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ABSTRACT

Context. Gravelly pavement herbfields are a rare, geographically restricted community found in
high mountain areas of south-eastern Australia. Gravelly pavement plant communities occur where
there is continuous waterflow, with vegetation comprising sparse, semi-aquatic species on a rock or
gravel substratum. Aims. This study aimed to further the understanding of the community on the
Bogong High Plains, Victoria, by asking questions relating to their location, structure and floristic
composition. In particular, we ask what determines the distribution of pavement communities
at the landscape-scale; and what abiotic factors govern between- and within-site vegetation
patterns? Results. Gravelly pavement communities were associated with groundwater outflows
and are likely to be formed by an interaction between surface waterflow and slope. This work
adds to the current understanding of wetland types in high-mountain Australia because, to our
knowledge, this relationship has not been previously described. Floristic patterns vary with slope
and elevation, with high-elevation pavements on steep slopes being floristically dissimilar to
those at lower elevation on flatter slopes. Species richness was consistent across sites and only a
few species were found at high abundance. Within-site patterning is apparent in most pavements,
attributable to abiotic factors such as rockiness and water availability, leading to characteristic
vegetation patterns. Species such as the sedge Oreobolus pumilio occur on the margins of pavements
where water levels are variable, whereas forbs such as Psychrophila introloba are typically found in the
middle of pavements where there is constant water supply. Conclusions. Gravelly pavement
communities are groundwater-dependant ecosystems, restricted at the landscape-scale and
contain many rare species and, as such, deserve higher levels of protection than is currently offered.

Keywords: alpine, groundwater-dependant ecosystem, herbfield, species distribution, sub-alpine,
threatened species, vegetation patterns, wetlands.

Introduction

Australian alpine and subalpine environments are mostly restricted to south-eastern
Australia (Venn et al. 2017). Australia’s mainland high mountains are relatively low in
elevation, lack a nival zone and are mostly covered in soils (Costin et al. 2000; Venn
et al. 2017). Alpine ecosystems encompass several plant communities characterised by
species and growth forms that reflect differences in soil depth, topography and drainage
(Venn et al. 2017). Wetland complexes, for example, develop when water is close to the
ground surface for at least part of the year, typically next to streams, along valley floors
and in areas of groundwater seepage on hillsides (Wahren et al. 1999). Australia’s
mainland alpine wetlands consist of a number of well known, and extremely rare,
vegetation complexes, including Sphagnum-dominated peatlands (also known as bogs)
and snowpatches (Wahren 1997; Wahren et al. 1999, 2001a, 2001b; McDougall and
Walsh 2007; Shannon and Morgan 2007). Sphagnum peatlands occupy valley bottoms,
steam banks and seepage areas, where peaty soil is waterlogged for at least part of the
year, contributing significantly to the local hydrology (Wahren et al. 2001b). Snowpatch
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vegetation occurs on the southern/south-eastern aspect
of steep slopes at high altitudes, where snow accumulates
and persists well into the summer season and snowmelt
provides water to the community during the drier periods
(Wahren et al. 2001a). Vegetation is typically small-statured,
herb-dominated and sparse (McDougall and Walsh 2007).

Some wetland communities can be found in areas where
soils are poorly developed, or hardly exist at all, existing on
rocky pavements. Rock-dominated ecosystems are rare on
mainland alpine Australia, yet are common in Tasmania and
elsewhere in the world, e.g. fellfields, screes and snowbeds
(Mark and Bliss 1970; Valachovi¢ et al. 1997; Bjork and
Molau 2007; Rundel and Millar 2016). Given most alpine
vegetation on mainland Australia occurs on soil, plant
communities that occur in areas that lack soil are therefore
particularly unusual.

One example of rock-dominated wetland communities in
Australia is ‘gravelly pavement herbfields’ (sensu McDougall
and Walsh 2007). The Plantago muelleri-Montia australasica
alliance (Costin 1972), Oreobolus pumilio association (McVean
1969), Caltha introloba herbland, Unit 10 (McDougall 1982)
and short alpine herbfields (Costin et al. 2000) are all plant
communities that can occur on gravelly pavements. The
vegetation of gravelly pavements on the Bogong High Plains,
Victoria, is a very short, sparse herbfield-dominated by
either Psychrophila introloba (formally Caltha introloba) or
Oreobolus pumilio subsp. pumilio (Fig. 1). Sparseness of
vegetation, and a lack of soil, is maintained by constant
water flow from permanent groundwater springs, hillside
seepage and late-lying snowmelt (Wahren 1997; McDougall
and Walsh 2007; Tolsma and Wahren 2016).

The origin of this community is uncertain. On the
Kosciuszko Main Range, gravelly pavements on flat slopes
have been interpreted as the product of wetland vegetation
erosion caused by free-ranging cattle (Wimbush and Costin
1979; Wahren et al. 1999; Tolsma and Wahren 2016).

Fig. 1. A gravelly pavement in late autumn. A large early season
snowbank has formed on the right and wet heath can be seen on the
left. The vegetation is encased within the ice, on top of the gravelly
pavement. A groundwater source is located at the top middle of the
picture, where the snowbank starts.
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These pavements are typically on slopes of less than two
degrees, have small gravel-like stones and are found along
valley floors (Wimbush and Costin 1979; Wahren et al.
1999). By contrast, gravelly pavements on steeper slopes,
with larger rocks, occurring at the head of a water source
are hypothesised to be of periglacial origin (Wahren
et al. 1999). In many instances, the vegetation of gravelly
pavements has often been subsumed into other plant commu-
nities such as snowpatch or Sphagnum peatland vegetation
(Costin et al. 2000; Tolsma and Wahren 2016), although
the validity of this has been questioned (Tolsma and
Wahren 2016).

Tolsma and Wahren (2016) identified patches of the
Caltha introloba herbland community occurring on gravelly
pavements in Victoria, ranging in size from <100 to >1500 m?
(totalling 1.8 ha), but did not quantify the within- and
between-patch floristic variation. In this study, we build on
the work of Tolsma and Wahren (2016) to better understand
the ecology of gravelly pavement communities on the Bogong
High Plains, Victoria. To do this, we ask the following: where
does this community occur; how does floristic composition of
pavements vary across the landscape; what abiotic correlates
contribute to floristic variation within-and across-sites; and
what are the patterns of species rarity in gravelly pavements?

Materials and methods

Study region

The study was conducted on the Bogong High Plains (BHP),
between Mount Nelse North and Mount Cope, ~320 km
north-east of Melbourne, Victoria, Australia. Pavements
have been mapped across this landscape (Tolsma and
Wahren 2016), but little is known about their community
composition. The region is characterised by low mean
monthly daily maximum temperatures (2.5-18.9°C), frequent
frosts (>100 per annum, that can occur at any time of the year)
and high precipitation (>2000 mm per annum), much of
which falls as snow (Williams and Costin 1994; Wahren 1997;
Bureau of Meteorology 2020). Soils across the landscape are
humified or raw peat, or organic loams (of variable depth) and
are highly acidic (Northcote 1979; Williams and Costin 1994;
McDougall and Walsh 2007). In sheltered positions, snow
persists well into the summer season (December/January;
Williams and Costin 1994; Wahren 1997).

The BHP has a long history of free-ranging livestock
grazing, with the first cattle being introduced to the area in
the 1850s (Lawrence 1995). Livestock grazing levels have
been variable across time and study sites (Wahren et al.
1999), with grazing gradually being banned from the BHP
between 1972 and 2005 (Lawrence 1995; Williams et al.
2014). Some pavements on the BHP have been offered
intermittent protection from feral ungulates through the use
of exclusion fencing, put in place to investigate the effects
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of cattle. The extensive pavements in New Species Gully were
fenced in 1980 (Wahren et al. 1999), and a small pavement in
nearby Cope Creek was fenced in 1981 (Van Rees 1984). The
fences were removed after cattle grazing ceased in 2005.
Large ungulates, specifically Sambar deer and feral horses,
have increased in numbers in the past decade, becoming
more prevalent in high-altitude areas of south-eastern
Australia, including on the BHP (Brown et al. 2016; Tolsma
and Shannon 2018).

Study sites

Nineteen study sites were selected across the BHP to examine
the spatial patterns and floristic composition of pavements,
and to quantify their abiotic setting (Fig. 2). The current
study focused on some of the larger sites identified by
Tolsma and Wahren (2016). Sites were distributed across
five large catchments. Eleven sites have been a part of a
long-term monitoring program for over 30 years, whereas
the remaining eight sites were selected on the basis of prior
knowledge of their location. Study sites are distributed over
a 200 m elevation gradient, encompassing both alpine and
subalpine habitat zones.

Within a pavement, variation in slope and aspect is
frequent, resulting in substantial variability of micro-habitats.
To characterise this within-pavement heterogeneity, and to
identify the drivers of within-pavement floristic variation,
‘upper’, ‘middle’, ‘lower’ and ‘edge’ zones were designated
on the basis of visual variation in abiotic conditions. Floristic
and abiotic sampling was conducted within these zones.
Wahren et al. (2001b) used a similar sampling approach to
assess zonal variation in snowpatch vegetation.

Location and abiotic setting of pavements

The location of all study sites was recorded using a GPS
(datum: WGS84). Size, position of the site within the land-
scape (i.e. on the valley bottom or hillside), aspect (using a
sighting compass), slope (using a sextant) and surrounding
vegetation type (i.e. snowpatch, closed heath, Sphagnum
peatland) of each pavement were recorded. These measure-
ments were recorded for each pavement as a whole and
within each zone of each pavement.

Floristic composition of pavements

In February 2020, the within-pavement floristic variation was
characterised by sampling eight 0.25 m? quadrats in each
zone of each pavement. Quadrats were sampled haphazardly
within each zone, the location being determined by a blind
throw. All species present, including bryophytes, and their
percentage cover were recorded. Vascular species were
identified in the field and all bryophytes were sent to Royal
Botanic Gardens, Sydney, for confirmation of identification.

Wi ithin-site patterning of vegetation

To identify potential abiotic drivers of floristic variability
among the different zones of a pavement, five 10 x 10 cm
subquadrats within each floristic quadrat were sampled and
substratum type and cover were recorded. Percentage cover
of silt, sand, gravel, rock, boulder, bedrock and vegetation
were recorded.

To quantify the nature of the zone moisture status, in the
same subquadrats as above, water ‘type’ was recorded as
running, submerged, damp, or dry. As water measurements
were recorded only once in the study (March 2020), this
measurement can be used only as an indication of water flow
through quadrats at that specific point in time. Further study
is needed to explore the spatial relationship between species
distribution and temporal water availability in pavements.

Data analysis

Floristic composition of pavements

Both presence/absence and percentage cover data were
used to analyse variation in floristic composition among sites.
To analyse cover data, sampling points (individual quadrats)
were pooled by site and mean species cover for each
site was calculated. Non-metric multidimensional scaling
(NMDS) ordination was then performed, using the Bray—Curtis
dissimilarity matrix, to analyse the floristic variation among all
19 sites. For presence/absence data, another NMDS ordination
was performed, using the Jaccard similarity coefficient, to
analyse changes in floristic composition among the 19 sites.

For both analyses, the relationship between floristic
variation and abiotic factors was examined by fitting vectors
of maximum correlation. Environmental vectors included
pavement size, elevation, slope, aspect and rock cover; only
environmental vectors with P < 0.05 were plotted onto the
ordination. For this analysis, rock cover value was calculated
as a percentage of quadrats per site that had greater than 60%
rock cover. Aspect was converted to degree of northness,
which allows aspect to be linearly plotted as a gradient
between 1 (due north) and —1 (due south). Indicator species
were plotted onto the ordination when P < 0.01. Vector fitting
allows a visual representation of the degree of correlation
between the configuration of the ordination (how similar
samples are) and the environmental variables (size, elevation,
slope, aspect and rock cover). Vectors are interpreted as
increasing at sites in the direction of the arrow and decreas-
ing at sites in the opposite direction. All analyses were
conducted in R, using the packages vegan (Oksanen et al.
2019), BiodiversityR (Kindt and Coe 2005) and ggplot2
(Wickham 2016).

A rank-abundance curve was used to examine patterns of
relative species abundance for all sites in this study. Individual
site data were pooled, and mean cover of each species was
calculated for the study. Rank abundance was then calculated
and plotted in BiodiversityR as per Kindt and Coe (2005).
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Fig. 2. Location of study sites included in the current study (top). Names correlate to the list of sites and their abiotic features found in
Supplementary Table SI. Location of study area within Victoria, Australia, with Falls Creek as a reference point (bottom).
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Within-site patterning of vegetation

The primary aim of analysing the differences in zones
within pavements was to investigate how differing abiotic
conditions affect local species assemblage. Three sites were
omitted from this analysis because no zonation was identified
in the field because of their small size.

Mean species cover was calculated for the upper, middle,
lower and edge zones for each site, and analysed with
NMDS ordination using the Bray—Curtis dissimilarity matrix
as described above. Analysis of similarities (ANOSIM) was
used to test whether vegetation was significantly different in
each a priori-defined zone. Relationships between within-
zone species distribution and environmental gradients were
analysed by fitting vectors of maximum correlation. For this
analysis, environmental vectors included slope, aspect, water
cover and rock cover. Again, environmental vectors were
plotted only where P < 0.05 and indicator species where
P < 0.01.

Results

Location and abiotic setting of pavements

Sites were found between 1633 and 1847 m above sea level;
10 pavements were located above the treeline (alpine) and
nine pavements were found within the subalpine zone.
Pavement size ranged between 40 and 1295 m?2 Slope
ranged between 2 and 21°. Pavements occurred on all
aspects; northern, eastern and south-eastern aspects were
the most common, with four pavements on each. Eight sites
were associated with areas of late-lying snow and all 19
sites were found in close proximity to a groundwater
spring. A summary table of the abiotic setting of each site
can be found in Supplementary Table S1.

Floristic composition of pavements

Fifty-seven species were recorded from the 19 sites on the
BHP (Table 1). This included 18 bryophytes, 17 monocots,
14 forbs, five shrubs, two algae and one lichen species.
Psychrophila introloba was found in every site and Oreobolus
pumilio had the highest mean cover of the vascular species
(30%; Table 1). Fifteen species are listed as rare, vulnerable
or endangered in Victoria, with five being listed as
protected under the state endangered species legislation
(Flora and Fauna Guarantee (FFG) Act) and one under the
national legislation (Environment Protection and Biodiversity
Conservation (EPBC) Act). Three bryophytes are listed as
‘poorly known’. No exotic species were recorded. A rank-
abundance curve highlighted that across all pavements,
only three species had relative abundance higher than 50%
(0. pumilio, P. introloba, Carex gaudichaudiana) and more
than half the species had a relative abundance less than
10% (Fig. 3).

Table I.

Plains, Victoria, including lifeform and family.

List of species found in pavements across the Bogong High

Species Lifeform Family Frequency Mean
(%) cover (%)

Algae | Algae Apidae 53 23

Algae 2 Algae Apidae 42 38

Cladonia sp. Lichen Cladoniaceae 16 8

Blindia robusta Bryophyte Seligeriaceae 47 15

Campylopus Bryophyte Leucobryaceae 68 9

bicolor*

Cephalomitrion Bryophyte Cephaloziellaceae 58 13

atterrimum

Liverwort sp. Bryophyte Unknown 21 9

Diplophyllum Bryophyte Scapaniaceae 58 24

verrucosum™®

Drepanocladus Bryophyte Amblystegiaceae 21 8

aduncus

Hygrolembidium  Bryophyte Lepidoziaceae 16 7

acrocladum

Moss A Bryophyte Unknown I 20

Pallavicinia lyelli  Bryophyte Pallaviciniaceae 5 5

Polytrichastrum Bryophyte Polytrichaceae 21 2

alpinum

Polytrichum Bryophyte Polytrichaceae 37 12

commune/

juniperium

Racomitrium Bryophyte Grimmiaceae 32 Il

crispulum

Rhacocarpus Bryophyte Rhacocarpaceae 16 7

purpurascens

Riccardia sp. Bryophyte Aneuraceae 74 20

Schistidium Bryophyte Grimmiaceae 16 3

apocarpum

Sphagnum Bryophyte Sphagnaceae 79 17

cristatum*

Sphagnum novo-  Bryophyte Sphagnaceae 21 3

zelandicum*

Syzygiella Bryophyte Jungermanniaceae 5 5

sonderi

Carex Sedge Cyperaceae 95 10

gaudichaudiana

Carpha nivicola* ~ Sedge Cyperaceae 79 10

Isolepis Sedge Cyperaceae 84 3

aucklandica

Isolepis Sedge Cyperaceae 68 9

crassiuscula

Oreobolus Sedge Cyperaceae 32 16

distichus

Oreobolus Sedge Cyperaceae 89 30

pumilio

Schoenus Sedge Cyperaceae 37 5

calyptratus

(Continued on next page)
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Table I. (Continued).
Species Lifeform Family Frequency Mean
(%) cover (%)

Empodisma Rush Restionaceae 37 5
minus

Juncus Rush Juncaceae 47 5
antarcticus*

Luzula modesta  Rush Juncaceae 5 3
Agrostis sp. | Grass Poacae 21 4
Agrostis sp.2 Grass Poacae 16 2
Poa costiniana Grass Poacae 89 12
Poa fawcettiae Grass Poacae 5 20
Rytidosperma Grass Poacae 53 5
nivicola

Rytidosperma sp.  Grass Poacae 42 2
Trisetum Grass Poacae 26 3
spicatum

Abrotanella Forb Asteraceae 21 3
nivigena*

Argyrotegium Forb Asteraceae Il 5
nitidulum®

Celmisia Forb Asteraceae 53 23
sericophylla*

Diplaspis nivis* Forb Apiaceae 32 5
Drosera arcturi*  Forb Droseraceae 95 7
Gonocarpus Forb Haloragaceae 5 |
montanus

Myriophyllum Forb Haloragaceae 79 12
pedunculatum

Oreomyrrhis Forb Apiaceae 16 9
pulvinifica*®

Pappochroma Forb Asteraceae Il 2
paludicola

Parantennaria Forb Asteraceae 21 5
uniceps*

Plantago glacialis  Forb Plantaginaceae 16 5
Psychrophila Forb Ranunculaceae 100 18
introloba*®

Utricularia Forb Lentibulariaceae 16 2
monanthos*

Viola betonicifolia  Forb Violetaceae 5 3
Baeckea gunniana Shrub Myrtaceae 42 10
Epacris celata*® Shrub Epacridaceae I 4
Epacris glacialis*  Shrub Epacridaceae 63 7
Epacris paludosa  Shrub Epacridaceae 32 7
Richea continentis Shrub Ericaceae 79 5

Frequency is the percentage of sites (n = 19) in which the species was found, and
mean cover is average cover of species from all records in this study. Species
denoted with asterisk have either Victorian threat status (DEPI 2014) or have
EPBC (Threatened Species Scientific Committee 2016) or FFG (DELWP 2021)
Act listing.
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Abundance

Species rank

Fig. 3. Rank-abundance curve (mean species cover, %) of all species
observed in pavements on the Bogong High Plains, Victoria, with top
three most abundant species labelled Oreobolus pumilio, Psychrophila
introloba and Carex gaudichaudiana. The labelled species have
abundance greater than 50%.

Among-site variation of floristic composition

There were no clear groupings of pavements from across the
BHP landscape seen in the ordination of sites on the basis of
percentage cover or presence/absence data (Fig. 4). However,
sites were spread in the ordination space, suggesting that
composition and relative cover vary across them. Slope was
a significant determinant of floristic variation among sites in
the ordination, using both presence/absence and percentage-
cover data (Fig. 4). Most floristic variation occurred parallel
with the slope vector. Elevation was also a significant
determinant of floristic variation among sites when analysing
presence/absence data. A summary of maximum correlation
of environmental variables can be found in Table 2. A
summary of maximum correlation of indicator species can
be found in Tables S2 and S3.

Within-site patterning of vegetation

A summary of the ordination results from each site can
be found in Tables S4 and S5. ANOSIM was used to test
whether the within-pavement zones were significantly
different from each other. In four cases, there was no
significant difference between the floristic composition of
each of the pavement zones (P > 0.05; Table S4). Rock
cover was a significant environmental correlate of within-
site floristic variation (12 of the 16 sites had significant
correlations; P < 0.05). O. pumilio was a key indicator
species (P < 0.01) in the distinction of zones in 10 of the
16 sites analysed for within-site patterning (Table S5).
Ordination results from the site ‘WRC B’ are shown (Fig. 5)
and used as an example for trends consistently seen in
pavements in this study. ANOSIM of species composition
among the zones showed that there was a significant
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Fig. 4. NMDS ordination, showing variation in floristic composition of gravelly pavement

herbfields among all sites across the Bogong High Plains, Victoria. Each symbol represents a site.
Ordination based on percentage cover analysed using Bray—Curtis dissimilarity matrix

(stress =

0.15, top). (Bottom) Ordination based on presence/absence data analysed using

Jaccard similarity coefficient (stress = 0.13; Bottom). For both ordinations, environmental
vectors were plotted when P < 0.05 and indicator species were plotted when P < 0.01.

Table 2. Environmental vectors of maximum correlation for
ordination of samples from all sites, using percentage cover data and
presence/absence data.

Cover Presence/absence
R? P value R? P value
Slope 0.442 0.01 0.449 0.01
Elevation 0.320 0.03

difference in their composition (R? = 0.473, P = 0.001).
Lower levels of rock and water cover distinguished

between the edge zone and the remaining zones (upper,
middle and lower). P. introloba was an important species
in the separation of middle and lower stratification and
O. pumilio, Drosera arcturi and Sphagnum cristatum were
significant in the separation of edge groups. Edge pavement
vegetation was responding to lower rock and water levels
(Fig. 6). This pattern was repeated in many sites, as seen

in Fig. 6. (ANOSIM analysis of groupings; (a) WRC Z1
R? = 0.499, P = 0.001, (b) Ruined Castle R> = 0.617,
P = 0.001, (c) New Species R? = 0.353, P = 0.001,

(d) Nelse B R = 0.329, P = 0.001).
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Fig. 5.  NMDS ordination of gravelly pavement herbfield site ‘WRC B’, stress = 0.18. Environmental
vectors plotted if P < 0.05, floristic vectors plotted if P < 0.01. Significance of vectors for each site shown

in Tables S4 and S5.
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Fig. 6. NMDS ordination results of four gravelly pavement herbfield sites across the Bogong High Plains, Victoria, that consistently show
significant separation of edge-zone vegetation being strongly correlated with low rock and water cover. Upper, middle and lower zones are
more similar and are significantly correlated with higher levels of rock and water cover. O. pumilio is consistently an indicator species of edge
zone and P. introloba is consistently strongly correlated with the upper, middle and lower zones. WRC Z| — stress: 0.12 (top left). Ruined
Castle — stress: 0.15 (top right). New Species — stress: 0.21 (bottom left). Nelse B — stress: 0.13 (bottom right).

Discussion

We build on prior research on gravelly pavement
communities that identified the location of the community
across the Bogong High Plains (Tolsma and Wahren 2016)
but provided little insight into their floristic composition

270

and variation. We found that pavements occur in a variety
of landscape positions. Many were not closely associated
with areas of late-lying snow; rather, all were associated with
a source of water such as a groundwater spring, providing
support for the identification of a plant community that has
previously been unrecognised as a groundwater-dependant
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ecosystem formed by the interaction of groundwater-derived
surface-water flow and slope. Slope and elevation were signi-
ficant contributors to floristic variation among pavements.
There was within-site floristic patterning in most sites
correlated to varying levels of rock and water cover. There
were very few species found in high abundance, with a
large number of infrequent species being observed. Species
composition varied subtly across sites on the BHP.

Location and abiotic setting of pavements

Pavements occur in a variety of landscape settings. Unlike
some wetland systems, such as snowpatch wetlands that
always occur on steep, south-east-facing slopes (Wahren
et al. 2001b), pavements occupy a variety of slopes and
aspects, confirming that pavements are not a variant of
snowpatch vegetation (Tolsma and Wahren 2016). The
presence of a groundwater source, particularly a groundwater
spring, is a common factor across pavements on the BHP.
Water outcrops occur when groundwater is pushed to the
surface (McCartney et al. 2013), providing pavements with
constant irrigation through the snow-free period. Importantly,
many pavements occur directly below outcrops/sources where
consistent overland water flow occurs. This area, with flowing
surface water, has been shown to be a hostile environment to
the establishment of the wetland moss Sphagnum (Wahren
1997) that dominates further downslope, and may explain
why a collection of small-statured, uncommon species,
encompassing bryophytes, monocots and forbs, occupies
these localised places. Where water outflows are low and
water collects in pools, the alpine moss Blindia robusta
dominates (McCartney et al. 2013; Clements et al. 2016).
Further downslope, where the topography typically flattens
and water flows are very slow, peat-forming wetlands
dominated by Sphagnum cristatum, Carex gaudichaudiana
and Empodisma minus occur (McDougall and Walsh 2007).
Hence, pavement communities occupy a zone between

Fig. 7.
into bryophyte pools, through gravelly pavement herbfields (typically convex in shape), into the Sphagnum-
dominated peatland where the slope flattens out, and finally out through stream flow. Not to scale.

source pools and peat-forming wetlands (Fig. 7), a relationship
not previously quantified.

Floristic composition of pavements

Of the 57 species recorded in this study, approximately one
quarter are listed in Victoria as endangered, vulnerable,
rare or poorly known (DEPI 2014). Some species, such as
Plantago glacialis and Abrotanella nivigena, are entirely
restricted to pavements, indicating that pavements are crucial
to their ongoing persistence on the BHP. It would not take
much for the local, and indeed state-wide, extinction to
occur for such species.

The most speciose lifeform of pavements was bryophytes,
with 18 species recorded. There are approximately 110
bryophyte species indigenous to the BHP (Meagher et al.
2002); hence, ~16% of the total bryophyte species on the
BHP are found in pavements. High bryophyte species richness
is common in other high-mountain wet rocky areas such
as fell fields, screes and snowbanks (Billings and Mooney
1968; Geissler 1982). Despite alpine and subalpine areas
being considered a ‘hotspot’ of bryophytes and bryophyte
conservation, very little is known about the ecology of
bryophytes in high mountain areas of Australia (Meagher
et al. 2002). Further investigation is needed to understand
the distribution of these pavement bryophyte species which,
in turn, may add to the pool of rare species found in
pavements.

Among-site variation of floristic composition

Slope was a significant determinant of floristic variation
among pavement sites in this study, drawing a strong line
between two suites of species, namely, those indicative of
steeper slopes and those indicative of more gentle slopes.
Because of the great variation of slopes on which pavements
are found (2-21°), it is likely that only some species can
withstand the increased erosional pressure of water and

Groundwater spring and bryophyte pool

Direction of water flow

Sphagnum peatland
Stream outflow

Conceptual model of water flowing through the greater wetland complex from a groundwater spring,
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snow experienced on steeper slopes. Elevation was also a
significant determinant of floristic variation among pavement
sites when analysing presence/absence data. Most floristic
variation was orthogonal to the elevational vector. Species
most responding to high elevations were some of those
entirely restricted to pavements, and found only on the
steepest, highest sites, such as, for example, P. glacialis and
Oreomyrrhis pulvinifica. Sphagnum cristatum was common
in the lowest-elevation pavements on flatter slopes. There
was no significant difference in vegetation when pavements
were grouped by water catchment (data not shown). If
pavements were recent features of the landscape, it is likely
that species composition would be grouped by water
catchment because of their apparent limited capacity for
dispersal. Most species appear to reproduce vegetatively,
via rhizomes or through dispersal of dislodged fragments
that are able to re-root and grow (A. Blackburn-Smith,
pers. obs).

Species richness was consistent across pavements but
showed some effects of pavement size; the smallest pavement
had 20 species, whereas one of the largest pavements had
34 species. The rank-abundance curve highlights that, across
all sites, there are very few species that are frequent across the
landscape of pavements (relative abundance >50%); rather,
the gravelly pavement species pool consists of a long tail of
increasingly infrequent species. This implies that gamma
diversity relies on the presence of many pavements, not just
one or two.

Wi ithin-site patterning of vegetation

Within-site floristic patterning occurs in response to local
abiotic drivers. The predominant factors influencing vegeta-
tion patterns at pavement sites were hypothesised to be
moisture gradients and the amount of rock cover. Both of
these were important in explaining local patch distributions.
Zonation in relation to changes in abiotic environments is a
feature of snowpatch vegetation in both New South Wales
and Victoria (Atkin and Collier 1992; Wahren et al. 2001b;
Pickering et al. 2014). In snowpatch vegetation, the
dominant factor influencing floristic variation is the length
of the growing season and moisture gradients, leading to
upper zones typically being drier than those lower down
the slope (Wahren et al. 2001b). Pavements have a similar
pattern; however, owing to the typically concave shape of a
pavement, moisture flows to the centre and lower zones,
leaving the edges drier.

Pavement-edge zone had lower water levels and lower rock
cover (i.e. higher vegetation cover). The indicator species for
this zone was consistently O. pumilio. Leaf dry-matter content
(LDMC) measures the ability of a leaf to retain water and is
used as an indicator of plant stress-tolerance. High LDMC
of O. pumilio suggests that this species is stress-tolerant
(A. Blackburn-Smith, unpubl. data). Thus, the dominance of
this species on the edge zone is probably due to its ability
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to withstand varying water levels, as well as desiccation,
throughout the growing season. Upper, middle and lower
zones of pavements were more similar to each other,
with higher levels of water cover and rock cover (i.e. less
vegetation cover). Indicator species for these wetter zones
included P. introloba, C. gaudichaudiana, Myriophyllum
pedunculatum and algae species. These species are not
restricted to pavements and are consistently found in other
areas of high moisture across the BHP, including fens
and wet heathland (McDougall and Walsh 2007). LDMC
observations of P. introloba suggested that, compared with
O. pumilio, this species is not stress-tolerant (it has a low
LDMC) and is likely to require constant water to survive
(A. Blackburn-Smith, unpubl. data).

Rock cover is the main environmental correlate of
floristic variation on a pavement. Species found in the edge
zone of pavements are typically spreading and mat-forming,
resulting in a lower cover of rock, i.e. mat-forming sedge
O. pumilio, which can act as a facilitator of colonisation for
S. cristatum and D. arcturi, leading to even greater vegetation
cover and less rock cover. Species in wetter areas (upper,
middle and lower zones) are typically sparser because they
must be able to survive the erosional force of constant
running water. For example, P. introloba and Myriophyllum
pedunculatum appear particularly well adapted to withstand
the constant erosional force of running water; P. introloba
has a long taproot that anchors deep into the substratum
(Wardlow et al. 1989) and M. pedunculatum hugs the
substratum and roots at the nodes to anchor in.

Future research and management implications

Gravelly pavement herbfields on the BHP were previously
overlooked as groundwater-dependant ecosystems; the
consistent supply of water to pavements from a groundwater
source seems the key feature defining their distribution in the
landscape, their size and within-site vegetation patterning.
The interaction between spring and slope is the most likely
mode of origin for these communities, with water acting as
an erosional force, creating a community of sparse, small-
statured vegetation, similar to the role of wind in the
formation of fjaeldmark communities (Costin et al. 2000).
An investigation into the type and amount of water coming
into these systems, and how water levels vary across
pavements over a growing season, would help inform land
managers on how best to protect these systems, especially in
light of climate change. The Australian Alps are predicted to
become drier, with less precipitation and a longer snow-free
season (Whetton et al. 1996; Hughes 2003; Williams and
Wahren 2005; Pickering 2007). At present, it is unknown
how these systems would respond to changes in hydrological
regime shifts; however, groundwater-dependent commu-
nities have been highlighted as areas of particular concern
when it comes to the predicted changes in climate
(Pickering et al. 2004; Pickering 2007). Clements (2009)
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hypothesised that Sphagnum may currently be excluded
from groundwater-source pools because of the chemical
composition of groundwater, specifically the high levels of
carbon dioxide found in groundwater, and that pavements
play a role in regulating that chemical composition to a state
where Sphagnum can thrive in peatlands below pavements.
More research is needed to confirm this hypothesis; such an
investigation may inform how the floristic composition
of pavements could change in the future with less water
availability.

While some pavements have been afforded intermittent
protection from past feral ungulate impacts, historic cattle-
excluding fences have now been removed and new threats
such as feral deer and horses have complete access to
pavements. Over the past 15 years, not only has feral horse
evidence become significantly more prevalent in areas
previously not accessed by horses, but the intensity of the
impacts has also increased, particularly in wetland areas
(Tolsma and Shannon 2018). Similarly, deer pose a significant
threat to the flora and soils of wetland areas, including
pavements (Z. Walker, unpubl. data).

Conclusions

We identified how gravelly pavement floristic composition
varies across the landscape, the abiotic correlates that
contribute to floristic variation within-and across-sites, and
identified the patterns of species rarity in pavements. We
conclude that gravelly pavement herbfields on the Bogong
High Plains are floristically rare and geographically restricted
groundwater-dependent ecosystems in need of greater
recognition. Most importantly, we identified the relationship
between groundwater spring and slope, as a mode of origin
and persistence for this community, a relationship that has
not previously been described in the literature. This
community is highly susceptible to threats such as feral
ungulate herbivory, trampling and changing hydrological
regimes. In light of these threats, it is critically important that
a management plan for the protection of this ecosystem is
developed and implemented.

Supplementary material

Supplementary material is available online.
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