest on the top and sides of the plants, with the
highest air pressure on their windward sides (suggesting
the greatest mechanical stress due to airflow on these
portions of the plant). Similarly, seed deposition was
consistently predicted to be greatest in the middle of the
plants’ windward aspects. However, recirculation

patterns differed considerably between the two cushion
forms, with the periodic formation of eddies along both
sides of the hemispherical plants (i.e. shedding of horse-
shoe vortices), and a more pronounced single vortex
loop being shed behind the crescent cushions.

From a computational fluid dynamics perspective,
airflow over a hemisphere or crescent on flat ground is
challenging, since it necessitates the analysis of flow
over two different surfaces (a flat plane and a curved
surface) each with a unique surface roughness. None-
theless, our results are in agreement with studies of flow
around similar (but less complex) shapes. For example,
in turbulent flow the separation point on a sphere has
been reported to occur at 120° (Baki¢ 2004; Baki¢ and

Fig. 23 Velocity component
direction (X-Y) at a horizontal
plane 22 mm from the crescent
ground level
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Fig. 24 Velocity component direction (Y-Z) at a vertical plane (a) at the midsection and (b) 55 mm from the crescent midsection

Peri¢ 2005; Constantinescu and Squires 2004), which
closely matches our results. Similarly, both forms of
flow recirculation and vortex shedding are well docu-
mented (Baki¢ 2004; Baki¢ and Peri¢ 2005;
Constantinescu and Squires 2004). Additionally, from
a biological perspective, the windward deposition of
seeds against cushion plants predicted by the CFD mod-
el also matches field observations [e.g. (Bullock and
Moy 2004), although see (Aguiar and Sala 1994). In
this study variability in airflow speed (i.e. gusting) was
not considered, but it is known that changes in airflow
velocity can affect the presence of a turbulent wake with
recirculation (and the extent of the wake) (Baki¢ and
Peri¢ 2005). Similarly, an increase in the turbulence
intensity in the free stream airflow causes the position
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of the separation point to move further downstream (i.e.
later separation of the boundary layer), decreases the
recirculation zone, and increases mixing processes and
particle entrainment (Baki¢ 2004). As a result, under
gusting conditions the extent of the recirculation zone
behind cushion plants is likely to be more variable and,
on average, probably smaller.

Conceptual model

Based on our results and on published data about
A. selago, A. magellanica and sediment accumulation
patterns, we propose a conceptual model for the devel-
opment of crescent-shaped cushion plants. Our model
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Fig. 25 Velocity component direction (X-Y) at a horizontal plane (a) 33 mm and (b) 55 mm from the hemisphere ground level
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(a)

makes two assumptions about differences in the growth
of A. selago stems and the survival of A. magellanica
grasses in exposed and sheltered conditions. First, we
assume that direct wind damage through cooling, drying
and scouring is minimal to intact cushion plants [al-
though this is not true once a plant has started to lose
its surface integrity; e.g. (Copson 1984). This is a rea-
sonable assumption given that the species’ compact
morphology reduces heat and water loss (e.g. xerophytic
leaves) and minimizes physical damage to the leaves
(Huntley 1971; Schenck 1905; Ternetz 1902). Field
observations support this assumption since there is a
similar proportion of dead stems (and gaps due to the

@smnco
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Velocity Magnitude
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(b)

Fig. 26 Velocity of entrained light particles (i.e. seeds) in the vicinity of (a) hemispherical and (b) crescent shaped plants

loss of stems) on the windward and leeward sides of
hemispherical cushions [although see also (le Roux et al.
2005; Whinam et al. 2014).

Second, the model assumes that A. magellanica seed-
lings suffer higher mortality when exposed to strong
winds than when they grow in more sheltered
microsites. Indeed, the fine-scale distribution of mature
A. magellanica on A. selago supports this assumption,
with much higher cover of larger individuals of the grass
on the cushion’s leeward side (see also (Ashton and Gill
1965; le Roux et al. 2005)), despite A. magellanica
seedlings occurring on all aspects of cushion plants
(PCLR, pers. obs.). This suggests that despite
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Fig. 27 Volume fraction of seed particle deposition on hemisphere
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Fig. 28 Volume fraction of seed particle deposition on the crescent

potentially far greater seed deposition on the exposed
portions of the cushion plant and the ability for
A. magellanica seeds to germinate on any part of a
cushion, grasses are much more likely to survive in the
lee of the hemispherical cushion where airflow velocity
is much lower than the windward side. The distribution
of the grass across topographic gradients also supports
this assumption, with A. magellanica exhibiting higher
densities in more wind-sheltered positions than in wind-
exposed locations ((le Roux and McGeoch 2010), see
also (Pammenter et al. 1986)).

We summarize the process of crescent-shape cushion
development into three stages, considering the

deposition of seeds (irregularly shaped, with low mass
and density) and sediment (smoother and denser than
seeds, always being entrained from the soil surface) as
two separate processes (Fig. 31):

1)  Negligible air recirculation. Airflow around a
small, hemispherical cushion plant is relatively
slow (due to the plant’s low height) and there is
little flow recirculation in its lee (and therefore
negligible deposition of sediment).
A. magellanica seeds are mainly deposited on the
windward side of the cushion. While these seeds
may germinate, they are unable to establish on the
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Fig. 29 Velocity vectors of entrained light particles (i.e. seeds) around the hemisphere indicating the height of recirculation above ground

level (39 mm)
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Fig.30 Velocity vectors of entrained light particles (i.e. seeds) around the crescent indicating the height of recirculation above ground level
(81 mm)

2)

windward aspect of the cushion due to the strong
scouring, cooling and drying effects of the direct
wind.

Sediment deposition and grass establishment. As
the cushion grows taller, airflow recirculation in-
tensifies, leading to sediment deposition on the lee
of the cushion. With stronger recirculation some
A. magellanica seeds are also deposited on the lee
of the cushion plant (although the majority are still
deposited on the windward side of the plant) (see
also (Aguiar and Sala 1994)). The seeds deposited

Negligible air
recirculation

Stage 2

on the cushion’s leeward aspect are more likely to
establish due to the lower air velocities on that side
of the plant. Additionally, the fine sediment that
has accumulated in the lee of the plant may en-
hance seed trapping and survival (Chambers et al.
1991). As a result, A. magellanica biomass in-
creases on the lee of the cushion. This causes the
development of a positive feedback loop, with
greater grass volume slowing airflow in the lee of
the cushion even further, leading to increased de-
position of sediment and seeds [(Pye and Tsoar

Stage 3

Sediment deposition and
grass establishment

Differential cushion growth

Fig. 31 Graphical representation of the conceptual model for differential cushion growth
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1990; Ravi et al. 2008), see also (Cooke and
Warren 1973)].

3) Differential cushion growth. Due to shading (from
grass growth) and burial (from sediment deposi-
tion; which also reduces incoming light) the cush-
ion stems on the leeward side suffer disproportion-
ately higher mortality [see also (Ashton and Gill
1965; Hauri and Schroter 1914) for other cushion
plant species, (le Roux et al. 2005; Schob et al.
2014). However, stem growth on the other sides of
the cushion is unaffected, and as a consequence,
the cushion develops a crescent shape. The change
to the plant’s shape in turn affects the plants aero-
dynamic characteristics, further enhancing air re-
circulation, leading to greater sediment and seed
accumulation in the lee of the cushion. The inten-
sification of recirculation on the sheltered side of
the cushion plant also increases the wind protection
for A. magellanica, favouring its continued growth
and maintaining the positive feedback to crescent-
shape development.

In areas lacking A. magellanica (or other epiphytes)
the same stages of cushion shape development are likely
to occur, because sediment deposition alone can still
cause differential stem mortality on the wind- and lee-
ward sides of A. selago cushions. Similarly, in the
absence of wind-borne sediments, greater
A. magellanica growth on the leeward sides of cushion
plants may also be likely to be sufficient by itself to
cause the development of crescent-shaped cushions.
However, in the absence of either A. magellanica or
sufficient wind-blown soil, the development of the
crescent-shape is less likely to occur because there will
be no positive feedback between grass growth and sed-
iment trapping. As a result, our model may be applicable
to the development of cushion plant shape in many
windy environments, provided that adequate wind-
borne sediment or seeds are present.

Our conceptual model is most appropriately ap-
plied to areas with sparse populations of A. selago
with minimal other features that can act as wind
disturbances (e.g. grey lava regions where the sub-
strate is relatively flat). In black lava regions the
substrate is more uneven and the ruggedness of the
lava itself shapes the cushions (i.e. cushion plants,
especially smaller individuals, grow between and
around the taller shards of lava). Additionally, in

dense or aggregated A. selago populations there
may also be downstream wind flow impacts on
cushion plants from upstream individuals too. How-
ever, A. selago plants generally do not have aggre-
gate distributions locally [particularly for plants with
diameters <15 cm; (Nyakatya 2006)], and there is
typically a relatively even spacing between cushions
(this likely reflects that the species root system ex-
tends far beyond individual cushion’s canopies
(Frenot et al. 1998)). Therefore, while there is po-
tential for upstream plants to affect the wind flow
experienced by downstream plants, where the plants
are uniformly or randomly spaced, there is some
distance so that there will be some stabilization of
flow between individuals. Nearest neighbour data
for A. selago [e.g. (le Roux and McGeoch 2004)]
indicates that the distance to plants’ nearest neigh-
bours average 0.66-0.90 m (data from three differ-
ent sites on Marion Island), and therefore, based on
our CFD results (see e.g. Figure 9f which illustrates
velocity profiles 0.4 m behind cushion plant), the
wind conditions experienced by A. selago plants
growing at typical densities will be minimally af-
fected by upstream disturbances by other
individuals.

Other mechanisms causing the development of
crescent-shaped A. selago cushions have also been pro-
posed. For example, it has been suggested that crescent-
shaped cushions may develop due to leeward turf exfo-
liation by needle ice (Boelhouwers et al. 2003). This
hypothesis posits that needle ice is disproportionately
common in exposed soil on the leeward side of cushions
(because air movement can inhibit needle ice forma-
tion), and therefore effects greater damage to the margin
of the plant that is most sheltered from the wind. Upon
damage to cushion stems (and the resultant loss of plant
compactness) the organic soil underlying the plant is
vulnerable to further needle ice formation and additional
damage to stems. This hypothesis may be complemen-
tary with our model, because a greater proportion of fine
sediments and enhanced moisture conditions (due to
lower wind-driven evaporation) in the lee of the cushion
is likely to favour needle-ice formation [(Pérez 1987),
see also e.g. (Holness 2004)]. Indeed, the low plant
cover observed in the exposed soil in the center of some
crescent-shaped cushions may reflect regular needle-ice
formation and active frost-heave processes [see e.g.
(Boelhouwers et al. 2003)]. However, it seems unlikely
that turf exfoliation alone would be able to initiate the
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leeward degradation of A. selago cushions [following
e.g. (Butler et al. 2004; Pérez 1992)], given the compact
nature of the cushions and their buffering impact on
cushion and soil temperatures (Arroyo et al. 2003;
Chown and Crafford 1992; Nyakatya and McGeoch
2007). Additionally, needle ice is very rarely observed
on intact cushion plants (Cavieres et al. 2007; Pérez
1987). In coastal areas, greater deposition of salt-spray
on the windward side of cushion plants could also drive
the development of the crescent shape, as suggested by
(Huntley 1971), although salt-deposition alone seems
unlikely to drive asymmetrical growth or stem mortality
given the abundance of A. selago in the coastal areas of
Marion Island (Gremmen 1981). Therefore, while other
mechanisms could also play a role in the development of
crescent-shaped A. selago cushions, we suggest that
wind-driven sediment and seed deposition initiates the
change in plant shape. These mechanisms could also be
the cause of other patterns of directionality observed in
A. selago on Marion Island. For example, because
A. magellanica cover is highest on the sheltered leeward
side of the cushion plants, it may indirectly drive higher
densities of arthropods on the sheltered sides of
A. selago cushions [the grass is thought to provide an
extra food resource to the arthropods; (Hugo et al.
2004).

Discussion

Our “leeward-deposition” model of cushion plant shape
development generates some testable predictions. For
example, on substrates with more turbulent airflow there
should be less sediment accumulation on the leeward
side of cushion plants. This results from a negative
relationship between flow turbulence and the extent of
recirculation in the lee of a sphere (Baki¢ 2004). In
consequence, a testable prediction from our model is
that cushions will have less pronounced crescent shapes
in habitats where airflow is more turbulent. Considering,
for example, Marion Island, we would therefore predict
less pronounced development of crescent-shapes in
plants in fellfield areas with higher surface roughness
(e.g. boulders and ridges or, more generally, post-glacial
lava flows; increasing turbulence in the airflow) than in
areas of lower surface roughness (i.e. relatively smooth
soil surface; pre-glacial lava flows where glacial scour-
ing has smoothed the landscape). Similarly, because
substrates differ in their probability of entrainment by
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airflow (based on differences in particle density and
size), sediment accumulation rates behind cushions are
likely to vary between substrate types. As a result, our
model predicts more pronounced crescent shapes for
cushions growing in areas with small particles of low
density (e.g. ash fields) than on substrates composed of
larger, denser particles (e.g. scoria) provided the airflow
is not too turbulent (i.e. subject to first prediction).

At the scale of individual plants, the model predicts
that the mortality of leeward stems will expose humus
that had developed in that portion of the cushion plant.
Therefore, we expect the soil in the hollow of crescent-
shaped cushions to have higher organic matter content
than the surrounding mineral soils (at least in the upper
surface layers). Furthermore, the sizes of sediment par-
ticles present in the hollow of crescent-shaped cushions
should represent a subset of the available particles pres-
ent in the surrounding soil, with an over-representation
of particles that are light enough to be entrained by the
prevailing winds. This prediction provides a strong test
to distinguish between our model and the leeward turf
exfoliation model (Boelhouwers et al. 2003), because
needle ice-driven turf exfoliation is likely to favour the
movement of fine particles away from the crescent by
loosening the soil surface [although this may only be
pronounced during times of soil dryness; (Pérez 1992),
leaving a heavier subset of particles present in the sur-
rounding soil. Finally, the model also predicts that if
cushions that are exposed to the prevailing wind are
subsequently experimentally sheltered, the
A. magellanica seeds which were deposited on the
windward side of the cushion will have higher estab-
lishment success. Furthermore, after wind sheltering is
imposed, crescent-shape development is expected to
slow considerably relative to plants still exposed to the
prevailing wind [although to verify this would require
long-term monitoring due to the slow growth of
A. selago; (le Roux and McGeoch 2004).

Conclusion

Cushion plants are an important vegetation compo-
nent of many windy environments (Aubert et al.
2014). Due their slow growth rates and constrained
growth forms, cushion plants may be sensitive to the
direct (e.g. changes in temperature) and indirect (e.g.
altered biotic interactions) effects of climate change
[e.g. (le Roux et al. 2005). Our results suggest that
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cushion plants may also be sensitive to changes in
wind patterns [see, e.g., (Bergstrom et al. 2015).
While weakening winds are likely to favour the
growth of competitors, rapid changes in wind condi-
tions, as have occurred in the past at high latitudes in
the southern hemisphere (Buizert et al. 2018), could
affect cushion survival. If the prevailing wind direc-
tion changes after a cushion has developed direction-
ality (i.e. its crescent-shape), cushions will experience
increased stem mortality in different areas (because
different portions of the plants will now comprise its
wind- and leeward sides). For example, on Marion
Island the decrease in wind speed variability over the
last half century (le Roux and McGeoch 2008) may
have strengthened the development of the crescent-
shape in A. selago cushions. By contrast, the shift in
mean wind direction on the island (Rouault et al.
2005) could have caused a change in the directionality
of young cushions. Indeed, if the directionality of
cushion plant growth is relatively stable after the de-
velopment of the crescent shape, the directionality of
different cohorts of crescent-shaped cushions may be
a guide to past wind patterns.
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