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Seed dispersal is a vital part of a plant’s life cycle that enables progeny to reach new sites
suitable for burial and establishment. Awns are characteristic of many grass species and
enable diaspores to self-disperse. Little is known, however, about the role of different
awn morphologies in dispersal or burial. The objective of this study was to investigate
the influence of awn morphology on diaspore surface dispersal and burial among
representative Australian Poaceae. Surface dispersal, burial and microsite selectivity
of diaspores were compared across 30 grass species and ten awn morphological
types using laboratory and natural simulation experiments. The presence of an awn
significantly facilitated surface dispersal and burial of diaspores, with awn length and
hygroscopic activity being positively related to both surface dispersal and burial depth.
Geniculate (once-bent) and bigeniculate (twice-bent) awns were the most efficient at
surface dispersal. Burial efficiency, however, was influenced by microsite conditions; a
surface obstruction increased burial for almost all awn types, while falcate (curved)-
awned species were effective at burying without such objects. This study indicates
that awn morphologies likely play different functional roles in the success of Australian
grass progeny.

Keywords: awns, awn length, burial, diaspore, dispersal, Poaceae

INTRODUCTION

Seed dispersal is a key stage in the life history of plants. The persistence of a non-clonal plant
species relies on the ability of its seeds to move away from the parent plant and successfully bury
at sites that have favorable conditions for germination and seedling establishment (Harper et al.,
1970; Evangelista et al., 2011); this is often the only opportunity for plants to escape resource
competition with conspecifics, occupy new habitats, and expand their range (Harper et al., 1970;
Howe and Smallwood, 1982; Cain et al., 2000; Nathan, 2006). Indeed, the importance of effective
seed dispersal and burial in facilitating the survival and distribution of plant species in the face
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of changing climates is increasingly recognized (Pearson and
Dawson, 2003; Thomas et al., 2004; McConkey et al., 2012).

Diaspores (the dispersal unit of a plant, consisting of the
seed and appendages that remain attached to the seed when it
leaves the maternal plant) occur in a variety of morphologies
which allow differential exploitation of a range of dispersal
and burial techniques (Harper et al., 1970; Berg, 1975; Howe,
1980; Howe and Smallwood, 1982; Greene and Johnson, 1989).
While the influence of abiotic and biotic vectors on diaspore
dispersal are well understood, the ability of diaspores to disperse
autochorously (self-disperse) is less well studied. Central to this
process are awns, a long and rigid bristle-like seed appendage
(Murbach, 1900; Peart, 1979; Stamp, 1984; Peart and Clifford,
1987; Adams and Tainton, 1990; Sindel et al., 1993; Garnier and
Dajoz, 2001; Elbaum et al., 2007; Johnson and Baruch, 2014).

Awns are common in species of Geraniaceae (Stamp, 1984;
Stamp, 1989; Evangelista et al., 2011) and Poaceae (Peart,
1979; Mallett and Orchard, 2002; Humphreys et al., 2011). The
morphology of awns varies considerably across species in these
families. For example, 20 awn types have been identified in
Australian native grasses that vary in shape, seed attachment
and number (Cavanagh et al., 2019). Awns can also either
be passive (rigid) or hygroscopically-active. Hygroscopic awns
become active when fluctuations in humidity and associated
changes in cellular shape and pressure cause the awns to move,
often by twisting (Murbach, 1900; Elbaum et al., 2007). This
hygroscopic ability enables awns to mechanically move the
attached seed across the soil surface and then bury it (Stamp,
1989; Garnier and Dajoz, 2001). Hygroscopic awns have been
found to move diaspores across a soil surface up to 6 cm
per day (Adams and Tainton, 1990) and have a competitive
advantage over passively-awned diaspores in finding a safe-site
(sensuHarper et al., 1965; Peart and Clifford, 1987). This dispersal
capability is enhanced if the awn is geniculate, that is, it contains
a sharp bend (Peart, 1979). Diaspores that do not possess awns
are less likely to find suitable safe-sites within their habitat (Peart,
1979; Sindel et al., 1993).

Similarly, awnless diaspores are less likely to bury deeply into
soil and require a longer period to bury to the same depths
as awned diaspores (Stamp, 1984). Awns may act as levers to
facilitate burial because they brace the diaspore as it penetrates
the soil (Murbach, 1900; Stamp, 1989; Johnson and Baruch,
2014); geniculate awns have been found to be successful at doing
this (Johnson and Baruch, 2014). Longer-awned diaspores have
also been found to bury deeper into soil than diaspores with
shorter awns of the same species (Garnier and Dajoz, 2001). In
some species, however, the presence of an awn may hinder burial
(Adams and Tainton, 1990).

Given that awns are a large resource investment for many
grass species and potentially convey important plant fitness
benefits (Adams and Tainton, 1990), it is surprising that more
consideration has not been given to this variation. While some
previous studies have examined the effect of awn morphology on
diaspore dispersal (e.g., Peart, 1979, 1981), microsite selectivity
(e.g., Fowler, 1986) and diaspore burial (e.g., Tothill, 1969; Peart,
1979), most studies on awns have been on the mechanics of
hygroscopic awn movement (e.g., Murbach, 1900; Abraham and

Elbaum, 2013; Elbaum and Abraham, 2014; Jung et al., 2014;
Masrahi and Shaye, 2017), and the comparison between these
active awns and rigid, passive awns (e.g., Peart, 1984; Peart
and Clifford, 1987). Thus, the influence of awn morphology
on dispersal and burial remains largely unknown. A better
understanding of this would greatly improve our ability to
predict the potential effectiveness of species with different
awn morphologies in finding safe-sites and germinating under
different conditions. In this study, we aimed to investigate the
effect of awn type on the dispersal, microsite selection and burial
of diaspores, both in laboratory experiments and in a simulated
natural grassland setting. Since hygroscopic awns have been
found to mechanically move diaspores (Stamp, 1989; Garnier
and Dajoz, 2001) and that geniculate (sharply bent) awns have
been found to act as levers (Johnson and Baruch, 2014), we
hypothesized that the magnitude of autochorous surface dispersal
and burial success would be highest for diaspores containing
geniculate and hygroscopic awns, and it would be least for
diaspores with straight and/or non-hygroscopic awns.

MATERIALS AND METHODS

Diaspore Mass and Length Relationships
Diaspores from 28 Australian grass species and two introduced
grass species (Cynosurus echinatus and Nassella neesiana)
(Table 1), expressing ten different awn types (defined in
Cavanagh et al., 2019), were collected from the field, either
directly or via commercial seed banks. For each species, we
measured the mass of ten air-dried diaspores (in mg) five times.
Ten diaspores per species were then placed into a petri dish of
water to allow hygroscopic awns to untwist, and then diaspore
length, seed length, column length (the stouter lower section of
the awn) and awn lengths were measured (mm) using a digital
caliper. Species with awns that were hygroscopic were noted. We
then determined the relationship between mean awn length and
mean diaspore mass across all 30 study species.

Experiment 1: Surface Dispersal on
Hardboard
We first quantified the ability of awned diaspores to disperse
on a surface by performing a surface movement experiment
on Masonite hardboard in the laboratory. Diaspores from each
of the 30 study species were used in this experiment to allow
for comparison of dispersal across study species and between
awned and awnless diaspores. Experiments were conducted
between November 2017 and March 2018 during which the
laboratory temperature ranged from 23 to 26◦C and humidity
from 35 to 62%.

Standard 4.8 mm thick Masonite hardboards, measuring
60 cm × 45 cm, were used in the experiment. Masonite has
one gently rough side impressed with a fine grid pattern that
allows hairs and awns to grip the surface. This side of the
board was painted white with one coat of low sheen paint to
increase diaspore visibility while maintaining surface roughness.
A 12 cm× 11 cm grid was then drawn onto the rough side of each
board and each grid intersection was labeled 1–12.
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TABLE 1 | Species from which diaspores were obtained for use in the awn function experiments.

Species Ecology Awn type Diagram

1 *Cynosurus echinatus Slender tufted annual, common on disturbed sites, fertile soils 1
X 

2 Echinopogon ovatus Rhizomatous perennial, common species of moist forests 1

3 Anthosachne scabra Weakly tufted perennial, common in dry, rocky areas 2

4 Austrostipa nitida Densely tufted perennial, in deep sands, dry inland sites 2

5 Austrostipa nodosa Loosely tufted perennial, in dry country 2

6 Austrostipa scabra Tufted perennial, widespread in drier areas, shallow stony soils 2 X 

7 Austrostipa verticillata Long-rhizomatous perennial 2

8 Bothriochloa macra Rhizomatous perennial, common in grassy woodlands 3 X 

9 Bothriochloa bladhii Densely tufted perennial, grows in woodlands on better soils 3

10 Chrysopogon fallax Erect perennial, growing on heavy soils, often floodplains 3

11 Dichanthium sericeum Tufted perennial, often on self-mulching clays 3

12 Rytidosperma pallidum Clump forming, in dry forests and woodlands 3

13 Austrostipa aristiglumis Tufted perennial, common on heavy alluvial soils 4

14 Austrostipa bigeniculata Tufted perennial, in basaltic terrain and heavy soils 4

15 Austrostipa blackii Tufted perennial, on deep sands or rocky site 4

16 Austrostipa mollis Tufted perennial, common on sandy low-nutrient soil 4

17 Austrostipa nivicola Tufted perennial, found in alpine and subalpine grasslands 4

18 Austrostipa rudis Rhizomatous perennial, in open forests on sandy soil 4

19 *Nassella neesiana Tufted perennial, common in disturbed areas 4

20 Themeda triandra Tufted perennial, widespread but not in wet or very dry sites 4 X 

21 Enteropogon acicularis Tufted or stoloniferous perennial, in cracking clay soil 9 X 

22 Chloris truncata Perennial, colonizer of disturbed ground, in better soil 10

23 Aristida jerichoensis Tufted perennial, usually on light soils 11

24 Aristida ramosa Tufted or shortly rhizomatous, in dry rocky sites, poor soils 11

(Continued)
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TABLE 1 | Continued

Species Ecology Awn type Diagram

25 Triodia danthonioides Perennial, on deep sands and sandy loams 11

26 Triodia schinzii Perennial, common in sandy soils 11

27 Aristida latifolia Tussocky perennial, on cracking clay, red-earths or sandy soils 13 X 

28 Rytidosperma caespitosum Tufted perennial, found in diverse habitats 15

29 Rytidosperma oreophilum Compact tufted perennial, in subalpine, rocky areas 15

30 Enneapogon nigricans Tufted perennial, widespread on shallow soils over rock substrate 20
X 

X represents species used in Experiment 3. Awn types from Cavanagh et al. (2019). (∗denotes introduced species).

Three intact (Awned) diaspores of four species were placed
onto a board at a random grid intersection determined by a
random number generator, with their callus pointing “north”
in the center of each grid intersection and their awn pointing
“south,” with any bend of the awn going out in a “westerly”
direction (Figure 1A). This was replicated three times for
all 30 species. Each board was sprayed with water 30 times
(approximately 20 mL) using a 1 L spray bottle from a distance
of 50 cm. The movement of the callus of each diaspore due to this
wet cycle (W) was then traced and the location of their final point
of movement was marked (W1). The awns were then allowed to
dry out over a 24 h period and the location of the callus after this
time [the dry cycle (D)] was marked (D1).

The displacement of the callus due to both W and D
(Figure 1A) was measured (mm) using a digital caliper. Spraying
was repeated and W and D displacements measured for five
cycles. The total absolute distance moved (TDA) across all five
W and D cycles was calculated for each diaspore and the mean
TDA was calculated for each species. Awns were removed from
a further six diaspores per species by cutting off the awn at its
base. The surface dispersal of the Awnless diaspores for all 30
study species was then measured using the same procedure as
the Awned diaspores. Diaspores that moved off the board were
undisturbed until their current cycle had ceased, after which their
dispersal distance was measured and they were placed back on
the board in an unobtrusive position. The awn became detached
from one diaspore (Chrysopogon fallax) during movement, and
this replicate was removed.

The mean TDA for each species in the Awned treatment
was compared to the mean TDA in the Awnless treatment.
The results indicated that TDA was negligible for diaspores
lacking awns, and so we focused only on data collected from
awned diaspores for further investigation of species- and awn
type-differences in diaspore surface dispersal. Linear mixed-
effects model analysis was performed using nlme in R (version
3.1–137) to determine species effects on surface dispersal of
diaspores. TDA was the response variable and species (fixed) and
board number (random) were the predictor variables; data were

transformed [y = ln(x+ 1)] to fit the model assumptions. Post hoc
comparison of species was performed using least-square means
derived from the linear mixed-effects model (using R program
lsmeans version 2.30-0).

A linear regression was used to determine the relationship
between mean awn length and mean TDA of each species.
To compare the diaspore dispersal across awn types, the
TDA of all seeds was standardized by dividing by the mean
species awn length (TDS). Linear mixed-effects model analysis
was then performed using nlme in R with TDS as the
response variable, and awn type (fixed) and both species
and board number (random) as the predictor variables. Post
hoc comparison of awn types was performed using least-
square means derived from the linear mixed-effects model
using lsmeans in R. Awn types lacking species-level replication
(Types 9, 10, 13, and 20) were excluded from the analyses.
Data were again transformed [y = ln(x + 1)] to fit the
model assumptions.

Experiment 2: Burial Depth in Soil
To quantify the variation in burial ability among species with
different awn types, a controlled glasshouse experiment was
undertaken using four burial treatments on a homogenous soil
between February 19, 2018 and March 12, 2018. In the glasshouse,
daily fluctuations in humidity ranged from <20 to 76% and
temperatures ranged from 13 to 56◦C.

Six plastic trays, each 35 cm × 90 cm, were filled to 5 cm
depth with a mixture of four-parts sandy loam topsoil to one-
part potting mix; potting mix was added to keep the soil friable.
Trays were then well-watered to settle the soil. Four rows,
approximately 7 cm apart, were aligned in each tray, and one of
each of four treatments (Straight, Angle, Object, and Awnless)
was randomly allocated to a row. One diaspore from each of
the 30 study species (Table 1) was used per treatment per tray.
Species position within a row (treatment) was randomly assigned
(however, with positions alternating between longer- and shorter-
awned species to reduce the chances of the awns interacting
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FIGURE 1 | Methods employed to study diaspore (A) surface dispersal and (B) burial. In (A), O indicates the diaspore origin, W1 is the location of the diaspore callus
after the first wet cycle, D1 is the location of the diaspore callus after the first dry cycle, the blue line is the movement path of the diaspore callus in the wet cycle, the
red line is the movement path of the diaspore callus in the dry cycle and the orange dotted lines are the displacement lengths measured. In (B), the horizontal lines
indicate the soil surface.

with each other). The species position was replicated in each
treatment within a tray.

Diaspores were inserted into moist soil, with the seed just
covered and the awns exposed, in the treatments as follows:
vertically (Straight), at 45◦ (Angle), at 45◦ lodged under a
3 cm diameter piece of roughened dowel (Object) and vertically
with the awn removed (Awnless) (Figure 1B). Toothpicks were
inserted beside each Awnless diaspore to increase their visibility.
Each replicate was misted with 90 sprays of water (approximately
60 mL) every second day, using a 1 L spray bottle. After 21 days,
the trays were lightly sprayed with white spray paint, which dried
almost immediately on contact, to color the exposed part of the
awn. Each seed was then removed from the soil and the depth of
burial was measured (mm) from the length of the unpainted part
of the awn. Mean absolute burial depth (BDA) was calculated for
each species under each treatment.

As diaspores in the Awnless treatment group recorded no
burial for all 30 species, this treatment was removed from further
analyses. Linear mixed-effects model analysis was performed
using nlme in R to determine treatment and species effects
on burial of diaspores. BDA was the response variable with
treatment (Object vs. Angle vs. Straight; fixed), species (fixed),
species × treatment (fixed) and tray (random) as the predictor
variables. Some species recorded 0 mm mean BDA in at least one
of the Straight, Angle and Object treatments. Therefore, analysis
of treatment and species effects was only performed on 15 species
that had non-zero means (see Supplementary Table 2). Data
were transformed [y = ln(x + 1)] to fit the model assumptions.
Post hoc comparison of treatments within species was performed
using least-square means derived from the linear mixed-effects
model using lsmeans in R.

Linear regression analysis was used to determine the
relationship between awn length and BDA of each species in the
Object treatment. To compare the burial depth across awn types
in the three treatments, the BDA of all seeds was standardized by
dividing by the mean species awn length (BDS). Linear mixed-
effects model analysis was then performed using nlme in R to
determine treatment and awn type effects on burial of diaspores.
Of the 15 species that had non-zero means (Supplementary
Table 2), only awn types with species-level replication, in this
case falcate (Type 2) and bigeniculate (Type 4), were included
in the analysis. Data were transformed [y = ln(x + 1)] to fit
the model assumptions. BDS was the response variable with
treatment (Object vs. Angle vs. Straight; fixed), awn type (falcate
vs. bigeniculate; fixed), awn type × treatment (fixed) and both
species and tray (random) as the predictor variables. Post hoc
comparison of awn types within treatments was performed using
least-square means derived from the linear mixed-effects model
using lsmeans in R.

Experiment 3: Surface Dispersal,
Lodgment and Burial in a Simulated
Natural Grassland
The objective of this experiment was to observe and record the
dispersal and burial of different awn types in a simulated, natural
grassland environment. This experiment was conducted from
February 14, 2018 to March 07, 2018.

Six trays (70 cm× 60 cm) were lined with cardboard and filled
to a depth of 5 cm with a soil mixture consisting of four-parts
loamy grassland soil to one-part sandy loam topsoil. The soil was
mixed thoroughly and all stones greater than 2 cm were removed.
Ten rocks, 3–5 cm in size, were sporadically placed over the soil,
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followed by scattering of approximately 2 L of loosely packed
grass debris and 1 L of leaf and bark litter less than 10 cm in size,
resulting in a thickness of approximately 5 mm. The soil was then
soaked with water and allowed to drain.

Toothpicks were inserted into the soil in a 5 × 7 grid
(approximately 8 cm apart) in each tray to mark the origin
of each diaspore. Diaspores from seven species (Table 1), each
with a different awn type, were then placed at the base of each
toothpick in a random sample across each tray so that there
were five diaspores per species per tray. Diaspores were then
left to move in response to the fluctuations in daily humidity.
Trays were placed into a glasshouse where humidity ranged from
<20 to 76%, while temperatures ranged from 13 to 56◦C. The
location and orientation of the diaspores was recorded every
few days to reduce the chance of losing diaspores in the leaf
litter. Every 7 days, a rainfall event was simulated by coarsely
spraying each tray with 2 L of water, representing an approximate
4.8 mm rainfall event. At this amount, the surface material
was completely wet.

After 3 weeks, the distance moved across the surface from the
starting position was measured for each diaspore (mm), along
with records of (1) whether the diaspore was lodged or not, (2)
what it was lodged under (i.e., microsite type: 3–5 cm rock, <3 cm
pebble or soil clod, bark or leaf litter, grass litter, crack or hole,
or bare soil) and, (3) the depth of burial (mm). Depth of burial
was determined by first clasping tweezers on the diaspore at the
location on the awn that the diaspore was buried up to, and then
carefully extracting the diaspore in the tweezers and measuring
the distance from this point to the diaspore callus.

Mean surface dispersal (TDA) and mean burial depth (BDA)
for each species were calculated from the diaspores that were
found, and the diaspores that were lodged, respectively. Linear
mixed-effects models were used to compare mean TDA and
mean BDA between species using nlme in R. In both models,
TDA and BDA were response variables, with species (fixed) and
tray (random) as the predictor variables; data were transformed
[y = ln(x+ 1)] to fit the model assumptions. Post hoc comparison
of species was performed using least-square means derived
from the linear mixed-effects model using lsmeans in R. The
percentage of diaspores that were lodged under each microsite
type was calculated for each species, and a chi-square analysis was
performed with lodgment (lodged vs. not lodged) and species as
blocking variables.

RESULTS

Diaspore Mass and Length Relationships
There was a significant relationship between awn length and
diaspore mass, with a 1 mg increase in the mass of 10
diaspores corresponding to a 2 mm increase in awn length
(length = 0.52[10×mass]+ 17.84, r = 0.76, P < 0.0001).

Mean awn length was found to be longest in the alpine species
Austrostipa nivicola (97.0 ± 1.4 mm), followed by Austrostipa
scabra (75.8 ± 2.7 mm). Enneapogon nigricans, a widespread
inland perennial, had the shortest awns (4.6 ± 0.8 mm).
A. nivicola also had the highest mass (148.2 ± 10.8 mg per

10 diaspores), while Chloris truncata diaspores were lightest
(2.3 ± 0.1 mg per 10 diaspores). The awn made up the highest
percentage of the diaspore length in Austrostipa verticillata and
A. scabra (both 92%), while the awn only made up 59% of
the spinifex Triodia danthoniodes diaspore. See Supplementary
Table 1 for mass and length data for all 30 study species.

Experiment 1: Surface Dispersal on
Hardboard
During five wet-dry cycles, the mean total distance moved (TDA)
by diaspores on the hardboard ranged from 0 to 500.1 mm
across all 30 species. The mean TDA of awned diaspores was
158.0 ± 29.4 mm, while the mean TDA of diaspores with
awns removed was 2.7 ± 0.7 mm, with awned diaspores
moving significantly further than awnless diaspores for all species
(P < 0.04) except C. echinatus (P = 0.31) and Echinopogon ovatus
(P = 0.13) (both having straight, non-hygroscopic awns). Awned
diaspores moved more than 500 times that of awnless diaspores
for four species [N. neesiana (424.5 mm vs. 0.5 mm), Austrostipa
mollis (437.7 mm vs. 0.6 mm), Austrostipa rudis (349.6 mm
vs. 0.5 mm), and A. nivicola (500.1 mm vs. 0 mm); all with
bigeniculate awns (Type 4)], and between ten and 100 times more
for a further 11 species. Among diaspores with awns removed,
Aristida latifolia moved the greatest distance (19.3 ± 2.8 mm),
but diaspores of virtually all other species moved little or not at
all, clearly demonstrating the vital role played by awns in diaspore
movement (Figure 2).

There was a significant effect of species on the TDA of
diaspores (F29,210 = 124.10, P < 0.0001). A. nivicola moved the
greatest total distance (500.1 ± 51.5 mm); however, this was not
significantly different to the TDA of the next top nine species
(Figure 2). The top seven species that moved the greatest distance
were all species with bigeniculate (twice-bent) apically-attached,
hygroscopic awns (Type 4; Table 1 and Figure 2). E. ovatus and
C. echinatus, both with a single, apical straight awn (Type 1),
moved the least distance (0 mm and 1.3 ± 0.6 mm, respectively;
Figure 2).

Overall, there was a significant positive relationship between
awn length and TDA of awned diaspores (r = 0.76, P < 0.0001;
Figure 3A) with each 1 mm increase in awn length resulting
in a 5.2 mm increase in TDA. The relationship showed that
Types 4 (apical, bigeniculate) and 3 (apical, geniculate) moved
more than predicted (based on awn length alone), while Types
2 (apical, falcate), 11 (three apical, straight) and 13 (three apical
with column, e.g., A. latifolia) moved less (Figure 3A).

The total distance dispersed standardized by awn length (TDS)
differed significantly across the six awn types tested (Types 1–
4, 11, and 15) (F5,20 = 21.19, P < 0.0001). Types 3 (apical,
geniculate) and 4 (apical, bigeniculate) were the most efficient
at surface dispersal [least-squared means = 2.1 ± 0.2 ln (mm
moved per mm awn length + 1) and 2.1 ± 0.1 ln (mm
moved per mm awn length + 1), respectively; Figure 3B].
Examples include Bothriochloa macra and Dichanthium sericeum
(Type 3) and Themeda triandra and N. neesiana (Type 4).
In contrast, Type 1 (apical, straight) was the least efficient at
surface dispersal [least-squared mean = 0.03 ± 0.3 ln (mm
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FIGURE 2 | Mean total distance moved (TDA) (in mm) by diaspores across a hardboard in the surface dispersal experiment after five wet-dry cycles for the 30 study
species in both the Awned (nine replicates per species) and Awnless (awn removed) (six replicates per species) treatment. Error bars represent one standard error.
Species name is followed by awn type (see Table 1). µ = mean TDA (mm) of each treatment.

moved per mm awn length + 1)], but this was not significantly
less than Type 11 [three apical straight awns; least-squared
mean = 0.5 ± 0.2 ln (mm moved per mm awn length + 1)]
(Figure 3B). Representative species of these weakly moving
species were E. ovatus and C. echinatus (Type 1), and the spinifex
grasses Triodia schinzii and Triodia danthonioides (Type 11).

Experiment 2: Burial Depth in Soil
The mean burial depth (BDA) of diaspores ranged from 0 to
12.9 mm, increasing across Straight (vertically inserted into soil;
1.1 ± 0.2 mm), Angle (inserted into soil at 45◦; 1.6 ± 0.5 mm)

and Object (inserted into soil at 45◦ lodged under a 3 cm
diameter piece of roughened dowel; 4.6 ± 0.8 mm) treatment
groups (Figure 4). Awnless diaspores never buried (0 mm)
in any of the 30 species. In the Object treatment group,
Austrostipa bigeniculata (Type 4) achieved the deepest burial
(12.9 ± 3.6 mm; Figure 4). In the Angle treatment and the
Straight treatment, the deepest burial was achieved by Austrostipa
nodosa (11.2 ± 2.2 mm) and Austrostipa nitida (5.0 ± 1.4 mm;
Figure 4), both of which have a single falcate awn (Type 2).
The top five species to bury the deepest in all treatments had
hygroscopic awns and were either from awn types 2 or 4, while
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FIGURE 3 | Distance moved by awn types in the hardboard experiment. (A) Linear regression of awn length against total distance moved (TDA) (in mm; after five
wet-dry cycles) for all 30 species (y = 5.17x – 13.29, r = 0.76). Legend shows awn type. (B) Least-square mean values for total distance moved (after five wet-dry
cycles) standardized by awn length (TDS) [ln (mm moved per mm awn length + 1)]. Error bars represent one standard error. Means sharing the same letter do not
differ at the 0.05 level.

E. nigricans (non-hygroscopic) did not bury in any treatment
(0 mm; Figure 4).

Linear mixed-effects model analysis showed that the
species × treatment interaction effect was not significant
(F28,220 = 1.41, P = 0.09), indicating that each species BDA had
a similar response across the different treatments. However,
this analysis showed that there was a significant effect of
both species (F14,220 = 6.57, P < 0.0001) and treatment
(F2,220 = 42.70, P < 0.0001) on BDA. Austrostipa aristiglumis,
N. neesiana, A. rudis (all with single bigeniculate awns; Type
4) and Austrostipa scabra (single falcate awn; Type 2) buried
significantly deeper in the Object treatment compared to the
Angle and Straight treatments (10.6 mm vs. 1.0 mm vs. 1.8 mm,
10.0 mm vs. 1.3 mm vs. 0.2 mm, 9.9 mm vs. 4.9 mm vs. 1.6 mm,
and 11.2 mm vs. 3.3 mm vs. 1.6 mm, respectively; P < 0.05;
Figure 4). Additionally, a number of shallow-burying species
(e.g., Enteropogon acicularis, Rytidosperma oreophilum, and
C. echinatus) only buried when adjacent to an object (Figure 4).

The linear regression analysis performed on the Object
treatment data showed a significant positive relationship between
awn length and BDA (r = 0.61, P < 0.001; Figure 5A), with a
10 mm increase in awn length resulting in a 1 mm increase in
BDA. The burial depth standardized by awn length (BDS) did
not have a significant awn type × treatment interaction effect
(F2,128 = 2.31, P = 0.10) showing that the BDS of bigeniculate
(Type 4) and falcate (Type 2) awn types responded similarly
across the three treatments. There was a significant main effect
of treatment (F2,128 = 42.49, P < 0.0001) with both awn types
burying deeper in the Object treatment compared to the Angle
and Straight treatments [Type 2: least-squared means = 0.16 ln
(mm buried per mm awn length + 1) vs. 0.09 ln (mm buried
per mm awn length + 1) vs. 0.05 ln (mm buried per mm awn
length + 1), respectively; Type 4: least-squared means = 0.19 ln
(mm buried per mm awn length + 1) vs. 0.06 ln (mm buried
per mm awn length + 1) vs. 0.05 ln (mm buried per mm awn

length + 1), respectively; Figure 5B]. However, there was no
significant effect of awn type on BDS (F1,9 = 0.002, P = 0.97).
Within treatments, bigeniculate awns were more proficient at
burial compared to falcate awns in the Object treatment, while the
opposite was true in the Angle treatment (Figure 5B), although
a post hoc comparison indicated that there was no significant
difference in BDS between the two awn types within any of the
treatments (Figure 5B).

Experiment 3: Surface Dispersal,
Lodgment and Burial in a Simulated
Natural Grassland
A total of 8% (17/210) of diaspores were not recovered at the end
of this experiment and so were excluded from the analysis. Of the
193 diaspores that dispersed, 54% (105/193) lodged. There was a
significant effect of species on TDA (F6,181 = 28.38, P < 0.0001)
with the hygroscopically-awned T. triandra (Type 4) moving a
significantly greater distance across the surface than all other
species (76.0 ± 7.1 mm; P < 0.05; Figure 6A). There was also
a significant effect of species on BDA (F6,93 = 6.26, P < 0.0001),
with T. triandra, B. macra, and A. scabra burying the deepest of
the seven species (12.4 mm, 6.4 mm, and 5.9 mm, respectively),
and E. acicularis, C. echinatus, and E. nigricans burying the least
(<4 mm; Figure 6B).

There was a significant difference in the percentage of
diaspores that became lodged and diaspores that did not across
the seven study species (χ2

6 = 31.05, P < 0.0001). Diaspores
of A. latifolia (three apical awns and a column; Type 13) had
the highest frequency of lodgment (87%; Figure 7), while the
introduced species C. echinatus (single straight awn; Type 1) had
the lowest (32%; Figure 7). A. latifolia, A. scabra and E. nigricans
diaspores had the highest percent lodgment into bare soil (42%,
33%, and 42%, respectively; Figure 7). B. macra (single geniculate
awn; Type 3) lodged the most under soil clods or pebbles (47%;
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FIGURE 4 | Mean burial depth (BDA) (in mm) of diaspores for all 30 species across the Object, Angle, and Straight treatment classes (six replicates per species per
treatment) after 21 days. Error bars represent one standard error. Species name is followed by awn type (see Table 1). µ = mean BDA (mm) of treatment.

Figure 7). While only 38% of T. triandra diaspores lodged, most
of these also lodged under soil clods or pebbles (64%; Figure 7).
E. acicularis (two apical straight awns; Type 9) and C. echinatus
lodged at a comparatively higher frequency in cracks or holes
(36% and 33%, respectively; Figure 7).

DISCUSSION

This study aimed to determine the relationships between
awn morphology and diaspore dispersal and burial. Our
results clearly demonstrate two key features of these
relationships. First, the presence of virtually all awn types

dramatically increases both surface dispersal and burial of
associated diaspores, with diaspores that have their awns
mechanically removed showing virtually no capacity for
surface movement or soil burial. Second, while diaspores
with longer awns tended to disperse further and bury deeper
than short-awned types, both species and broad awn types
varied considerably in these abilities. Both lines of evidence
support the hypothesis that diaspore characteristics, and
particularly awn morphology, play a vital role in the ability of
grass species to effectively exploit different ecological niches
(Peart, 1979).

We found that awns greatly enhanced diaspore dispersal
distance across the surface and was instrumental in facilitating
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FIGURE 5 | Depth buried by awn types in the burial experiment. (A) Linear regression of awn length against burial depth (BDA) (in mm; after 21 days) for all 30
species in the Object treatment (y = 0.1107x + 0.9274, r = 0.61). Legend shows awn type. (B) Least-square mean values for burial depth (after 21 days) across the
three treatments standardized by awn length (BDS) [ln (mm buried per mm awn length + 1)]. Error bars represent one standard error. Means sharing the same letter
do not differ at the 0.05 level. Legend shows awn type.

FIGURE 6 | (A) Mean surface dispersal (TDA; in mm) and (B) mean burial depth (BDA; in mm) for the seven study species in the natural experiment after 21 days.
Error bars represent one standard error. Species name is followed by awn type (see Table 1). Means sharing the same letter do not differ at the 0.05 level.

burial into the soil. These results are consistent with those of Peart
(1979); Stamp (1984), and Sindel et al. (1993) who also found
that diaspores with hygroscopic awns that were then removed
were unable to readily find safe-sites (sensu Harper et al., 1965)
and did not bury. While there has been ongoing debate about
whether the primary purpose of awns is for burial or surface

dispersal, and some studies have occasionally shown that awns
can hinder seed burial (e.g., Adams and Tainton, 1990), our data
indicate that awns, particularly certain forms, play a central role
in both processes.

Our data showed that hygroscopic geniculate (once-
bent) and bigeniculate (twice-bent) awn types were the
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FIGURE 7 | The percentage of diaspores that lodged at each of the different microsites in the natural experiment after 21 days. Species name is followed by awn
type (see Table 1).

most efficient at moving across the surface of both the
hardboard and the simulated grassland surfaces. Geniculate
awns apparently have a greater capacity for surface dispersal
because the “knee-bends” in their awn, which are pivot
points, act as levers to facilitate forward movement (Peart,
1979). The greater the distance that a diaspore moves, and
hence the area of habitat that it samples, the likelihood it
increases its chances of reaching a safe-site and reduces
exposure to threats such as desiccation, granivory and fire
(Sheldon, 1974; Peart, 1984; Stamp, 1984). The effectiveness
of geniculate awns in increasing surface diaspore dispersal
may explain why these awn types are the most common
and taxonomically diverse among native Australian grasses
(Cavanagh et al., 2019). Investigations are required to determine
if geniculate-awned species have wider distributions or inhabit
a greater diversity of habitat types compared to species with
other awn types.

In general, species with longer awns also had a greater
mass and were able to move further across the hardboard
surface than species with short awns. However, there were some
exceptions; falcate (curved)-awned species, such as A. scabra
and A. nitida, had awns that were just as long as some of
the bigeniculate-awned species but were lighter and did not
disperse as far. Thus, the efficiency of falcate awns in dispersing
was significantly less than that of geniculate awns. Phylogenetic
analyses have shown that these falcate-awned species fall into a
distinct Austrostipa subgenus Falcatae (Bustam, 2010; Syme et al.,
2012; Winterfeld et al., 2015), and may have evolved separate
strategies for dispersal. We also found that awn length was
positively correlated with overall burial depth, consistent with

Garnier and Dajoz (2001) and Johnson and Baruch (2014). Again,
however, there were exceptions; A. nivicola had the longest awns
of all study species but buried less than a quarter of the depth of
A. bigeniculata, which has awns less than half as long. A. nivicola
is found in the alpine region of Australia where soils are rich
in organic matter (VicFlora, 2016), so the need for the awn to
facilitate burial in these soil types may be less necessary. Similarly,
C. fallax had long awns and buried shallower than expected.
This species is common on floodplains (PlantNET, 2004) where
the soil is also likely to be more fertile and friable (Victorian
Resources Online, 2017). These patterns suggest that there may be
significant differences in awn function across different soil types,
and that awn length itself may not influence dispersal and burial
efficiency. This warrants further study.

Overall, we found that the presence of a solid object (here a
wooden dowel) on the soil surface generally increased the depth
that diaspores were able to bury and, for many species, was
essential for burial. Objects provide a contact point for the awns
to work against, enabling the awn to act as a lever and direct
awn torque downward (Johnson and Baruch, 2014). Meanwhile,
some species, especially those with falcate awns, were especially
capable of burial when placed at an angle to the soil but in the
absence of a surface object (Angle treatment group). As noted
previously, falcate awns were poor at surface dispersal, implying
that the functional role of the awn in these species is to enhance
opportunistic seed burial and minimize the reliance on reaching
specific microsites. This idea was supported by observations
from the grassland simulation experiment where it was found
that A. scabra had the highest number of its diaspores lodge
into bare soil. In contrast, the grassland simulation showed that
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the geniculate- and bigeniculate-awned species, B. macra and
T. triandra respectively, had the highest percent of diaspores
lodge under soil clods or pebbles. These species were efficient
at surface movement and would, therefore, be able to disperse
more widely across the soil to find microsites that are more
suitable for burial. These results suggest that species with different
awn types may have different microsite preferences. Microsite
structure was also shown to influence diaspore burial and rate
of germination by Harper et al. (1965) and Fowler (1986), with
different species shown to prefer particular microsites. Further,
it has been found that burying in a position that increases soil
moisture contact improves seed germination (Sheldon, 1974) and
additional study should be undertaken to determine if awns play
a role in germination success.

Although there was some variation in the efficiency of awn
types between surface dispersal and burial ability, some awn
types were ineffective at both strategies. There was little to
no difference in dispersal distance achieved between awned
and awnless diaspores of C. echinatus and E. ovatus, which
both have a single straight, passive (non-hygroscopic) awn,
indicating that these awns are not used for surface dispersal.
C. truncata and E. acicularis have two straight, passive awns,
and were similarly poor at surface dispersal. In the natural
grassland, two of these species (C. echinatus and E. acicularis)
also had the highest percentage of diaspores lodge into cracks
or holes. These results suggest that burial into the soil is not
always directed and can occur by chance. This is supported
by Peart (1984) who found that passively awned diaspores rely
on stochastic processes to reach safe-sites. While these awn
types appear to be functionally redundant for active surface
dispersal and burial, they may still serve to orientate diaspores
during their fall from the maternal plant and increase their
chance of landing on the soil in an optimal position for
germination (Harper et al., 1965; Peart, 1981). Diaspores of
E. nigricans also had poor surface dispersal and burial but,
considering their small mass and the presence of nine short
awns, it is likely that this species relies on wind dispersal.
Additional study of the role of passive awns, including the
potential role of animal dispersal of grass diaspores, would
help clarify these questions, particularly for species that do not
disperse autochorously.

Finally, in this experiment we used Masonite hardboard
as a low-cost alternate for quantifying surface dispersal
across multiple species. This approach has many benefits,
including easy visibility of small diaspores, precise measurement
of diaspore orientation and movement, and the ability
to make a record of diaspore movement (by tracing
the dispersal path). The near-perfect replication between
relative total surface dispersal of seven grass species on
both Masonite and in the simulated grassland environment
(c.f. Figures 2, 6A) supports the use of hardboard as a
potential surrogate for future experiments conducted in
natural environments, which are more costly, and difficult to
perform and analyze.

Further avenues for the future study of awn morphological
variation in Australian grasses include detailed investigation of
the relationship between awn type and plant life history (e.g.,

dispersal may be more important for annual species compared
to perennials; Humphreys et al., 2011), and the influence of
awn microstructure on awn activity. For example, Masrahi and
Shaye (2017) found that microstructure of the hygroscopic
awn alters the burial capability of diaspores between species.
Further investigation of the linkages between diaspore fitness,
awn structure and soil characteristics would also be beneficial,
given the often tight association of grass species and soil types
across Australia.

We conclude that many awn types significantly facilitate
surface dispersal and burial of diaspores, and that different awn
types potentially have different functional roles in the diaspore
dispersal and burial stage of a plant’s life history. It is likely
that such a large diversity of awn morphologies persists in
Australian grasses due to this variation in function. The results
of our study therefore strongly argue for a significant fitness
benefit associated with investment of reproductive resources into
awns, particularly geniculate and bigeniculate forms. We hope
that further investigation into the ecological role and function
of different awns may ultimately allow awn morphology to
be used as a plant functional trait (Cornelissen et al., 2003)
for predicting species fitness under different environmental
conditions and for explaining biogeographic variation of grass
species across Australia.
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