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Summary

This thesis investigated aspects of plant recruitraeross an altitudinal gradient of
mountain tops in the Victorian Alps, Australia, gmdvides a baseline for the patterns
and processes of alpine plant recruitment in tlsemte of large-scale disturbance.

The patterns in alpine vegetation across the stitdg were described in relation
to abiotic environmental factors. Temperaturesawewer and precipitation was higher
at the high altitude sites. The vegetation diddiffer significantly between the sites,
although sites at low altitudes were shrubbier tthase at high altitudes.

Analysis of the soil seed bank revealed high nteEarsities of germinable seed
(80 to 1400 seeds fhacross the gradient of sites. The similaritylsen the seed bank
samples and the standing vegetation was low (@iigkt similarity: 0.08 to 0.2;
guantitative similarity: 0.03 to 0.19).

In laboratory germination experiments, | found dagind substantial germination.
Final percent germination was above 90% for mostigs. One specie&ciphylla
glacialis, showed evidence of dormancy mechanisms. In sulesg experiments, |
found that innate primary seed dormancy in thisigsecould be broken with cold-wet
stratification.

There were no significant patterns in natural Begdecruitment across the
altitudinal gradient. Similarities between thedigegy flora and the standing vegetation
were low (qualitative similarity: 0.18 to 0.45: qudative similarity 0.04 to 0.09). Mean
seedling density was best predicted by a combinatisoil wilting point, altitude and
plant litter. In some cases, seedling density graater than 80 seedlings’m

The relative importance of either negative (contpe) or positive (facilitative)
interactions between seedlings with adjacent véigetavere investigated in relation to
seed germination, seedling growth and seedling\wlrvFacilitative interactions were
common at the higher altitude sites. At lowertadtes, facilitative and competitive
interactions were common. Without close neighbatitsigh altitudes, seedlings were
unlikely to survive into their second year.

An understanding of plant recruitment can provadeseful basis for predicting

species responses to large-scale disturbance iamatelchange.
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Chapter 1

Chapter 1 - Introduction: alpine plant recruitment and project goals

Summary

Alpine landscapes, above the climatic limits oétspecies, are generally considered
harsh and stressful places for plants. Low tentpegs, snow cover, short growing
seasons and frosts are some of the environmewgtat$ahat plants must contend with.
As a consequence, recruitment from seed in alpingsicapes is expected to be
uncommon. The maternal effort required to prodsess on a low nutrient and low heat
budget is high and the life expectancy for seedligipwing in alpine areas, where soil
frost-heave, needle-ice and strong winds are commdow. Hence, alpine plants are
expected to be long-lived, perennial and recratwegetative, clonal regeneration. In the
literature, however, there is an indication tha garadigm regarding alpine plant
recruitment is changing.

Plant recruitment often follows disturbance whioetm create new opportunities
for seed germination and seedling establishmeataas of bare ground. Australian
species are particularly well suited to coping vidtge-scale disturbances, especially fire,
and much of the research in Australian alpine extesys on plant recruitment has been in
response to such disturbances. However, withirtrAlisn alpine landscapes, there is
also an opportunity to study plant recruitmentie absence of large-scale disturbances.
This research can provide a reference of backgrteveds of seed accumulation in the
soil seed bank and rates of seedling emergenahlissiment and survival. Studies of
this nature have been carried out overseas. HaweneeAustralian alpine landscape is
unusual; with soil covered mountain tops, compeaefyfimild winters and long growing
seasons, all of which may provide suitable condgifor recruitment from seed. Hence,
the motivation for this thesis.

The first order’ research question in this thgsighat is the role of recruitment from
seed among plants across a gradient of alpine mouwih tops in Victoria?” iS presented, as well as
several ‘second order’ research questions. Thesstigns will be addressed in the thesis
chapters. In answering the second order researestigns, | aimed to link the life-
history stages with the recruitment processespmihalplant species, as depicted in the
life-cycle model. The study is field based, widliarences to individual species and sites

across the landscape.
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Alpine plant recruitment

Background

Plant recruitment refers to ‘new growth’ or to ‘gragain’ (Wilkes and Krebs 1995).
Successful plant recruitment is, therefore, the moduct of the regeneration pathway
(Welling and Laine 2002) from flowering and seetlteggermination and seedling
establishment. Plant recruitment can be via sesgpaibduction or asexual, vegetative,
clonal regeneration. Plant recruitment therefanédls populations and maintains
diversity within communities (Wellingt al.2004). Plant recruitment often follows
regular environmentally determined patterns (sichemsons and photoperiod) or may be
dependent upon, or triggered by, disturbances wihgtupt the normal course of events

or environmental characteristics (Grime 1979).

Alpine landscapes

Billings (1974, p 130) defined the alpine enviromnas “those physical and biological
conditions occurring on mountains, above the regichimatic upper limits of tree
species.” Climatic and environmental conditionsiomon in alpine landscapes, similar to
arctic tundra areas, present several hazards ¢oessful plant recruitment (Urbanska and
Schiitz 1986). Extended periods of snow restrietsatailable growing season, the
length of which can vary depending on altitude Etidude (Korner 1999). Additionally,
frequent frosts, freezing temperatures and strdegiccating winds contribute to the
harsh conditions of an alpine environment (Bell &8fids 1980). Immediately after
snowmelt, freezing temperatures and high soil mogsievels can increase the occurrence
of soil freeze-thaw processes, such as frost-haasi¢he formation of needle ice (Bliss
1962; Billings and Mooney 1968; Williams and Cost®94; McDougall and Walsh
2007), which can both create localised areas ofissiurbance (Bliss 1971; Williams
1992; Chambers 1995; Inouye 2000). Later in tloevsiniee period, soils can dry beyond
wilting point and into drought conditions (Bonde6B9 Bliss 1971; Billings 1974;

Morgan 2004). In addition, areas of bare grounceh@een shown to heat to >30°C from
the intense solar radiation at high elevationss@1i962; Billings and Mooney 1968;
Billings 1974; Korner 1999). Soils are typicallycky and acidic (pH 3-5), with low
levels of soil organic matter that correspond wiitinogen availability (Kérner 1999).
Overall, nutrient availability can be very low aethighest elevations in comparison with
more temperate regions (Kérner 1999). Therefqrecies growing in alpine regions

must tolerate a range of climatic and environmegxélemes.
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Recruitment
In stressful environments, theory predicts thatvbgetation will be dominated by long-
lived perennials which emphasize the adult lifeddrg stages at the expense of growth
and fecundity (Grime 1977,1979). Therefore, ifa§jsine environment is considered
stressful, alpine vegetation should be dominateliggly clonal, vegetatively spreading
species (Billings and Mooney 1968), with few spe@e=dominantly reproducing from
seed (Eriksson 1989; Callaghahal. 1992). Indeed, most alpine and arctic regions are
characterised by a lack of annual plants (Billiags Mooney 1968; Billings 1974), and
research has suggested that seedling establisigrent due to soil heaving caused by
frosts and subsequent needle ice (Bliss 1962,18&11 and Bliss 1980). Consequently,
reproduction from seed is a high risk strategynrapine environment (Urbanska and
Schitz 1986) due to the numerous environmentalrtiazhat can affect all life-history
stages in the regeneration pathway. The mateffoat eequired to produce seed by
alpine plants, which are on a limited heat andientibudget, may also reduce the
frequency of flowering and seed production (Urbanakd Schiitz 1986; Korner 1999).
Recent research, however, has begun a shift ipateigm regarding alpine plant
recruitment. Korner (1998) suggests that the satarbon assimilation, biomass
accumulation and growth rates of alpine plantsegrgvalent to those in more temperate
ecosystems, when the length of the alpine gronaagaen is taken into consideration. To
achieve such growth rates, individual alpine plamd assemblages exhibit a wide range
of special adaptations to de-couple their own nuiemmate from the ambient conditions.
These include short stature, meristem-protectiafjderangements and leaf coverings
such as waxes and hairs which insulate leaf tisgt@ser 1999). Common growth
forms in alpine environments are caespitose oraedluosettes and cushions (Bliss 1962;
Chabot and Billings 1972; Kérner 1999). By beithgse to the ground, forbs of this
stature, as well as dwarfed shrubs, can escapgystrimds and take advantage of the
more favourable temperatures at ground level. Eleapine species may not experience
the alpine environment as ‘stressful’ as a spdoms the lowlands may (Kérner 1998).
High rates of germination among alpine speciesanmemon (Amen 1966; Sayers and
Ward 1966; Bliss 1971). However, early researchegsumed that subsequent seedling
establishment was mostly unsuccessful (Bliss 1B@Rngs and Mooney 1968). Further
research has showed that seedling establishmenbenayore common and successful
than previously thought (Jolls and Bock 1983; Charsét al. 1990; Forbis 2003), and

may also be the most common form of recruitmenb¥ahg many types of disturbance



Chapter 1

in tundra regions (Chambers 1995). Hence, sexaat pecruitment may play an
important role, in combination with vegetative regetion, in the structure and
functioning of alpine and arctic tundra communiégelling et al.2004).

Evidence for the old and new alpine plant recruittrparadigms is discussed

briefly in the following sections, with respectwvarious life-history stages.

Flowering and Pollination
Almost all alpine and arctic plants are able todoice flower primordia at least one year
before flowering (Sgrensen 1941; Billings and Mooh868; Mark 1970; Billings 1974;
Molau 1993). Pre-formed flower buds allow for fapting flowering after snowmelt in
the following growing season, which may be in res@to snowmelt, temperature or
photoperiod (Billings and Mooney 1968; Billings ¥9Galen and Stanton 1995; Venn
and Morgan 2007). Early flowering species may hal@vseed:ovule (relative
reproductive success) ratio (mean 0.3) compared latié flowering species (Molau
1993). However, seed from early-flowerers haveghdr chance of maturing during the
growing season compared with seed from late-flovggifdolau 1993; Kérner 1999)
Many arctic tundra species are self-compatiblécaigh they rely on pollinators
as vectors for pollen transfer owing to a lack utbaeposition mechanisms within
flowers (Molau 1993). Many flowers of herbaceolpree perennials are white and
yellow and tend to be pollinated by flies, beegtdrilies and moths (Mark 1970). Most
graminoids are wind-pollinated (Billings 1974). [lR@tor visitation rates tend to peak
when ambient temperatures are high, correspondiimgcteased insect activity (Arroyed
al. 1982; Inouye and Pyke 1988). Over altitudinabggats, Bingham and Orthner
(1988) showed that pollinator visitation rates wa&gnificantly lower in alpine plant
populations in comparison with analogous populaionthe lowlands. However, in
alpine populations, fewer pollinator visits are g@nsated for by more effective
pollination during each visit. Reduced rates dfipation in alpine areas are rarely due to
shortages of pollinators. Rather, ambient tempeeatand other factors which affect
pollinator activity such as internal flower styledapollen-tube problems, are more likely

to cause reductions in pollination (Kérner 1999).
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Seed rain and seed bank dynamics

During favourable growing seasons, seed produetinang alpine plants can be large
(Molau and Larsson 2000), although seeds in the e may originate from either

plants within the local community or from adjacenmmunities (Chambers 1995). Once
on the soil surface, seeds are incorporated idedled bank (entrapment) or are lost due
to mortality or other causes such as secondargdiap Small-seeded species
accumulate seed banks more effectively than laggelesd species (Thompson et al 1998,
Welling et al 2004) and even strongly clonal speci&n accumulate seed banks (Eriksson
1992). Early research suggested that soil seekkbaralpine regions were either very
small or non-existent (Billings and Mooney 1968isBI1971). However, subsequent
research in alpine and arctic areas has reveakdubstantial seed banks do exist. A
review by McGraw and Vavrek (1989) indicated thetd banks in alpine and arctic
regions may be larger than previously assumed aodmparable size to seed banks in
temperate regions. There is also evidence thdtls@ek size may change over altitudinal
and latitudinal gradients (Thompson 1978). Theay e a decrease in seed bank size as
altitude or latitude increases, as plant produstigecreases with increasingly harsh
conditions, leading to decrease in seed produetnmhseed quality (Molau and Larsson
2000). Low floristic similarity between the seeahk, field seedlings and the standing
vegetation may indicate that a persistent seed baslittle impact on vegetation

structure (Wellinget al.2004).

Seed viability, dormancy and germination

Alpine seed viability is thought to be dependentl@conditions present during the
previous and current year’s growing seasons (Bdiand Mooney 1968; Chambers
1989), especially if seed matures over severabssasMost studies agree that seed from
alpine species is generally viable, but seed pribalucs also highly variable within
species, and between and within years (Chambe®)128banska and Schultz (1986)
report that seed viability among alpine plants dacrease with seed age, as can
subsequent germination rates. However, seeds fiouheé soil seed bank may be of
varying ages and therefore, seedlings emergingyinemn year may not have come from
the previous years’ seed (Urbanska and Schiitz 1986)

Seeds that persist in the seed bank may exhibalcy mechanisms (Chambers
et al. 1990). However, seed dormancy among most algargsis fairly uncommon,
occurring in perhaps only 20 to 40% of speciess@1i959; Amen 1966). Seed-coat
inhibition is reported as the most likely causelofmancy (Amen 1966). Only a few
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species are reported to require a cold or wetrtreat before germination (Amen 1966).
The elapsed year or more between seed producttbgeamination appears to be
environmentally imposed (Billings and Mooney 19B8lings 1974), ensuring that
germination will only occur during the next periotifavourable conditions (Korner
1999),

In laboratory conditions, alpine seed germinatiates can be high, over 90% for
some species, given adequate temperatures anda@sture (Bliss 1959; Sayers and
Ward 1966). However, under natural conditionspgeation rates can be very low (Bell
and Bliss 1980; Marchand and Roach 1980). Temperdiresholds for germination can
be over 25°C for some species (Bliss 1959; Billiagd Mooney 1968; Bell and Bliss
1980). If temperature requirements were lowenygeation could be triggered in a
season too cold for photosynthesis and adequgteatsy rates (Billings and Mooney
1968). Occasionally soil temperatures may becaméddt. Mark (1965) recorded
temperatures of up to 50 °C in bare ground patchkgh rendered any seed present in
the soil unviable. In contrast, Sgrensen (194d9nted that seed germination occurred
even though the seeds were frozen during half efyedlay during his experiment. In
addition, Sayers and Ward (1966) showed that frgezoils overnight can reduce
germination. Hence, alpine seed germination reguénts can be extremely varied, even
from year to year, from site to site, and withirpptations and individuals (Urbanska and
Schiitz 1986). As such, there appears to be nalpiree germination syndrome (Kérner
1999).

Seedling emergence and survival

Many alpine species are highly clonal and are thezeexpected to have low rates of
seedling establishment (Callaghetral. 1992). Although many seeds germinate, usually
immediately after snowmelt (Urbanska and Schit6),9%81bsequent seedling
establishment can take several years (BillingsMadney 1968; Billings 1974).

Mortality of seedlings has been attributed to neeckt and frost-heaving of the soil

(Mark 1965; Brinket al. 1967; Billings and Mooney 1968; Bliss 1971; Bij;n1973;
Roach and Marchand 1984), as well as slow seedirnglopment (Wager 1938; Bell and
Bliss 1980). Many studies investigating seedlinyival show that <50% of seedlings
survive their first growing season (Bonde 1968isJahd Bock 1983; Roach and
Marchand 1984). Under favourable conditions, havesuch as warm ambient
temperatures and sufficient soil moisture and antd (Sayers and Ward 1966; Chambers

et al. 1990; Kdérner 1999), high seedling densities haaenlreported across the major
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alpine and arctic tundra regions of the world (Breanet al. 1982; Urbanska and Schutz
1986; Chamberst al. 1987; Kibe and Masuzawa 1994; Welling and Lain@Q20

Welling and Laine 2000a; Forbis 2003). Freedreial. (1982) found seedling densities
in the hundreds perin Similarly, Forbis (2003) found high rates of éggrmination in
wet meadow communities, with emergent seedlingitdessip to 900 i and only 48%
mortality of seedlings in their first year.

A safe site for seedling establishment refers ¢oithmediate environment of the
seedling, i.e. the soil micro-topography, moistsagus, light conditions and temperature
(Harper 1977), all of which can be influenced bjaadnt vegetation and the disturbance
history of the site. A common occurrence is thaldshment of seedlings clumped
together, sheltering in the lee of neighbours (€&anh and Callaghan 1991; Moen 1993;
Sturmet al.2001; Callawaet al.2002). These positive, or facilitative, plantiractions
show that alpine plants can benefit from close meagirs. Neighbouring plants can
reduce wind speed, increase the local temperaidéy the accumulation of nutrients,
reduce soil disturbance and, in some cases, hetpgtiragainst herbivores (Carlsson and
Callaghan 1991; Moen 1993; Stusnal.2001; Callawaet al.2002). Plants living in
stressful environments may therefore survive lomger show higher growth rates when
surrounded by close neighbours. However, somdespeaquire bare ground gaps for
germination and subsequent seedling establishridéiitams 1992). Following
disturbances, that activate the soil seed bankeate bare-ground patches, seedling
establishment can be the most common form of recanit (Chamberst al. 1990;
Chambers 1993,1995). In such microsites, seedi@mgities can be as high as those
found in lower elevations (Jolls and Bock 1983;d#®2003).

Australian alpine regions

Landscapes

Alpine and sub-alpine areas in Australia (areasrédgularly receive winter snow) are
small and make up only 0.15% (11 70Gkmf the continent (Costiat al.2000). True
alpine areas (areas above the climatic treeling) mae snow seasons of up to five
months. This is more common in the highest aré#seoKosciuszko region, with some
areas such as snowpatches on the lee-side of rielgesriencing permanent snow in
some years (Costin 1957; Costihal.2000). Alpine areas in Australia are considered

particularly ancient; those on the mainland conslistn uplifted and faulted palaeoplain
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which is cut across a complex bedrock and divexdifiy Tertiary sediments and volcanic
deposits (Ollier and Wyborn 1989). All the majock types are represented across the
high mountain regions; acid granite, slate, basadt limestone (Costin 1957). Glacial
activity in the mountain regions appears to beiast to the Pleistocene (Galloway
1989). Only on the highest regions of the eadteghlands, in the Snowy Mountains,
New South Wales, is there evidence that small gtaavere present (Galloway 1989).
This is where thirteen glacial cirques have beeppad. However, landforms and glacial
deposits due to cold climates are more extensii@gmania. Evidence of periglacial
activity, which arises from soil movements suclirasze-thaw processes, is widespread
in areas above 900-1000 m. Solifluction deposasprising stony debris which coat
most slopes, include textures ranging from boultefse material (Galloway 1989),
giving the landscape a smooth appearance. In afga® boulders are abundant, the fine
material may be washed out, leaving block-streamistdock-fields (Galloway 1989).
Active periglacial features are common but restddo the areas near or above the

treeline where vegetation is sparse or absent.

Soils

In comparison with the mountains of Europe, Ausiramountains are characterised by
relatively smooth knolls with well developed salsd few pointed, rocky peaks (Costin
1955,1957). Strong soil development in these regis related to the mild glacial
history, gentle slopes, a favourable climate faiepamaterial weathering and vigorous
biological activity in the soil (Costin 1957). $oare not strongly differentiated
according to rock type (Costin 1957). Howeverre¢hare several well-defined soill
groups in alpine areas including alpine humus shiifesols, gley podzols, acid marsh
soils, snowpatch meadow soils and bog peats. Tdst widespread soil type is the alpine
humus soil which occurs on well-drained terrainemajptimal alpine conditions (Costin
1954,1957). This friable organic loam may be uprie metre deep. All alpine soils are
relatively low in clay, high in organic matter, dia (pH 4-5) and nutrient poor (Costin
1954,1957; Kirkpatrick 1983; Williams and Costind#9. They are susceptible to
erosion by water, wind, frost, fire and mechanarabiological soil disturbances (Costin
1954; Kirkpatrick and Dickinson 1984; Williams 1992



Chapter 1

Climate

Strong winds prevailing from the north-west to $pwiest are associated with most of the
alpine precipitation, which falls predominantlysasw in winter and heavy
thunderstorms in summer (Costin 1957). In the dfian alpine zone, mean monthly
precipitation during summer is around 60 mm (Felyavhereas in winter, rain and
snow can contribute to over 300 mm (July) (BureBMeteorology,unpublished data
Ambient temperatures can reach above 30 °C inutmerser months, with overnight
temperatures below 0 °C (Williams 1987). Wintenperatures show reduced diurnal
fluctuations, tending to hover between -10 °C ani@€ §Williams 1987). Extreme
temperatures outside these ranges can occur.xaomde, -20 °C was recorded overnight
at Mt Hotham in November 1990 (Bureau of Meteorglampublished dafa Frosts are
frequent, with more than 100 per year, particularlgreas of cold air drainage such as
sub-alpine frost hollows and grasslands surroumyddverted treelines (Williams and
Ashton 1987; Williams and Costin 1994; Wearne aradddn 2001b). The length of
snow lie varies across the landscape dependingpmgtaphic features and altitude.
Across the Bogong High Plains, Victoria, snow covety persist from June to September
in an average year (Williams 1987), whereas orhigleer peaks or in sheltered positions,
such as in snowpatches on the lee-side of ridgesy snay persist well into October and
November (Venn and Morgan 2007).

Vegetation

The recognition of the major floristic and struetlugroups of the Australian alpine
vegetation began in the 1950s (Beadle and CosB2;1Qostin 1954). Since then, the
major structural vegetation formations of the whalgion have been revised and
published in various forms (Costin 1962a,1980; Ma@all 1982; Kirkpatrick 1983;
Walshet al. 1986; Williams and Costin 1994; Kirkpatrick andde 1999; Costiret al.
2000). The most recent revision is by McDougadl &vialsh (2007) which provides a
single classification of the treeless vegetatioNicotoria, the Australian Capital Territory
and New South Wales. They identified 56 plant camities, based on 1222 floristic
guadrats, sampled from published data and newds¢dMcDougall and Walsh 2007).
Overall, the major structural forms have not chahged include heathlands, grasslands,
open and closed herbfields, fens and bogs, andadiged formations such as
snowpatches, feldmarks (in the Kosciuszko regiowl) lzolster heaths (in Tasmania). The
distribution of vegetation types is controlled wgonmental determinants such as soil

depth and type, soil moisture, topography and exygot® winds and frosts (Costat al.
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2000). Of the 710 native taxa recorded in thenglpegions by McDougall and Walsh
(2007), the plant families with the most represev¢s are the Asteraceae (16.3%),
Poaceae (10.6%), Cyperaceae (7.0%), Orchidacet¥)4Apiaceae (3.7%) and
Ericaceae (3.7%). Lesser represented familiesidlecthe Myrtaceae, Juncaceae and
Rubiaceae. Of the taxa recorded in their study§%Qexist only in the true, treeless

alpine regions (McDougall and Walsh 2007).

Recruitment in Australian plants

Recruitment in response to disturbance

Plant communities tend not to exist in a stableedtat rather, they change through space
and time in response to natural and anthropogasiarances (Pickett and White 1985).
Disturbances can disrupt the community structurel@anging the availability of
substrates, resources and local temperatures {tivd Wilson 2003). In turn, this can
affect plant recruitment. Disturbances such a&s pitant death or soil-loss can stimulate
germination of seeds in the seed bank or seedsdsitothe canopy as they respond to
extreme heat, light or soil moisture. Newly creladeeas of bare ground after a
disturbance may present opportunities for colomsdty seedling establishment,
following the regeneration niche theory (Grubb 1,9@7me 1979). Subsequently, a
different suite of species may establish in the amed repeated, small-scale disturbances

may lead to cyclical patterns of vegetation chai@@me 1979).

Australian plant recruitment

In general, most Australian plant species are @aerly well adapted to recruitment
following disturbance, notably fire. All the maj@ustralian vegetation types contain or
are surrounded by flammable vegetation (Kemp 188tl)therefore, are likely to have
burnt during historical times and are likely to bagain in the future. The biota,
therefore, including the alpine, are variously daddgo particular fire regimes (Banks
1989). The evolution of the Australian flora witte has resulted in specific, adaptive
traits within species such as buried buds and tigrers, axillary buds, tough bark and
hard-seededness (Gill 1981). Notably, the widespend sclerophyllous genus
Eucalyptuds considered fire-tolerant but in some casessis fare-promoting and fire-
requiring, with seeds only germinating after a ékent (for examplds;. regnany

(Ashton 1975).Eucalyptusspecies can promote fire with fibrous and stribgyk, tough
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leaves containing volatile oils, open canopies lagaly litter-fall (Ashton 1981; Gill
1981). Hence, the Australian landscape has agpesition to disturbance from fire and
therefore, many Australian plant species have edbadaptations to regenerate after fire

and other similar large-scale disturbances.

Australian alpine plant recruitment

Among the studies of alpine plant recruitment irs#kalia, most consider successional
regeneration responses after disturbances. THestunclude vegetation responses to
road and walking-track building (McDougall 2001héston and Johnston 2004; Scherrer
and Pickering 2006), fire (Kirkpatrick and Dickims©984; Wahremt al.2001a;
Kirkpatrick et al.2002), cattle grazing and drought (Wahetml.1994; Scherrer and
Pickering 2005). Disturbances which create gapisinvthe micro-topography of alpine
plant communities are also important determinahfdant regeneration and cyclical
processes (Williams and Ashton 1988). Howevemnahtarge-scale disturbance events
in the Australian alpine landscape are infrequigmet;is likely to have only occurred in
the region once or twice per century (Legihal. 1987). Few studies have investigated
aspects of plant recruitment in the absence ofidiance. Of these, Pickering (1997b;
1997a; 2000) and Pickering and Hill (2002) expliwe reproductive biology and
breeding systems of several Australian alpine gsewithin theRanunculusand
Aciphyllagenera, and attempt to link patterns in reprogtactifort with plant size and
sex. There is, therefore, a large gap in thedlitee concerning natural recruitment

mechanisms among alpine plants in the absencestfrdance.
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Research focus and goals

Rationale

Ecological studies relating the environment with gatterns and processes of plant
recruitment, across a relatively undisturbed laags¢ have not been attempted among
alpine species in Australia. Research of thisneatan lead to a better understanding of
the background levels of alpine plant recruitmertt ean be a basis for measuring plant
responses following future large-scale disturbamsces as fire and climate change.
Similar research topics have been covered in studden Europe, North and South
America and New Zealand, while landscape-scalaestuaf alpine plant recruitment from
Australia are non-existent. Alpine landscapes uistfalia present unusual environments
and conditions for plant reproduction, growth andvval which can be vastly different

from those overseas. Hence, the motivation far shidy.

Aims

The goal of this study was to answer the followfirgt-order’ focal research question:

What is the role of recruitment from seed among plats across a gradient of alpine mountain tops in

Victoria?

In answering this question, | address four gengypbtheses:

1) that the patterns in alpine vegetation acrosgntaon tops are influenced by climatic
and environmental parameters in a predictable nmanne

2) that the patterns in the standing vegetationpauat recruitment processes across the
mountain tops are influenced by climatic and envinental parameters;

3) that successful plant recruitment from see@dsiced at higher elevations as
environmental and climatic parameters become uniaae; and

4) that plant recruitment from seed is facilitabgdclose neighbouring plants at higher
elevations, as close neighbours should buffer etteér from the extremes of the

environment.
Therefore,

| aimed to investigate the role, the importance thiedsuccess of recruitment from seed

among alpine plants across mountain tops, acresstige of altitude in Victoria.

12
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Research questions, thesis chapters and the Idle-cyodel
To answer the first-order focal research questiattempted to answer six ‘second-order’
research questions which are addressed in theaskayftthe thesis (Box 1.1).

In Chapter 2, | describe the study sites and thteme in climatic and
environmental variables within and between thessitehen focus on the patterns of the
standing vegetation and how these patterns aredeia the climatic and environmental
variables. In Chapters 3-6, | explore the proceséalpine plant recruitment, those
which link the life-history stages in the life-cganodel (Figure 1.1). Specifically, in
Chapter 3 | investigate the role of the seed baukits similarity with the standing
vegetation, across the altitudinal gradient ofssitln Chapters 4 and 5, | investigate the
seed germination requirements of several alpineisp@nd compare germination rates
within and between species. | single out one ggawith specific germination
requirementsAciphylla glacialis for use as a case-study in Chapter 5. In Ché&pter
explore the success of naturally occurring seedlaggoss sites and assess the similarity
between the seedling flora and the standing vagatatn Chapter 7, | investigate the
role of neighbouring plants as facilitators fordggermination and seedling
establishment. In Chapter 8, | synthesize the nadigresented in Chapters 2-7 and
provide a summary of the answers to the second-oedearch questions and show how
the results from Chapters 2-7 link the recruitm@oicesses and life-history stages within
the general life-cycle model of alpine plants.atidition, | integrate the results from
Chapters 2, 3 and 6 to demonstrate the relatividasity in species between the seed
bank, the seedling flora, and the standing vegetatl then discuss the role of
recruitment after disturbance in alpine ecosystemse a conceptual model to predict
future responses in recruitment and changes intagge patterns with future disturbance

and climate change.
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Box 1.1. The second-order research questionsrefénence (in brackets) to the thesis chaptershictw
they are addressed.

1. Do climate and other environmental variables ciinge across the altitudinal gradient of mountain
tops? (Chapter 2)

2. Are there patterns in the vegetation compositinacross an altitudinal gradient of mountain tops?
(Chapter 2)

3. Does the mountain top vegetation form a seed fig? If so, how similar is the species composition

of the seed bank to that of the standing vegetati@n(Chapter 3)

4. What are the requirements for, and patterns inseed germination for species which grow across

the altitudinal gradient of mountain tops? (Chapters 4 and 5)

5. Are there patterns in natural seedling emergercacross the gradient of alpine sites? Are there

similarities between the seedling flora and standipvegetation? (Chapter 6)

6. Do interactions with neighbouring plants affectseed germination or seedling growth and survival?

Do these patterns change across the altitudinal gdéent? (Chapter 7)

In answering the questions presented in Box Inkslbetween the stages in the plant
life-cycle and regeneration pathway can be madsch®ematic diagram of the
relationships between life-history stages and ligoent processes are presented in the
life-cycle model (Figure 1.1). The thesis chaptet®w the same progression through
the life-cycle model as would an individual plainbm seed production and germination
through to seedling establishment and survivalthénfinal chapter, Chapter 8, I revisit
this life-cycle model and show how the recruitmgiticesses relate to the life-history

stages.

14



Chapter 1

vegetative propagation ?

senescence ?

flowering ———
seed production

seed viability ?

Established

seedling interactions with

neighbouring plants seed mass ?

L
seed rain

\ seed bank

germination

seedling survival

Seedling

Figure 1.1. The life-cycle model. Life-historyages are represented by shaded boxes; recruitment
processes link life-history stages with arrowsogerties of life-history stages are representedumstion
marks following the text. Mortality of individualmay occur during any stage or process of theclfde.
Adult vegetation may also persist for many yeatheit contributing seeds or seedlings to the lifele

model. The time-frame over which the events inrttealel occur is not specified. The life-historgges,
their properties and the recruitment processeshndnie addressed in this thesis are indicateobly text.

Germinant

Analytical approach

| used a gradient of alpine summits as study sitesder to assess the effect of climatic
and environmental parameters on plant recruitmé&hts approach allowed for a greater
difference in elevation from the lowest alpine $de¢he highest, than if | had used only
one or two peaks and investigated plant recruitrfrem the summit to the treeline. In
addition, study sites on the selected summits asienilar disturbance history. None
had been burnt since 1939 and cattle grazing hea thscontinued at all sites. Using the
summit area of each site also held wind and wegiakerns relatively constant across

sites, as well as the vegetation type.
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Scale of the study

The patterns and processes of plant recruitmerdsaessed at three spatial scales:
individual species, within sites, and across tinelégape. However, not all chapters in
the thesis deal with plant recruitment acrosshae¢ scales. Studies using individual
species became valuable when comparing specifioigation requirements and
interactions between close neighbouring vegetatienncluding the whole suite of
available species in these studies would have eldudportant, species-specific
responses. The general patterns in recruitmeepses or life-history stages within each
site allowed for valuable comparisons across sildsis, the general patterns in plant

recruitment across the altitudinal gradient cowdddbtected.

Thesis style

The data chapters in this thesis, Chapters 2-fraqared in the style of research papers
suitable for publication. Each chapter starts withrief summary, similar to an abstract,
followed by an introduction, methods, results, deston and conclusion section. This
format results in some repetition, especially ia ithtroduction and methods sections
when describing research rationale and study skiesvever, this format has the
advantage of producing discrete studies, whilstegking the overall project goal and
second-order research questions. When necesskayamnt ideas and results are referred
to between chapters. This helps to link the chra@ad produces a coherent, flowing
thesis. The formatting style follows that of thestralian Journal of BotanyHowever,

table, figure and appendix numbers also includetizgter number.
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Chapter 2 - The relationship of alpine vegetation with climaic and
environmental factors across an altitudinal gradiemin Victoria,

south-east Australia

Summary

In this chapter, | first describe the study sitekich are a series of mountain peaks in the
Victorian alpine zone. | then examine the patténndimatic and environmental factors
across the gradient of sites which include tempeesat frosts, soil wilting point, soil pH
and organic matter content. | show that sevenalatic parameters, estimated using
BIOCLIM, are significantly related to altitude. &udition, total nitrogen content, organic
carbon and the concentration of copper in thestmived a significant trend with altitude.
| then examine the patterns in vegetation acrassltitudinal gradient of sites.

Mean species richness showed a significant deuwlitiealtitude. The percent
abundance of shrub species also showed a declihaltitude, whereas forb species
showed a significant increase with altitude. USNMDS and ordination, quadrats
sampled from Mt Bogong, Mt Hotham, Mt Buller and Btirling tended to clump
together strongly. The vector for altitude appddcedrive the patterns seen in the
ordination diagrams. These results were furthppstted by cluster analysis, single-
factor ANOSIM tests and subsequent pairwise corapas. In an all sub-sets modelling
procedure, | showed that a combination of climpticameters including precipitation
variables, temperature variables, total soil nerognd organic carbon are important
characteristics which can drive patterns seenedrvégetation across the altitudinal
gradient.

| conclude with a discussion of the potential fuststudy to be useful in a space-
for-time analysis, with the emphasis on predicfutgre vegetation patterns with climate

change.
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Introduction

The Australian Alps are characterised by relatiahooth knolls with well developed
soils and few pointed, rocky peaks (Costin 19557)9%\Ipine and sub-alpine areas in
Australia (areas that regularly receive winter shave small and make up only 0.15%
(11 700kn3) of the continent (Costiat al. 2000). In true alpine areas, an altitudinal
range from the tree-line to the summit of a givealpwill be no more than 400 m.
Alpine vegetation patterns and plant community dayiea in the Australian Alps have
been researched almost continuously for severaldisc In the 1950s, floristic surveys
were conducted by Costin (1957), followed by magenous and widespread assessments
of plant and soil interactions (Carr and Turner2)9Small-scale vegetation patterns in
relation to environment (Williams 1987; Wahren 19@7ahrenet al.2001b; Wahreret

al. 2001c), as well as community dynamics (William82Rand their relationships with
environmental factors (Kirkpatrick and Bridle 1998garne and Morgan 2001a).
Vegetation maps and extensive species lists foowaregions have also been produced
(McDougall 1982; Walslet al. 1986; McDougall and Walsh 2007).

In Victoria, obvious vegetation patterns exist asrthe alpine landscape as plant
communities respond to topography and local clinf@tdliams and Ashton 1987;
Wahrenet al.2001c). Climate and environmental factors suctersperature,
precipitation and soil nutrient availability, anepected to change across altitudinal
gradients (Costiet al.2000) and hence, the patterns in vegetation cotnposre also
expected to change across altitudinal gradientir{@ and Mooney 1968; Kérner 1999;
Costinet al.2000).

In this study | aimed to: (1) quantify the changeslimatic and environmental
variables across an altitudinal gradient; (2) quinatiie differences in vegetation patterns
across the same gradient; and (3) investigate whetty differences in vegetation
patterns can be correlated with patterns in clicratid environmental variables across the
altitudinal gradient. | used a series of moungaaks to form the altitudinal gradient,
whilst keeping the plant community type relativebnstant. Any changes in vegetation
composition across the gradient can therefore teegreted as a response to climatic and
environmental variables which are particular tohesite, rather than to topographic
features which may drive differences in plant comities across landscapes (Cosin
al. 2000). The mountain top vegetation in Victorighsracterised by low, open
herbfields dominated bjoaspp, Celmisiaspp. and Asteraceae species, with
interspersed shrubs such@svillea australis, Prostanthera cuneata, Podolohi

alpestre and Hovea montand he relative proportions of species in the autrre
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assemblage are therefore expected to change asiclemd environmental variables
change across the altitudinal gradient.

If the patterns in environmental and vegetatiorratizristics are correlated,
gradient studies of this nature may be useful @dting future vegetation patterns
resulting from climate change. The gradient dssitan be used as a chronosequence in a
‘space-for-time’ analysis (Pickett 1989). In tkisidy, the current patterns observed at the
lower mountain tops may resemble those at higles g the future, assuming that
climate variables change as predicted acrossditidiigradients. This hypothesis is
supported by research from the Swiss Alps and éleexin Europe, which has showed
that warmer temperatures over recent decades zadglbe correlated with migrations
in vegetation (Grabhegt al. 1994; Waltheet al.2002; Waltheet al.2005) as the
effects of climate, the major limiting factor fquecies at high altitudes, is diminished.
Hence, vegetation that currently exists at lowBtuales may have the opportunity to
migrate to higher altitudes in coming decades, ragsy migration corridors and habitat
niches are available (Huggett 1995). Specieshamretore expected to track a shifting
climatic envelope (Waltheet al.2002; Klanderud and Birks 2003), sorting themsslve
according to their tolerance ranges and to extnesather events (Huggett 1995). In
addition to describing patterns and potential extéons between vegetation, environment
and climate, this study may also lend insight jpdtential vegetation change over the
coming decades.

Methods

Study sites

The study was carried out in the Alpine NationalkRa the north-east region of Victoria,
approximately 350 km from Melbourne, Australia. eTdrea comprises several high
peaks, including Victoria’s highest mountain, Mtgdmg (1986 m), which may be
covered by snow for four to five months of the ye@he mean annual rainfall of this
region is high compared to adjacent lowland areasr, 1800 mm (LCC 1982), with
much of this precipitation falling as snow on thghhpeaks during winter. Average air
temperatures follow seasonal variations with tyjpazaly minimums and maximums of

2 and 27 °C in summer and -6 and 12 °C in winteré@u of Meteorologyynpublished

data). Frosts are frequent and can occur at any tinyear (Williams 1987).

19



Chapter 2

The study sites are located within this mountainegson and | selected eight true
alpine summit areas which represent an altitudinadlient ranging from Mt Speculation
(1668 m) to Mt Bogong (Hooker Plateau at 1970 nigyFe 2.1, Table 2.1). All sites are
within 40 km of each other, with most less tharkapart (Figure 2.1). All sites are
classed as ‘Steep Alpine Mountains’ after Cost®b{)) and all contain alpine herbfield
vegetation and occasionally understorey speciesdfausub-alpine woodland. The
underlying geology of the area is varied. Mangsixhibit upper Devonian sedimentary
siltstones, mudstones and sandstones, while atixeibit younger Devonian granites
(LCC 1982) (Table 2.2). Despite this geologicaiiaion, in these regions parent
material rarely influences soil type (Costin 1988) all soils are considered to be of the
‘alpine humus’ type, highly acidic (pH 4 to 5) awith a gravelly or skeletal structure
(Costin 1962b; LCC 1982). Cattle are currentlyledted from all sites, but grazing has
occurred to varying degrees in the past (Lawre®89 1A. Markwick, pers. comm.)
(Table 2.1). None of the sites examined have beent since 1939 or, in some cases,
well before this time.

Each site represents the top 5 m contour of thrextal summit, with the boundary
at either the 5 m contour or at 50 m from the @=ofrthe site, whichever was reached
first. The centre of the site was determined ashighest point of the peak. In cases
where the highest point exhibited signs of excessiampling, an adjacent knoll or high
point was used. Due to the nature of varying fofiee sites vary in shape and size,
ranging from approximately 612 to 2508 (able 2.1), and all were rounded with a flat
top and steeply sloping sides (Figure 2.2, Figug. 2
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Figure 2.1. The study sites, within the Alpine idaal Park in north-east Victoria, south-easterrstfalia.
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Table 2.1. The eight study site locations, alét(oh a.s.l.), size (fnand cattle grazing history

Study site Location Altitude Site Cessation of cattle
latitude longitude (ma.s.l.) size grazing
approx
(m?)

Mt Speculation 37°07°'30" 146°38'40" 1668 1197 1960

King Billy (2) 37°12'45" 146°36'15" 1696 2418 inaccessible to cattle
Mt Magdala 37°15'30" 146°37'15" 1725 1710 1989

The Bluff (South Knob) 37°14'30" 146°28'50" 1725 1742 1992

Mt Stirling (Stanley’s Knob) 37°07'50" 146°29'50" 1748 1260 1993

Mt Buller (West Knob) 37°08'45" 145°26'15" 1762 612 1960

Mt Hotham 36°58'35" 147°07'30" 1860 2500 1958

Mt Bogong (Hooker Plateau)  36°44'27" 147°17'15" 1970 2500 1956

Table 2.2. The geology and parent materials oetgbt study sites (Land Conservation Council 1982)

Site

Geology and parent materials

Mt Speculation
Mt Magdala
The Bluff

Mt Buller }
Mt Hotham

King Billy —»
Mt Stirling —»
Mt Bogong —»

Upper Devonian sedimentary (lacastrine) siltstones,

sandstones, mudstones and conglomerates.

Ordovician sedimentary (marine) siltstones, samisgtpcarboniferous shales

Extrusive Tertiary (Oliocene) basalts
Middle Devonian intrusive granite, granodioritegiiie, horneblende porphyrite

Ordovican metamorphic gneiss, poliated granite@ndite shist
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Mt Stirling §
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Figure 2.2. The study sites at Mt Bogong, Mt Hathat Stirling and Mt Buller, Victoria, Australia.
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King Billy. ‘ . B : s || Mt Speculation

Figure 2.3. The study sites at The Bluff, Mt Malgd&ing Billy and Mt Speculation, Victoria, Austia.
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Climatic and environmental variables

Climatic variables
Air temperatures were measured bi-hourly with T-@ata loggers (Temperature
Technology, Henley Beach, SA) at The Bluff, Kindl{8and Mt Speculation between
February 2004 and April 2006. The temperature @sokere housed in Stevenson
screens mounted on stakes at 1 m height. Thesdata incomplete due to occasional
equipment failure and theft. Data for Mt Hothana &t Buller were provided by the
Bureau of Meteorology.

Temperature data were converted to mean monthbwigg degree-days’
(GDDs). GDDs were calculated as a measure of tbenaglated amount of heat (in
degrees Celsius) above a base temperature to eepeesumulative index of energy

available for growing plants, according to the fatan

GGDs = [(maximum daily temperature + minimum daéynperature) / 2] — base temperature

The daily GDDs were then summed for each montthoke 0 °C as a conservative base
growing temperature as this value encompassesatiehility shown by alpine plants in
their absolute base growing temperature (Bliss 1862ner 1998; Browret al.2006)

and is consistent with other studies of alpine Va&ti@n/temperature relations (Walketr

al. 1994; Dirnbocket al.2003). GDDs are a useful way to analyse temperatata as
one value can be obtained for each month, and sdétwesach site can be easily
compared.

Other mean climate variables were estimated usiead@gtOCLIM bioclimatic
prediction system of the ANUCLIM software packagi®qlderet al.2000). These
values are derived by the software by incorporaiiegvariables of latitude, longitude,
altitude and solar radiation, with long-term datan local climate stations. The climate
variables estimated by BIOCLIM are presented in éppix 2.1.

| measured the impact of frost events on soil stghising vertical displacement
pins (Brownet al.2000) at Mt Bogong, Mt Hotham and King Billy. Bhinethod records
the height that frozen soil reaches during a feesint, and frost-heave is inferred from
the change in height of a rubber washer on a 5 tamlsss steel rod. The rods were
inserted to a depth of 10 cm into the soil (Fighi4). A rubber washer sits above a
wooden disc, which are both forced to slide uprtdtewhen pushed by freezing soil. The
rubber washer stays in place, gripping the rod afteost event, and the distance it
moved from the surface can later be measured.wboelen disc slides back down the
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rod to the soil surface as the soil thaws. The i@ reset after frosts by pushing the
rubber washer back to the soil surface. Ten \@rtisplacement pins were erected areas
of naturally occurring bare ground and ten in ihtaggetation at the three sites. Frost-

heave measurements were made at three times @/20@%/06 growing season.

Figure 2.4. Vertical displacement pins on natyraticurring bare ground (left) and intact vegetatio
(right).

Soil properties

The wilting point of soil (water content at 1500akRat each site was determined with a
presoaked ceramic pressure plate in a sealed peessssel (Soil Moisture Equipment
Co., Santa Barbara, California) on two replicategl@s from each site according to the
method of Dane and Topp (2002). Saturated soipteswere subject to 1500 kPa
pressure within the pressure vessel until moideaeing each sample had reached
equilibrium. Samples were then weighed, driedC&t IC for 48 hrs and re-weighed to
determine the soil water content (soil moistureyiting point.

Several soil characteristics were also recordeshelh site. Twenty soil samples,
of approximately 500 g, were dug randomly fromtilye 10 cm at each site. The samples
were bulked and divided for analysis. Soil pH \maalysed with an electronic pH meter
on samples that were air dried, sieved to 2 mmnaixéd in a 1:5 soil:water suspension,
following the method of Rayment and Higginson (2P90rganic matter content was
measured as loss on ignition by heating oven-dié8 °C) sub-samples to 550 °C in a
muffle furnace, following the method of Carter (B9 Remaining soil material from

each site was sieved to 2 mm and analysed for key putrients, minerals and trace
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metals by CSBP Soil and Plant Nutrition Laboratotty., Bibra Lake, Western Australia
(Appendix 2.2).

Vegetation sampling

The vegetation of the eight sites was sampled fxdotal of 160, 1 frandomly

stratified quadrats (20 per site), during the sumgnewing season of 2004 and 2005.
Landscape positions and aspects were equally estezsby the random placement of
guadrats. This quadrat size was chosen to be qaipawvith other alpine vegetation
surveys (Wahreet al. 1994; Wahren 1997). Within each quadrat, the cofevery
vascular species, bare ground, rock and plant itges estimated to the nearest 5%.
Individual plants were identified to species lewelcept in some cases where plants of the
CraspediaandPoagenera were only identified to genus level, duthélack of
distinguishing flower parts present. Nomenclafofows Ross and Walsh (2003).

In addition to sampling the vegetation within tiiediadrats at each site, |
recorded the percent cover of vegetation as lifexfo(herbs, graminoids and shrubs),
bare ground, litter and rock using line transettisie intercepts of herbs, graminoids and
shrub species were recorded every 10 cm alongifansect lines that ran from the centre
to the edge of each site on each aspect. An ahuoadsstimate of each life form, bare
ground, litter and rock was calculated as a peaggnof the total recorded.

Data analysis

The change in climatic and environmental variallesse estimated from the BIOCLIM
analysis, soil nutrients, minerals and grazingdnigtacross the altitudinal gradient were
analysed using multiple linear regression. Vagabi/hich showed strong trends with
altitude were then used in an all sub-sets modgfirocedure, the Schwarz-Bayesian

information criterion (BIC), following the formula:

BIC = n[In(Skesiaua]+(p+1)In(n)-nin(n)

wheren = number of observations apd= number of predictors . This technique made
clear which combination of these independent véggmbnd altitude best fit the regression
model (Quinn and Keough 2003). Variables thataarte-correlated with others were not
used in the analysis. For example, ‘precipitatiothe driest quarter’ is auto correlated
with ‘mean annual precipitation’, and hence onlg @f these variables could be

considered in the statistical model.
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Non-metric multi-dimensional scaling (NMDS) wasddo analyse the
relationships in vegetation patterns within anduaeein sites. NMDS is an iterative
search for a ranking and placemennha@hntities ork dimensions (axes) that minimizes the
stress of th&-dimensional configuration. The calculations aasdxd on an x n distance
matrix calculated from the x p-dimensional main matrix, whereis the number of rows
andp is the number of columns in the main matrix. Hpvod the dissimilarity matrix is
can be determined by the stress value (Kruskal ;1l98€une and Mefford 1999).
“Stress” is a measure of departure from monotoniaithe relationship between the
dissimilarity (distance) in the originptdimensional space and distance in the redkeed
dimensional ordination space. Stress values b6l@vare recommended (Clarke 1993)
as values above this threshold may mislead inte&foes. Dissimilarities between all
pairs of quadrats were calculated using the Bragti€dissimilarity coefficient,
previously noted as a robust measure in recovextoipgical distance over a range of
models and stochastic variations in the data (Brad/Curtis 1957; Quinn and Keough
2003). The resultant ordination diagrams weredittvith the environmental
characteristics as vectors, enabling the varialstésh display more significant or
apparent trends across the ordination to be idedtifis well as their direction and
influence in relation to the floristic data. Ordtions presented here are in three
dimensions and have stress values below 0.2.

To further define groups (sites) by their simti@s, | used cluster analysis. The
best dendrogram following the analysis (one widarest separation of groups and least
amount of chaining) was based on a Jaccard distaresure and a flexible-clustering
linkage method (beta at -0.95) (Sneath and Sok&B)9

The difference between sites was analysed by taklysia of similarities
(ANOSIM) procedure (Clarke 1993; Quinn and Keou@B3®. This procedure is
analogous to an ANOVA comparing between-group aitkdinvgroup variation. The
ANOSIM procedure tests the null hypothesis thatdtage no differences betwean
priori defined groups, or that the average rank of digsiities between all possible pairs
of objects in different groups are the same astleeage of the rank of dissimilarities
between pairs of objects in the same groups (QamthKeough 2003). All ANOSIM
procedures for percent-cover and presence-absataeisied permutation / randomization
methods on a similarity matrix to randomly allocatgects to groups and then generate
the distribution oR under the null hypothesis that all random allanaiare equally
likely (Clarke 1993; Quinn and Keough 2003). Tdistribution is scaled between pairs
of objects in the same group with values betweesmdl 1. Differences between groups
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would be suggested ¥y values greater than zero where objects are mesintlar
between groups than within grougR.values of zero indicate that the null hypothesis i
true. R=1 indicates that all samples within groapsmore similar to each other than to
those in different groups (Clarke 1993; Wahren 1997inn and Keough 2003). Only
ten randomly selected quadrats from each site wsd in the analysis due to the
computational limitations of the software.

The dominant character species for each sitetlandpecies that are useful in
discriminating between sites, were explored usiegSIMPER procedure (Clarke 1993).
This procedure utilizes the similarity and dissamily indices between all pairs of
samples to identify typical species within a sée well as important species that
distinguish between sites (Clarke 1993; Waletal. 1999).

Linear regression was used to model the changereptage of life forms across
the altitudinal gradient using the line interceggults.

Ordinations, cluster analysis and dendrograms werirmed using PC-ORD
(McCune and Mefford 1999). ANOSIM and SIMPER roes were performed using the
PRIMER 5 package (Plymouth Routines in Multivarigtmlogical Research 5.1.2.
2000). SYSTAT version 10 (Copyright SPSS Inc.,®@00as used for all other statistical
analyses.

Results

Climatic and environmental variation across thatatlinal gradient

Temperatures and growing degree days

Temperature measurements throughout 2004, 20023G0®irevealed strong patterns in
monthly mean ambient temperatures in relation éoattitude of each site. Generally, the
higher altitude sites (1750 m and above) were s¢degrees cooler than lower altitude
sites. Daily overnight temperatures were arouia 58 °C cooler at the higher altitudes
compared to the lower altitudes. The highest daidimum temperatures were recorded
at Mt Speculation, where summer daytime temperatwere regularly above 30 °C, the
maximum recorded during the period of measuremeinigh37 °C on February T&006.
The lowest daily temperatures recorded acrosstedi ;1 winter were routinely around

-5 °C. The timing of snowmelt, recorded when thggers were released from snow,
represented a major shift from the constant amtwendlitions in winter, to regular

diurnal temperature fluctuations. Snow melted apipnately one month later at Mt
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Bogong than at King Billy. Frost events, measwas@mbient temperatures below 0 °C,
were 1.3 times more frequent at Mt Bogong thaniagBilly.

Temperature measurements, converted into accurdutadathly growing degree
days, revealed that the low altitude sites accutedleore heat over the duration of study
than the high altitude sites (Figure 2.5). Thiswaost pronounced during spring and
autumn. A low altitude site can often be twicena@sm as a high altitude site during these
months and therefore, plants at low altitudes Garehwice the amount of heat energy
available for their growth than those at high attés. Mt Bogong, Mt Hotham and Mt
Buller accumulated negative growing degree days wugter, represented as zero in

Figure 2.5.

Climatic variables estimated with BIOCLIM

Nine climatic variables, estimated by BIOCLIM, wesignificantly related to altitude.
Seven of these are shown in Table 2.3. Maximum &zatpres of any particular period
tend to be higher at the low altitude sites, aneeloat the high altitude sites.

Precipitation is also significantly greater at thgh sites during both wet and dry periods.

Frost heave

A strong frost event can cause the soil to heaveraécentimetres. Frost heave of this
nature was significantly stronger in areas of lgaoeind compared to intact vegetation
(Log+1 transformed dat®,= 0.000) (Figure 2.6). There was also a signifiedfect of
site, pooling over treatment (Log+1 transformedagdt= 0.040), although there was no
interaction between site and treatment (two way MAQF = 1.829,P = 0.164). There

were no significant differences within treatmentsoas sites.
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Figure 2.5. Accumulated monthly growing degreesd@DDs) (°C) for six sites during 2004, 2005, 2006. Negative values of accumulated degreesisptagled as zero. Gaps
in the data were due to logger failure or theft.
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Table 2.3. Seven climatic variables from the BI®@Iloutput for each mountain top site. Maximum Tergiure of Warmest Period, Minimum Temperature @fi€st Period
(measured as the highest/lowest temperatures tesggof any weekly maximum temperature); Precipdn of the Wettest and Driest Periods (measusateprecipitation of the
wettest/driest week); Precipitation of the Wett@strter and Precipitation of the Driest Quartergsueed as wettest/driest consecutive 13 weeksniieied to the nearest week);
and the annual mean precipitation (Houldeal.2000). The fit (B) of the linear regression analysis of each vaeiatith site altitude is shown in the column Alituge Significant
linear relationships with altitudé’(< 0.05) are marked with an asterisk.

Altitude
BIOCLIM variables Mt Bogong Mt Hotham Mt Buller Mt Stirling Mt Magdala The Bluf f King Billy Mt Speculation R?
Max Temperature of Warmest Period (°C) 15.6 16 16.1 16.2 16.2 16.2 16.4 16.8 -0.76*
Min Temperature of Coldest Period (°C) -4.4 -3.9 1-3 -3 -2.9 -2.9 -2.8 2.7 -0.96*
Annual Precipitation (mm) 2615 2350 1757 1769 1827 1756 1788 1802 0.89*
Precipitation of Wettest Period (mm) 85 57 55 55 58 55 56 57 0.88*
Precipitation of Driest Period (mm) 25 42 18 19 20 19 19 19 0.83*
Precipitation of Wettest Quarter (mm) 922 816 589 595 616 589 604 614 0.88*
Precipitation of Driest Quarter (mm) 370 342 276 277 286 276 279 277 0.90*
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Figure 2.6. Mean#{ 1 standard error) vertical displacement (mm) utsher washers on vertical
displacement pins in bare ground and intact veigetat three sites, Mt Bogong (1970 m), Mt Hotham
(1860 m) and King Billy (1696 m) during the 20080 growing season. N = 10 for each treatment at
each site. Different labels (a or b) above coluindicate significant difference® « 0.05). Higher mean
vertical displacement indicates stronger and hidfost-heave of the soil.

Soil properties

The wilting point of soils from the sites acrose tiradient was varied and showed no
trends with altitude (R= 0.00,P > 0.05) (Figure 2.7). Values ranged between 95bb
moisture at The Bluff and 34 % at King Billy.
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Figure 2.7. Mean (x 1 standard error) percentrsoilsture at wilting point (1500 kPa) at sites asrthe
altitudinal gradient.
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Soil pH, organic carbon, nutrients and trace elémearied across sites
(Appendix 2.2) and few showed trends with altitudetal soil nitrogen appeared to
strongly decrease with altitudeq{R 0.73,P = <0.001), as did organic carbon conterft (R
=0.96,P =<0.001). Of the trace elements, extractablgpeophowed an increasing
trend with altitude (R= 0.78,P = <0.001). These values, and those in Appendix 2.
should be used with caution as they are derived fvaly one (bulked) soil sample from
each site, and hence there is no available mea$wegiability.

Soil organic matter (%) ranged from 11, at Mt Hothand Mt Speculation, to
39% at King Billy. The difference in soil orgamtatter between sites was significant
(1 way ANOVA,F =171.24P = 0.00), and although there was a significantieighip
with site altitude, this had poor predictive pow®f = 0.179,P = 0.00).

Modelling of climate and soil properties

All sub-sets modelling indicated which combinatadnvariables vary the most
predictably with altitude (Appendix 2.3). Max (Maaxum temperature of the warmest
period), Min (Minimum temperature of the coldestipd), Precip (Precipitation of Driest
Quiarter), total nitrogen, organic carbon and cogpercentration were considered in the
analysis. Of these, the best combinations incMdg, Min, Precip and total nitrogen, or
Max, Min, Precip and organic carbon. Thereforamate and soil variables can be
equally important as driving characteristics actbgsaltitudinal gradient.

Vegetation patterns across the altitudinal gradient

Across the eight sites, a total of 76 species weterded. There were between 13 and 30
species recorded at each site (Table 2.5). Meetieprichness, based on the 20 quadrats
per site, showed a significant decline with altéu# = 0.62,P = 0.019). The percent
abundance of the different life-forms, from theelimtercept data, showed a significant
increase in forbs with altitude (linear regressigh= 0.72,P < 0.01), a decline in shrubs
(linear regression, &= 0.36,P = 0.111) and no trend in graminoid abundance adius
gradient (linear regression?R 0.00,P = 0.84) (Figure 2.8). The number of shrub
species recorded also declined significantly witituale (linear regression,’R= 0.529,

P =0.041).
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Figure 2.8. Percent abundance of shrubs, gransranid forbs across the altitudinal gradient oksitem
line intercept data.

The clearest separation between sites was sebgr ordinations based on
presence/absence data (Figure 2.9.). Of all thig@mmental characteristics fitted as
vectors to the ordination diagrams, altitude expdithe most variation in the positioning
of quadrats in ordinational space. However, a#taan only explain a low proportion of
this variation (R = 0.35). Altitudeper secan never drive floristic patterns as it is not an
environmental or climatic variable; however, it capresent a gradient in several
variables which vegetation responds to. Henceflthistic variation within and between
sites may be driven by the combination of environtakand climatic variables which do
change predictably with altitude, as well as panansethat are specific to each site.
Quadrats from within Mt Bogong, Mt Hotham, Mt Bullend Mt Stirling tended to clump
together strongly, which is most obvious in thesakivs 3 configuration, indicating that

floristic variation within these sites is more dianithan across sites.
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Figure 2.9. Position of samples from each sitéiwithe three dimensional NMDS configuration based
presence/absence data and vector of maximum ctiore(@ = 0.35) representing site altitude.

Stress: 0.18.

The patterns in the ordination diagrams are supddsy cluster analysis, depicted
as a dendrogram in Figure 2.10. Sites separadedlg| with the higher altitude sites (Mt
Bogong and Mt Hotham), showing the most separalfibis is consistent with the
patterns seen in the ordination diagrams. Quath@ts Mt Magdala were the most

inconsistent with respect to site grouping, whicsvalso apparent in the ordination

diagrams.

Single-factor ANOSIM tests and subsequent paine@aparisons further support

the results seen in the ordination and the dendmgrThe composition of vegetation at
every site is significantly different from everyhet (ANOSIM, log, + 1 transformation,
with 5000 permutations, percent cover; gloRal 0.711,P <0.001, presence/absence;
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globalR=0.697,P >0.001). In percent-cover pairwise comparisongegfetation
composition between sites, mésvalues were between 0.6 and 1.0, indicating tited s
are mostly dissimilar from each other. The quaxfiem Mt Bogong and Mt Stirling
showed very high dissimilarityR(= 1.0,P <0.05) indicating the vegetation is more
similar within these sites than between them. {imedrats from Mt Magdala and Mt
Speculation showed the reverse trend with a retiow value R=0.305P = 0.2)
indicating these sites have many species in commeimilar abundances. In pairwise
comparisons using presence/absence data, themmovasvariation between siteR (
between 0.2 and 0.9). Comparisons between Thé &hgf Mt Magdala, Mt Hotham and
Mt Bogong, and Mt Speculation and Mt Magdala showgther similarities between
pairs of sites than all other comparisons performeatie ANOSIM procedureR = 0.372,
P=0.1;R=0.244P =0.3;R=0.249,P = 0.6 respectively). lItis interesting to notatth
The Bluff and Mt Magdala are at the same altitudé26 m) and Mt Hotham and Mt
Bogong are the two highest sites (1970 m and 186@spectively).

The species which contribute to the similaritied dissimilarities between sites
are shown in Table 2.4. The lower elevation JiksSpeculation, King Billy, Mt
Magdala and The Bluff) contain more shrub speagsHovea montana, Podolobium
alpestre, Grevillea australis, Prostanthera cundtaan the higher elevation sites (Mt
Buller, Mt Hotham and Mt Bogong). Graminoid specfancluding thePoaandCarex
genera) were typical throughout all sites as waddhb specieStelleria pungensThe
higher elevation sites were typically characterisgdanany forb species, notallBelmisia
pugioniformisandCraspediaspp. These species are present at lower elevsites) but
did not occur within the top five most abundantcee for those sites.

The mean similarities of quadrats within sitesstrewn in Table 2.5. Quadrats
from all sites are more than 30 % similar to eattieowhen based on percent cover and

presence/absence data. However, the low valuésatechigh variability within each site.
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Table 2.4. Mean abundance (%) of the top five igseat the eight study sites in Victoria, and tream
similarity between quadrats within each site. SitP, Mt Speculation (1668 m); KB, King Billy (196
m); MA, Mt Magdala (1725 m); BL, The Bluff (1725 p§T, Mt Stirling (1748 m); BU, Mt Buller (1762
m); HO, Mt Hotham (1860 m); BO, Mt Bogong (1970 mijlean Similarity, mean contribution of that
species to the group; Similarity / SD, mean sintyadivided by the standard deviation of each spgci
contribution to the mean similarity among groupsyercent cover data; P/A, presence/absence data;
*denotes exotic species.

Mean Abundance Mean Similarity / Contribution Cumulative %
Site Species Similarity SD %
Cov P/A Cov P/A Cov P/A Cov P/A

SP Hovea montana 26.5 0.8 8.73 6.71 112 121 2525 17.4 25.25
SP Podolobium alpestre 23 0.6 5.82 3.73 0.65 0.68 16.83 9.67 42.08
SP Poa phillipsiana 15 0.5 3.72 242 0.52 0.52 10.76 6.36 52.84
SP Carex breviculmis 2.8 0.8 3.56 6.53 1 123 1031 16.93 63.15
SP Stelleria pungens 41 0.7 3.52 4.79 0.84 0.9 10.19 12.43 73.33
KB Poa fawcettiae 55 0.9 14.99 7.24 1.75 195 29.67 12.18 29.67
KB Podolobium alpestre 17.5 0.8 7.16 5.33 117 126 14.18 8.96 43.85
KB Microserissp. 2 7.6 0.9 7.12 7.18 1.62 1.94 14.1 12.07 57.95
KB Grevillia australis 12.15 0.7 3.78 4.26 0.66 0.92 7.49 7.17 65.43
KB Carex breviculmis 25 1 3.7 8.84 187 11.23 7.32 14.86 72.76
MA Hovea montanus 335 0.9 11.49 8.97 1.77 188 26.72 18.53 26.72
MA Stelleria pungens 16.5 0.7 5.78 5.31 0.88 091 13.43 10.96 40.15
MA Microserissp. 2 4.7 0.9 5.03 8.59 142 191 11.69 17.74 51.84
MA Poa phillipsiana 155 0.6 4.37 3.8 0.69 0.7 10.15 7.84 61.99
MA Carex breviculmis 3.7 0.8 3.7 6.78 1.06 1.23 8.59 14 70.58
BL Poa fawcettiae 62 0.9 19.07 8.27 1.89 192 3354 13.24 33.54
BL Hovea montanus 245 0.9 12.66 8.18 1.66 192 2227 13.09 55.81
BL Celmisia pugioniformis 115 0.6 4.53 3.3 0.67 0.7 7.97 5.28 63.78
BL Prostanthera cuneata 11 0.6 441 3.25 0.67 0.7 7.75 5.19 71.54
BL Microserissp. 2 1.8 1 411 10.21 4.66 9.5 7.23 16.33 78.76
ST Hovea montanus 25.1 0.9 10.73 10.45 14 184 2161 18.08 21.61
ST Stelleria pungens 8 1 10.67 13.19 6.52 5.81 21.49 22.82 43.1
ST Poa heimata 40 0.7 8.39 6.11 0.86 09 1691 10.58 60
ST Grevillia australis 175 0.8 7.57 7.57 112 124 1526 13.1 75.27
ST Acetosella vulgaris* 4.1 0.7 4.03 6.34 0.84 0.9 8.11 10.98 83.38
BU Poa fawcettiae 55.5 0.8 15.78 7.86 1.16 122 37.28 14.99 37.28
BU Stelleria pungens 4.2 0.8 4.82 7.46 1 121 11.39 14.22 48.66
BU Podolobium alpestre 9.5 0.6 3.97 4.01 0.66 0.68 9.37 7.64 58.03
BU Microserissp. 2 2.6 0.9 3.66 9.13 161 191 8.64 17.4 66.67
BU Craspediasp. 2.6 0.6 2.94 3.9 0.64 0.69 6.94 7.44 73.61
HO Poa fawcettiae 34 1 184 1257 6.65 1359 3546 24.74 35.46
HO Celmisia pugioniformis 135 0.9 11.44 0.91 1.84 195 22.05 19.51 57.52
HO Kunzea mulleri 32 0.7 9.05 5.76 0.86 092 17.44 11.33 74.96
HO Grevillia australis 7 0.5 3.08 2.93 0.52 0.53 5.93 5.77 80.89
HO Craspediasp. 2.6 0.6 2.99 4.19 0.64 0.7 5.76 8.25 86.65
BO Poa fawcettiae 54 1 28.22 16.29 3.55 3.76 54.88 33.69 54.88
BO Celmisia pugioniformis 20.5 0.7 9.53 7.52 0.82 0.87 1854 15.56 73.42
BO Craspediasp. 6.6 0.9 8.09 11.71 1.15 187 15.73 24.21 89.15
BO Carex breviculmis 2.35 0.7 2.85 6.68 0.73 0.91 5.54 13.81 94.68
BO Asperula gunnii 1.2 04 0.78 1.58 0.36 0.39 151 3.26 96.2
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Table 2.5. Mean similarity (percent) of quadratthim each site based on percent cover (Cov) and
presence/absence (P/A) data, with total numbepetiss recorded at each site. Sites: SP, Mt Satawu]
KB, King Billy; MA, Mt Magdala; BL, The Bluff; STMt Stirling; BU, Mt Buller; HO, Mt Hotham; BO,
Mt Bogong.

Site  Mean similarity (%) Species

within sites richness
Cov P/A

SP 34.58 38.55 30

KB 50.31 59.48 19

MA 43.02 48.42 19

BL 56.86 62.51 23

ST 49.63 57.79 13

BU 42.32 52.45 20

HO 51.87 50.79 14

BO 51.42 48.35 21

Discussion

Vegetation patterns with climatic and environmepialameters

Climatic and environmental factors vary predictadtyoss the altitudinal gradient of sites
sampled. Collectively, the sites show high degoddboristic variation and no single
climatic or environmental factor can adequatelylaixpthe patterns in vegetation across
sites. Rather a combination of variables is maeful. Other factors not examined in
this study, such as past fire frequency or othgtludbances, such as cattle grazing
intensity, may contribute to the variation in tregetation amongst sites. However, these
sites have a very similar fire-history; none haeerbburnt in recent decades as the last
recorded alpine fire being in 1939, where discbeten patterns across the landscape were
not recorded. Over time, such variables (firedmgtgrazing etc) would also form part of
the complex environmental gradient.

The combination of lower temperatures, increasedipitation, decreasing total
nitrogen and decreasing soil organic carbon apgdarbe the most important variables
with increasing altitude, as indicated by the fittee regression models in the BIC
analysis. Related climatic variables, such agdr@ge also more likely at the higher
altitude sites, owing to the lower temperaturasa keparate study, | recorded 31 frost
events (air temperatures below®) at King Billy (1696 m), and 41 frost events at M
Bogong (1970 m) during the snow-free season in @&ee Chapter 7). In addition to
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cooler temperatures, growing season length camptie a month shorter at the higher
sites, as seen in the abrupt increase in growiggegedays in Figure 2.5.

The vegetation patterns across sites appear tovendy altitude, as seen in the
ordination diagrams, as altitude can represenadignt in environmental and climatic
factors. These factors therefore appear to caer@lih the patterns in floristic variation.
The vegetation at Mt Bogong and Mt Hotham, the égjisites, show a distinct suite of
species. In addition, there is a decrease in sélbuipdance at the higher sites and a
decrease in the total number of shrub species.céjehe distinct assemblage of species
common to Mt Bogong and Mt Hotham is likely to bdigect result of these species
being able to adapt to the climatic constraintshsas extended snow cover and lower
temperatures (Kérner 1999). Similar floristic patis in alpine vegetation are often seen
across altitudinal gradients elsewhere in Austr@iastin 1957; Kirkpatrick and Bridle
1998; Costiret al.2000) and around the world (Kérner 1999). Changepecies’
ranges and tolerance of various climatic conditicens be related to growth form. Small,
rosettes and clumped graminoids are able to pratedstematic regions from frosts and
low temperatures by housing them deep within thgreeof the plant (Kérner 1999). In
comparison, the aerial, unprotected position ofsbarid shoots in shrub species can
restrict them from growing at altitudes where deéntal conditions are present.

The vegetation assemblage at each site was diggndtiowever, variation within
each site was evident as generally quadrats weneane than 20 -30 % similar. This
variation adds to the inconsistencies among séen g1 the ordinations and cluster
analysis, and may explain why each site appeasspattially influenced by the
environmental and climatic variables. Overall, Yegetation assemblage on each
Victorian mountain top exhibits a high degree afdbvariation and only a small amount
of overlap in composition between mountains (sjteshsistent with the broad-scale
patterns found by Walskt al. (1986).

Common overlapping species between the lowestwitesHovea montanuand
Podolobium alpestréooth shrubs). Common overlapping species betweare of the
high sites includ®oa fawcettiaeandCelmisia pugioniformisAlthoughPoaand
Celmisiaare sporadically present at lower sites, theynateanked highly as driving
species, as indicated by the similarity tablese presence of some species across the
entire gradient, such @sperula gunnjiCarex breviculmisandGrevillea australis
suggests a wide ecological tolerance and the pateaipacity to withstand changing
environmental/climatic conditions in the future (8¥iee and Morgan 2001a). There was

a significant decrease in mean species richnessaltitude, consistent with European
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mountain studies where, across much larger envieoah gradients, species richness
nearly always decreases with altitude (Kérner 199 erall, my analysis shows greater
shrub abundance and species richness at lowerdast In contrast, very few shrub
species contribute to the total composition at éiglititudes. These patterns are also
consistent with patterns seen in mountain studie®uth-eastern Australia, Tierra del
Fuego and Europe (Kirkpatrick and Bridle 1998; Kairh999; Market al.2001).

Predicting future vegetation patterns in Victoria
This study across an altitudinal gradient can lezlus a space-for-time analysis in order
to predict future patterns in vegetation and fkizigariation. The change in abundances
of species life-forms across the altitudinal gratghowed straightforward, linear
responses with altitude. However, the floristiciation within these sites was not linear,
nor easily predictable. Hence, a space-for-timadyais across these sites may be limited
to life-forms and predicting the general pattemspecies abundances (Pickett 1989).
The climate change predictions for the Australigoin@ zone reveal that higher
temperatures, decreased snowfall, and earlier snelivare likely scenarios for the future
(Hennesseyt al.2003). In addition, the snow line is predictedise (Hennessegt al.
2003) which would leave the lowest alpine sitesually snow-free for most of the winter
and considerably lengthen the growing season. {elowffects to the vegetation may
include a change in the timing of species’ growapgma and phenological events (Galen
and Stanton 1993; Venn and Morgan 2007) and hgatential changes in the timing of
seed production and seedling establishment. litiaddwith changes in climate across
the altitudinal gradient, there is the likelihodwht species may initiate migration, expand
or contract their current range. Grabhetral (1994) report species migrations in the
Swiss Alps over the last century up to 4 m per deda response to a temperature rise of
0.7 °C, although most species can only move <gendecade (Grabheet al. 1994;
Klanderud and Birks 2003; Walthet al.2005). Therefore, alpine species are unlikely to
track the changes in climate as quickly as thesagés occur (Korner 1999). Dispersal
mechanisms among most alpine plants are unlikeliynib range expansions, as
occasionally seed from sub-alpine species can tredfat higher altitudes (see Chapter
3). However, other climatic factors associatechwiirming temperatures, such as
unexpected early season frosts (Bannisted.2005), are likely to suppress expansion,
contraction or migration of those species by actingeedling establishment (Inouye
2000). In places where snow melt occurs unexpbctatly, plants may experience

more severe temperatures as they are ‘left oltarcold’ without the insulative
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protection of snow cover (Bannistetral.2005). Nonetheless, if frosts are minimal, the
lower mountains in this altitudinal gradient magwly support species previously
considered sub-alpine, and the higher alpine aregssupport an increased number of
shrub species.

Range expansions and subsequent changes to cepesigs dynamics in alpine
systems are more likely following disturbances Wwgan prompt regeneration
(Kirkpatrick and Dickinson 1984; Wahreat al.2001a). Disturbances such as fire,
herbivory and soil disruptions act to create instgportunities for regeneration from
seed (Williams 1992), potentially altering spealgaamics which can lead to changes in
vegetation patterns. As climate-change in the raliah alpine region is likely to induce
such disturbances more frequently (Hennestey.2003), there is every likelihood that
species will respond in combination with warminmfeeratures. Such disturbances and

future changes in the Australian alpine landscatiebw discussed further in Chapter 8.

Conclusions

At the higher altitudes in this study, floristicroposition appears to be driven by low
temperatures and high precipitation. These fact@g also be related to the reduction in
total soil nitrogen and organic carbon. Environtaéoharacteristics such as previous
grazing history, soil pH and mineral compositioowekd no predictive trends with the
altitudinal gradient. Vegetation at the high alti¢ sites was the most similar in
composition, whereas the floristic compositiontad tow altitude sites showed high
degrees of variation within and between sites. shéls were significantly different from
one another in terms of floristic variation. Sharx forb species tended to drive
differences between the lower and higher altitutks s Applied as a space-for-time
chronosequence to predict future vegetation patteith a changing climate, the results
indicate that shrub abundance may increase atditigh in future decades, and low sites
may support vegetation not previously considergethal

43



Appendices

Appendix 2.1. The 35 climatic variables estimatgdBIOCLIM bioclimatic prediction system of the

Chapter 2

ANUCLIM software package (Houldet al.2000). The variables subsequently used in thedi&lysis
were chosen from these nine (shaded) variableshwdhiowed strong linear relationships with altitude.

Climate parameters estimated by BIOCLIM MtBogong  MtHotham  MtBuller Mt Stirling The Bluff Mt Magdala King Billy Mt Speculation
1970 m 1860 m 1762 m 1748 m 1725 m 1725m 1696 m 68L&
Annual Mean Temperature 3.9 4.5 9 4 5 5 5 5.2 5.5
Mean Diurnal Range(Mean(period max-min)) 6.3 6.4 26 6.3 6.3 6.4 6.5 6.6
Isothermality 2/7 0.31 0.32 0.33 0.33 0.33 0.33 0.34 0.34
Temperature Seasonality (C of V) 1.71 1.67 1.63 1.63 1.61 1.6 1.61 1.63
Max Temperature of Warmest Period 15.6 16 16.1 16.2 16.2 16.2 16.4 16.8
Min Temperature of Coldest Period -4.4 -3.9 -3.1 -3 -2.9 -2.9 -2.8 -2.7
Temperature Annual Range (5-6) 20 20 2109. 19.2 19.1 19.1 19.2 19.4
Mean Temperature of Wettest Quarter -1.9 -1.3 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
Mean Temperature of Driest Quarter 10.1 10.5 10.6 10.7 10.6 10.6 10.9 11.2
Mean Temperature of Warmest Quarter 10.1 10.5 10.7 10.8 10.7 10.7 11 11.3
Mean Temperature of Coldest Quarter -1.9 -1.3 -0.8 -0.7 -0.6 -0.6 -0.4 -0.2
Annual Precipitation 2615 2350 1757 1769 1756 1827 1788 1802
Precipitation of Wettest Period 85 75 55 65} 55 58 56 57
Precipitation of Driest Period 25 24 18 19 19 20 19 19
Precipitation Seasonality(C of V) 34 32 27 28 27 28 28 29
Precipitation of Wettest Quarter 922 816 589 595 589 616 604 614
Precipitation of Driest Quarter 370 342 276 277 276 286 279 277
Precipitation of Warmest Quarter 373 346 278 278 278 286 279 278
Precipitation of Coldest Quarter 921 814 586 587 585 607 596 608
Annual Mean Radiation 134 13.4 13.8 13.8 13.8 13.7 13.8 13.8
Highest Period Radiation 21.9 22 2.32 224 22.4 224 225 22.6
Lowest Period Radiation 5.3 53 45 5.4 5.4 5.4 5.4 5.4
Radiation Seasonality (Cof V) 46 46 46 46 46 47 47 47
Radiation of Wettest Quarter 7.2 7.1 8 8 8 7.9 8 7.5
Radiation of Driest Quarter 19.2 19.4 195 19.5 19.5 19.4 19.5 19.5
Radiation of Warmest Quarter 19.7 20 0.12 20.1 20.1 20 20.1 20.2
Radiation of Coldest Quarter 6.9 6.8 27 6.9 7.1 6.8 6.8 6.9
Annual Mean Moisture Index 1 1 0.98 0.98 0.98 0.99 0.98 0.98
Highest Period Moisture Index 1 1 1 1 1 1 1 1
Lowest Period Moisture Index 0.98 0.96 0.88 0.88 0.88 0.9 0.88 0.85
Moisture Index Seasonality (C of V) 0 1 4 4 4 3 4 5
Mean Moisture Index of High Qtr. Ml 1 1 1 1 1 1 1 1
Mean Moisture Index of Low Qtr. MI 0.99 0.98 0.93 0.93 0.93 0.94 0.93 0.91
Mean Moisture Index of Warm Qtr. Ml 0.99 0.99 0.94 0.94 0.95 0.95 0.94 0.93
Mean Moisture Index of Cold Qtr. MI 1 1 1 1 1 1 1 1
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Appendix 2.2. Soil nutrients, trace elements, mafeeand extractable ions and from soils at eaeh Hey:

P, K, S: Phosphorus, Potassium, Sulphur (mg/kg). 20, Mn, Fe: Copper, Zinc, Manganese, Iron (mpg/kg
extracted using diethylenetriaminepentacetic dolTA). Ca, Mg, Na, K2, Al: extractable ions of
Calcium, Magnesium, Sodium, Potassium and Alumin{orag/100g). Total N: total nitrogen (%); pH:
soil pH analysed with }D and pH electrode; OC: Organic carbon content (8d) analysis except pH was
undertaken by CSBP Soil and Plant Nutrition Labamat.td. Bibra Lake, Western Australia.

Mt Mt Mt Mt Mt The King Mt
Element  Bogong Hotham Buller Stirling Magdala  Bluff Billy Speculation
P 32 28 167 121 48 23 48 14
K 135 211 418 117 231 134 290 82
S 9.2 11.2 25.5 7 11.8 6.7 6.2 8
Cu 1.29 0.78 0.6 0.39 1.3 0.37 0.37 0.47
Zn 1.31 2.32 5.26 2.47 4.98 1.8 0.87 0.78
Mn 31.87 92.9 15.87 10.79 87.85 27.52 7.2 7.08
Fe 181.98 180.26 431.74 182.02 316.06 243.31 131.13 159.83
Ca 0.25 2.65 4.07 1.43 2.05 1.25 3.28 0.63
Mg 0.24 0.87 1.71 0.49 0.72 0.4 1.31 0.37
Na 0.02 0.07 0.04 0.07 0.03 0.03 0.07 0.02
K2 0.36 0.54 1.06 0.33 0.52 0.33 0.64 0.18
Al 4.4 3.16 5.54 8.72 5.43 3.97 4.63 8.16
Total N 0.46 0.38 1.4 1.09 0.59 0.46 1.77 0.38
pH 4.8 5.3 4.5 4.9 4.6 4.7 5.0 4.9
oC 5.47 7 10 10 8.52 6.46 10 6.12
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Appendix 2.3. Comparisons between different numiloéipredictors using the Schwarz-Bayesian
Information Criterion (BIC) following multiple regssion analysis against site altitude. *denotes#st
predictors (smallest BIC values). Max, Maximum TPerature of Warmest Period; Min, Minimum
Temperature of Coldest Period; Precip, PrecipitatibDriest Quarter; N, Total nitrogen; OC, Organic
carbon content (%); Cu, Copper concentration, et¢chwith DPTA. Low BIC valuesppld, marked with
an asterisk*) indicate the best, more parsimoninadels (Quinn and Keough 2003).

Independent variable No. predictors  SSresidual R P F-ratio BIC

Max 124812.11 1.00 0.00 1401.31 81.40
Min 377913.93 0.99 0.00 458.12  90.26
Precip 115398.10 1.00 0.00 1516.20 80.77
N 6693373.74 0.73 0.00 19.26 113.26
oC 1114937.74 0.96 0.00 150.65 98.92
Cu 5468120.58 0.78 0.00 2515 111.64
Max, Min 4351.84 1.00 0.00 17307.3156.63

Max, Precip 13336.62 1.00 0.00 5645.48 65.59
Max, N 117500.51 1.00 0.00 638.12 83.00
Max, OC 107551.91 1.00 0.00 697.42 82.29
Max, Cu 121362.35 1.00 0.00 617.72 83.26
Min, Precip 67417.76 1.00 0.00 1114.39 78.55
Min, N 371600.49 0.99 0.00 199.72 92.21
Min, OC 286031.41 0.99 0.00 260.37 90.11
Min, Cu 350640.80 0.99 0.00 21184 91.74
Precip, N 115384.04 1.00 0.00 649.88 82.85
Precip, OC 109483.76 1.00 0.00 685.06 82.43
Precip, Cu 107737.81 1.00 0.00 696.21 82.30
N, OC 576255.34 0.99 0.00 127.73 95.72
N, Cu 2021182.77 0.92 0.00 34.27 105.76
OC, Cu 653999.16 0.97 0.00 112.19 96.73
Max, Min, Precip 2867.48 1.00 0.00 14593.355.37

Max, Min, N 414298 1.00 0.00 10099.98 58.32
Max, Min, OC 3966.78 1.00 0.00 10548.68 57.97
Max, Min, Cu 395990 1.00 0.00 10567.01 57.95
Max, Precip, N 13248.37 1.00 0.00 3157.28 67.62

Max, Precip, OC
Max, Precip, Cu

13227.04 1.00 0.00 3162.38 67.60
12154.81 1.00 0.00 344149 66.93

Max, N, OC 104383.02 1.00 0.00 399.27 84.13
Max, N, Cu 107359.20 1.00 0.00 388.16 84.35
Max, OC, Cu 97195.53 1.00 0.00 428.92 83.56
Min, Precip, N 67392.31 1.00 0.00 619.34 80.63
Min, Precip, OC 67117.76 1.00 0.00 621.88 80.60
Min, Precip, Cu 60871.87 1.00 0.00 685.86 79.81
Min, N, OC 206984.31 0.99 0.00 200.53 89.61
Min, N, Cu 326246.45 0.99 0.00 126.61 93.25
Min, OC, Cu 234585.26 0.99 0.00 176.74 90.61
Precip, N, OC 96912.21 1.00 0.00 430.18 83.53
Precip, N, Cu 105734.60 1.00 0.00 394.14 84.23
Precip, OC, Cu 96118.26 1.00 0.00 433.74 83.47
N, OC, Cu 480456.66 0.98 0.00 85.44 96.34

Max, Min, Precip, N
Max, Min, Precip, OC
Max, Min, Precip, Cu
Max, Precip, N, OC
Max, Precip, N, Cu
Max, Precip, OC, Cu
Max, N, OC, Cu

Min, Precip, N, OC
Min, Precip, N, Cu
Percip, N, OC, Cu
Max, Min, Precip, N, OC, Cu

245436 1.00 0.00 10230.036.21*
1938.00 1.00 0.00 12952.8%4.32*
271740 1.00 0.00 12953.857.03
13226.52 1.00 0.00 1897.50 6%9.
11453.93 1.00 0.00 1898.50 5%8.
11589.62 1.00 0.00 2165.64 .6568
96437.28 1.00 0.00 259.38 85.57
65553.72 1.00 0.00 382.05 824
59836.47 1.00 0.00 418.65 81.7
89987.60 1.00 0.00 278.04 85.02
137756 1.00 0.00 %03 55.75

N - = -
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Chapter 3 - The soil seed bank at alpine summits in Victorian relation

to the standing vegetation

Summary

In this chapter, | describe the nature of the geatiie seed bank from study sites across
an altitudinal gradient in Victoria. | describeetiensity of species, life-form abundances
and seasonal differences. | examine the similafigpecies in the seed bank within each
site and compare the similarity of seed bank sgeawith the species of the standing
vegetation. | group species in the seed bankladtanding vegetation according to
regeneration class, in an attempt to assess howedntly species of a particular class are
present and whether the dominance of species mregeneration class changes across
an altitudinal gradient.

The density of germinable seeds from seed banklsasshowed no significant
differences between seasons, nor a significantioakhip with altitude. Species richness
in seed bank samples was dependent upon sitgggésuthat the seed banks at these sites
are persistent. The similarity between seed baniptes and the immediate standing
vegetation was low. Of the seeds that germinateéde seed bank samples, the
percentage of these species that were also priesenat local standing vegetation was
between 30-65%. The species in seed banks adte#egswere no more, or less similar
to each other than to other sites, based on NMRiSoadination. At all sites, there were
more species from the seed bank that fit into thestly seed’ class. Species in the
standing vegetation were equally classed as ‘mastiyl’ and ‘mostly vegetative’.

Across the regeneration classes of seed bank spéugee were no significant trends with
altitude. The proportion of species from the stagdegetation in the ‘obligate seedling’
class appeared to increase with altitude.

| discuss my results, with reference to the irdéomal literature, on the topics of
transient and persistent seed banks, changes adtitisdinal gradients, and how

regenerative strategies of species influence saekl tomposition.
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Introduction

Early research suggested that soil seed bankgimealegions were either very small or
non-existent (Billings and Mooney 1968; Bliss 1971)was assumed that the cold and
harsh conditions in such regions would limit seeatipction and therefore, limit
additions to the seed bank. Consequently, seedttaplishment was also thought to be
rare. Thus, vegetative regeneration by rhizomestivaught to be the predominant
means of regeneration in these habitats. Howesproduction from the seed bank can
be an important mechanism of plant re-establishrfediotwving disturbances in alpine
environments (Grubb 1977), and subsequent rese@agatpine and arctic areas has
revealed that substantial seed banks do exist.

A review by McGraw and Vavrek (1989) indicated teaed banks in alpine and
arctic regions may be larger than previously assbamel of a comparable size to seed
banks in temperate regions. Estimates of thedfiseed banks from undisturbed alpine /
sub-alpine habitats range up to 7000 seeds péEhambers 1993; Diemer and Prock
1993). However, germination requirements and nsibeccharacteristics seem to limit
germination and seedling establishment under natoralitions (Wager 1938; Bell and
Bliss 1980; Wellinget al.2004). There is also evidence that seed bankns&echange
over altitudinal and latitudinal gradients (Thomps®78). At higher altitudes and
latitudes, seed production and seed rain may deetieacomparison with that observed at
lower altitudes and latitudes, where environmecbalditions are more favourable to
plant productivity (Milton 1939; Fox 1983; Millemd Cummins 1987). Thus, there may
be a decrease in seed bank size with increasigdator latitude as plant productivity
responds to increasingly stressful conditions arx$equent inputs into seed banks
decline. On the other hand, cool and stable switltions, with low decomposition rates
in harsh climates are likely to aid the preservabbseeds stored in the soil (Fox 1983),
allowing seed stores to build up over time.

Seed banks can be classed as etthesientor persisten{Thompson and Grime
1979). In transient seeds banks, seeds typicatham within the top soil layers and can
germinate quickly, usually within one year (Welliagal.2004). Species with persistent
seed banks have viable seed that may become hurisd the surface soil layers,
potentially inducing dormancy, and germination oé@mulated seeds may not occur for
several years (Wellingt al.2004). Therefore, species with transient seeétdare
usually adapted to exploit the gaps created byigiadule disturbances (Thompson and
Grime 1979) whereas persistent seed banks cas acg@netic memory of a population

(Simpsonret al.1989). In some cases, even in arctic areas,dageds can persist in the
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soil for centuries (McGrawet al.1991). Hence, without regular disturbances, the
germination of seed in persistent seed banks nmeya important role in future
community dynamics and the structure of plant patioihs.

The composition of the seed bank and the standéggtation provide an
indication of the potential for regeneration froeeds in a particular environment
(Diemer and Prock 1993). Fox (1983) found a pesitiorrelation between biomass of
established species and seed bank size in theaklaskdra and others have also shown
that the seed bank species are mostly represantbd established vegetation (Molau and
Larsson 2000; Coopet al.2004). However, in some cases, similarity betwiberseed
bank and the standing vegetation can be low (Fraeedtal. 1982; Wellinget al.2004).

If environmental factors at high altitudes do indleeduce the potential for plants to
contribute to seed banks, the similarity betweenctbmposition of the established
vegetation and the seed bank might be expectedd®ase with altitude (Diemer and
Prock 1993). Long periods without disturbance amalck of suitable environmental
factors to cue regeneration from seed banks, irbazation with high mortality of seeds
and seedlings, can also contribute to low simydrgtween the standing vegetation and
soil seed banks at high altitudes (Roach 1983; iWWgednd Laine 2000b).

Alpine vegetation is regarded as highly sensitovéhe impacts of climate and
environmental changes (Grabhetral. 1994; Arftet al. 1999). Following such events,
community composition may be mediated by the sagdand the seed bank (Molau and
Larsson 2000). Hence, a better understating ofdleeof alpine seed banks in
community dynamics is crucial for predicting theexaial redistribution of plant species
in these landscapes in future decades.

In the current study, | examine the variation ir@ps richness and density of
viable seeds in soil seed banks across an altaudnadient of mountain summits within
the Victorian alpine zone. | compare the spectesposition of the established standing
vegetation with that of the seed bank, and attémptlate similarities and differences to
altitude. Annual inputs into seed banks are coewbacross sites from samples collected
during either spring or autumn and therefore, ffeci®es contributing to either persistent
or transient seed banks are quantified. | alsssdiathe species in the seed bank and
standing vegetation according to their predomimagéneration strategy. | can then
establish which species are more or less likelotatribute to soil seed banks based on
their strategy, and investigate whether the abucekaof species in different strategies

change across the altitudinal gradient.
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Methods

Study sites

The soil and vegetation sampling was conductedgirt alpine summits in Victoria,
Australia (Table 2.1 in Chapter 2). These sumneifgesent a gradient in environmental
variables from more favourable conditions at Mt §pation (1668 m), where winter
snow cover is usually marginal, to Mt Bogong (198p6where frosts are common all year
round (Williams 1987) and where snow cover may flasfour to five months of the year.
All summits have been free from major disturbarsigsh as bushfires since at least 1939,
but have been grazed by cattle to various degrett®ipast (Table 2.1 in Chapter 2). All
summits are within the Alpine National Park, appnoately 350 km from Melbourne,

and are within 40 km of each other with most I&sst10 km apart (Figure 2.1 in Chapter
2). Mean annual rainfall of this region is relaliw high compared to adjacent lowland
areas, over 1800 mm (LCC 1982), with much of thecpitation falling as snow on the
high peaks during winter. Average air temperatiméew seasonal variations, with
typical daily minimums and maximums of 2 and 27iiGummer and -6 and 12 °C in
winter (Bureau of Meteorologynpublished data However, at the high sites,
temperatures can be up to ten degrees lower dsumgner, frosts are more frequent and
severe and snow cover can last up to a month |d@jepter 2). All sites are classed as
‘Steep Alpine Mountains’ after Costin (1957) anbcaintain tall alpine herbfield
vegetation. The underlying geology of the areaised (Table 2.2 in Chapter 2).
Despite the variation, in these regions parent riaterely influences soil type and all
soils are considered alpine humus, with a graaaily skeletal structure (Costin 1962b;
LCC 1982) and are acidic, ranging from pH 4 to 5.

Sampling and laboratory methods

Twice during the 2004/2005 growing season at eéiehlgandomly placed twenty 1°m
guadrats within which | recorded all vascular plspécies to the nearest 5%. | then
collected three soil cores of 4 cm diameter to@tldef 10 cm within each quadrat, which
were bulked. The first round of sampling occuriredpring (from October to
December), before the onset of flowering and sepdirthe standing vegetation. The
second round of sampling occurred in autumn (froard¥ to April), after the seed
dispersal from adult plants had finished. Collegtseed seasonally allowed me to
characterise the soil seed bank when seed derstioesdd be minimal, after the flush of

early spring germination, but before the commencgrokflowering and seed inputs in
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the current season when seed densities may betiadlteat their maximum. Hence, the
difference in seed density between samples froseth&o seasons should reflect the
nature of a functioning seed bank in terms of jgégsice or transience.

Soil samples collected in the field during botasms were returned to the
laboratory, air dried, and sieved to 2 mm to remgnael and plant material such as
roots and shoots. Seeds larger than 2 mm weréfiddrduring this process and returned
to the sample. Soil samples were then moistenexpiaying with tap water, placed in
air-tight plastic bags and cold-stratified in dadnditions at 2 °C for two months. After
this period, samples were then spread evenly oeen 8&f autoclaved sand in 130 x 75
mm rectangular trays and re-located to the glasshoAll samples were automatically
watered twice daily with a fine spray-mist, and kapwarm ambient temperatures
(12 to 30 °C). Soil samples were equal in theluree, but varied in weight due to
differences in soil composition and compaction.

Soil samples were censored for germinants evariosight weeks until the
number of germinants per tray plateaued, at ar@dnaeeks. During each census,
seedlings were identified and removed. In casesr@vhwas unable to identify seedlings,
individuals were transplanted into separate paotd,veere allowed to grow until they
were identifiable. Seedlings that died before thweye identified were recorded as
unidentified monocot or dicot. At approximately w8eks into the study, moss growing
on the samples was removed and the soil was datédgrdisturbed to encourage further
germination of seeds. Known nursery weeds frongtasshouse environment were

removed and not recorded in the analysis

Data analysis

The density of germinable seed pet estimated from the three bulked soil samples of
known volume per quadrat, at sites across theuditial gradient, were analysed by linear
regression. Site and seasonal differences beta@shdensity was analysed using two-
way ANOVA on un-transformed and square-root tramsfx data.

Similarity analyses between the density of germimaked and the standing
vegetation within the same quadrat were carriecbhaged on Jaccard’s qualitative
similarity index and the quantitative similaritytim(Jongmaret al. 1987; Welling and
Laine 2000b), for both the seasons, before and #dteering. The qualitative
similarities were calculated according to the eigumat

SJ =c/(A+B-c)
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whereA is the total number of species in the mature \a&get, B is the total number of
species of seedlings, ands the number of species shared by the standiggtagon and
the seedling vegetation (Welling and Laine 2000b).

As guantitative data from species abundancesyalWwave many zeros (i.e. some
species are absent from several sites and quadrat®d a quantitative index which
gives different weights to the presence or abseheespecies, with regard to differences
in abundance when the species is present (Jongtre@dnl987). The quantitative
similarities, or similarity ratio (see Ball 1966 Jongmaret al 1987), were calculated
according to the equation:

SRij = YWYV /(S + YaYi” - YiYia Yig)
whereY,q is the abundance of théhkspecies in the mature vegetatidf,is the
abundance of thetk species in the seedling vegetation, aQ; is the abundance of
species shared by the mature and seedling vege{@tielling and Laine 2000b). As per
Welling and Laine (2000b), | transformed the matamd seedling vegetation values to
comparable percentages, so sums of the numbeedlirsgs and percent cover of mature
vegetation were both 100 at each site. For batltés, values closer to 1 indicate a
closer similarity between standing and seedlingetatipn, and values closer to 0 indicate
low similarity.

The variation in mean quantitative and qualitatreéies between sites across the
gradient were then analyzed using two-way ANOVA 8adferroni post-hoc tests on
un-transformed and square-root transformed val@esf and Keough 2003). In
addition to using the aforementioned similarityioes, | also compared the number of
species that are shared between the standing viegedad the germinable seed bank
using simple percentage values, and compared #uoesss sites with one-way ANOVA
on un-transformed and square-root transformed gal&eedictable changes in the
similarity indices, and the percentage similarigpeen seed bank and standing
vegetation across the altitudinal gradient, wevestigated with linear regression.

| used ordination to investigate the differenced similarities in the germinable
seed bank across sites. | analysed absolute valisegdling emergence and
presence/absence of each species in the seedlmg fQuadrats were ordinated by global
non-metric multidimensional scaling (NMDS). Thigthod is well suited to data that are
non-normal or are on arbitrary or discontinuoudesxcaNMDS is an iterative search for a
ranking and placement afentities ork dimensions (axes) that minimizes the stress of
thek-dimensional configuration. The calculations aasdial on an x n distance matrix

calculated from the x p-dimensional main matrix, whereis the number of rows ar
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is the number of columns in the main matrix. Haved the dissimilarity matrix is can be
determined by the stress value (Kruskal 1964; M&Camd Mefford 1999). Stress values
below 0.2 are recommended (Clarke 1993), as vahesge this threshold may yield
misleading interpretations. Dissimilarities betwed quadrats were calculated using the
Bray-Curtis dissimilarity coefficient, previouslyted as a robust measure in recovering
ecological distance over a range of models andasic variations in the data (Quinn
and Keough 2003).

| divided the species found in the seed banks edtanding vegetation into one
of four regeneration classes. Species were cldss#tkir capability and frequency with
which they reproduce by seed or are able to spregétatively under natural conditions.
The groups were: obligate seeder (OS, no abilirggenerate vegetatively); mostly seed
(MS, the species rarely regenerate vegetativellypagh it has the ability to do so);
mostly vegetative (MV, the species rarely reprogdumg seed although it has the ability to
do so); and vegetative reproduction (VR, reprodurchy vegetative means consistently
maintains populations of the species). The freqigsmof species in particular groups
were used in comparisons between the seed bantharstianding vegetation, and across
sites.

All statistical analyses were performed using SY 3 Mersion 10 (Copyright
SPSS Inc., 2000), except the ordinations, whictevperformed using PC-ORD (McCune
and Mefford 1999).

Results

Germination from seed bank samples

The total germinable seed bank from the eight algites was composed of 41 species
from 25 families, of which Asteraceae (eight spggi®oaceae (five species) and
Myrtaceae (three species) were the most commorentiyathree of the seed bank species
were herbs, nine were shrubs, seven were gramiramdisone fern, moss and tree species
were also recorded. In contrast with the pattefriie-forms recorded across the
altitudinal gradient in Chapter 2, here there weresignificant relationships between the
life-form of seed bank species with altitude. Fepecies were the most common in all
samples, followed by graminoid and shrub specidsere were no significant differences
between the occurrences of particular life fornasrfreither spring or autumn samples.

Species richness in the seed bank varied acressfsim 18 species at Mt Hotham to
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nine at Mt Stirling and The Bluff. There was arsfigant relationship between species
richness and altitude for samples collected duawmtymn, although this relationship has
poor predictive power (R= 0.061,P = 0.002). Results from independent t-tests showed
no significant differences between the speciesgsk of samples between seasons at any
site; nor were there any significant differencesoital individuals per sample, between
seasons. Two-way ANOVA of species richness indtat significant interaction

between site and season (site x sedsen2.288,P = 0.028). Species richness was also
dependent on sité-(= 3.594, P = 0.001), but not seasbr=(0.247,P = 0.619).

The density of germinable seeds varied betwees §iigure 3.1). However,
within each site, there were no significant diffezes in density between seasons, except
at Mt Speculation (t-tesi = 0.041). Seed bank density was independenteof th
interaction between site and seaser(1.018,P = 0.418), and season alorke= 0.791,

P = 0.375), but was dependent on ske=(21.329 = 0.000).

0O spring
@ autumn

200 | %-
0 \

Mt Bogong Mt Hotham Mt Buller Mt Stirling The Bluff Mt Magdala  King Billy Mt Speculation
1970 m 1860 m 1762 m 1748 m 1725 m 1725 m 1696 m 1668 m

i

Mean density of seed bank germinants per m2

Figure 3.1. Mean (+ 1 standard error) densityerigjnants from the soil seed bank (pé) at each site
across the altitudinal gradient from samples ctdl@defore flowering (spring) and after flowering
(autumn).

No species consistently contributed significantigrenseed during either season,
autumn or spring (based on paired t-tests) anddjermme of the species in this study can
be classed as having a transient seed bank. ©oe#lgi some species’ contribution to
the seed bank between seasons was significantéretit at a particular site, but this was
never consistent across the gradient, nor was #rgreelationship with altitude.

Individual species’ contribution to overall densitglues are shown in Tables 3.1 and 3.2.
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The overall density of germinable seeds from betisens showed no predictive
relationships with altitude. However, this anadydid show that the relationship was
significant for samples collected during autumA €90.061,P = 0.059).

The similarity between the standing vegetation liedseed bank, based on
gualitative and quantitative data, was generally &b all sites (Figure 3.2). The number
of species shared between the standing vegetaimtha seed bank, based on Jaccard’s
qualitative (SJ) similarity, was dependent on @ite-way ANOVA, F = 3.505P =
0.001), but not season, nor the interaction betvegerand season (seaséns 1.184P =
0.277; site x seasok,= 1.105,P = 0.360). The quantitative similarity between seed
bank and the standing vegetation, based on théasityiratio (SR), which incorporates
the abundance of species in every sample, waslafgendent on site, but not season nor
their interaction (two-way ANOVA; sitd; = 2.359P = 0.023; seasoff, = 0.496P =
0.482; site x seasok,= 0.935,P = 0.480).

At most sites, the qualitative similarity betwede standing vegetation and the
seed bank was higher than the quantitative sirilaihis indicates that although there
may be some similarity in species between the tigehistory stages, the relative
abundances of these species are largely dissimilais may be due to the occurrence of
common species in the standing vegetation whicivgnaa sparse manner, suchGarex
andLuzulaspecies. The number of individuals of these gseeiay be high, but their
percent cover is rarely over 10%. Hence, high nensbf individuals in the seed bank of
such species can lead to poor correlations wheedb@s abundance between the seed

bank and standing vegetation.
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Table 3.1. Seed density pef (mean + 1 standard error), family, life-form amgieneration class from soil seed bank samplesctedleluring the spring of the 2004/2005 growing
season, from eight alpine sites in Victoria. * dis exotic species. Species names follow Ros$\&ish (2003). MS, mostly seed; MV, mostly vege&gtOS, obligate seeder;
VR, vegetative reproduction maintains populations.

Sites

Regeneration Mt Bogong Mt Hotham Mt Buller Mt Stirling Mt Magdala The Bluff King Billy Mt Speculatio n
Species Family Life form class mean +lse mean tlse mean +1lse mean +lse mean +lse mean *1lse mean +lse eanmlse
Acetosella vulgaris* Polygonaceae Forb MS 16.7 £11.7 10.0+5.5 363B8.6 1063.3 £ 296.0 180.0 +81.7 70.4 +22.6 8323.6
Asperula gunnii Rubiaceae Forb MV 6.7+4.6 16.7 £16.7 3833
Baeckea ramosissima Myrtaceae Shrub MV 3.3+3.3 6.7+4.6 3.3+33 13.3+10.4
Brachyscome rigidula Asteraceae Forb MV 10.0 £10.0 13.3+10.4 34333
Brachyscome spathulata Asteraceae Forb MS 3.3+£33 3.3+£33
Carex breviculmis Cyperaceae Graminiod MS 153.3+81.8 33.3+13.2 3.3971.6 86.7 £ 20.0 116.7 £29.4 100.0 + 37.9 6.1% 34.3 36.7+14.1
Chionogentias muelleriana Gentianaceae Forb MS 3.3+33
Crassula sieberiana Chenopodeaceae Forb VR 3.3+£33 6.7+4.6 6.7+4.6
Epilobiumsp Onagraceae Forb MS 3.3+£33 16.7 £8.2 3.3+33 3+3.3 3.3+£33 3.3+£33 3.3+£33
Erigeron nitidus Asteraceae Forb MS 3.3+3.3 20.0+9.8
Eucalyptus pauciflora Myrtaceae Tree MS 3.3+33 6.7+ 6.7 333
Exocarpus nanus Santalaceae Shrub MS
Geranium potentilloides Geraniceae Forb MV 10.0+55
Gonocarpus montanus Haloragagaceae Forb MV 3.3+33 3.3+33 3.3+33
Goodenia hederacea Goodeniaceae Forb MV 6.7 +4.6 3.3+33 3433.3
Hovea montana Fabaceae Shrub MV 3.3+33 6.7 £6.7
Hydrocotylesp Apiaceae Forb MV 6.7+4.6 6.7+6.7 333
Hypochaeris radicata* Asteraceae Forb oS 20.0+7.0 23.3+16.9 6.7+4.6 6.7+4.6 13.3+6.1 20.0+8.5 20.0+7.0 6.7.6 4
Juncussp Juncaceae Graminiod oS
Kunzea muelleri Myrtaceae Shrub MV 3.3+£33
Leptonellasp. Asteraceae Forb MS 3.3+33
Luzula modesta Juncaceae Graminiod MS 16.7 +9.5 23.3+139 1664.4 103.3 +33.7 36.7+17.1 40.0+ 184 1H025.6 26.7+12.2
Lycopodium fastigiatum Lycopodiaceae Moss VR
Neopaxia australasica Portulacaceae Forb MS 13.3+10.4 3.3t33
Ozothamnus hookeri Helichrysum Shrub MS 3.3+3.3
Poa costiniana Poaceae Graminiod MS 233121 13.3+10.4 40.0.8 3.3+33 43.3+13.9 20.0+85 30.0 +14.9 .3833.3
Poa fawcettiae Poaceae Graminiod MS 20.0+7.0 43.3+16.2 160k 6.7+4.6 20.0+8.5 26.7+12.2 70.0 +18.4 .3287.3
Podolobium alpestre Fabaceae Shrub MV 10.0 £10.0 16.7 £13.6 110.0 13.3+£7.8 3.3£33
Polystichum proliferum Dryopteridaceae Fern oS 3.3+33
Stelleria pungens Caryophyllaceae Forb MV 3.3+£33
Tasmannia xerophila Winteraceae Shrub VR 3.3+£33
Trisetum spicatum Poaceae Graminiod MS 6.7+4.6
unidentified dicot N/A N/A N/A 6.7+4.6 13.3+6.1 33.3+10.3 13.3+7.38 20.0+10.9 30.0+16.4 35313.3 6.7+4.6
unidentified forb N/A N/A N/A 3.3+33 10.0 £3. 6.7 +4.6 3.3+33 3.3+33 20.0+8.5 6.7% 6.
unidentified shrub N/A N/A N/A 6.7 £6.7 53.3 +20. 6.7+4.6 3.3+33 3.3+33 13.3+7.38 333
Viola betonicifolia Violaceae Forb os 3.3+33 3.3+33
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Table 3.2. Seed density pef (mean * 1 standard error), family, life-form argeneration class from soil seed bank samplesctedieluring the autumn of the 2004/2005 growing
season, from eight alpine sites in Victoria. * o exotic species. Species names follow Ros$\&ish (2003). MS, mostly seed; MV, mostly vege&gtOS, obligate seeder;
VR, vegetative reproduction maintains populations.

Sites

Regeneration Mt Bogong Mt Hotham Mt Buller Mt Stirling Mt Magdala The Bluff King Billy Mt Speculatio n
Species Family Life form class mean t1lse mean t1lse mean t1lse mean +l1se mean +l1se mean +l1se mean +1se mean tlse
Acetosella vulgaris* Polygonaceae Forb MS 259+127 23.3+13.9 3¥324.5 753.3 £196.2 436.7 +260.4 73.3+26.9 16641.4 40.7 +38.7
Asperula gunnii Rubiaceae Forb MV 16.7 11.7
Asterolasia trymalioides Rutaceae Shrub VR 3.3+33
Baeckea ramosissima Myrtaceae Shrub MV 3.3+33
Brachyscome rigidula Asteraceae Forb MV 3.3+3.3 26.7 +13.2 13.941 16.7 £10.7 3.3+33 43.3 £30.7 20.0+13.8
Brachyscome spathulata Asteraceae Forb MS 0
Carex breviculmis Cyperaceae Graminiod MS 113.3+35.9 133.3+729 50.0+33.1 150.0 + 48.8 200.0 £54.1 40.0£17.0 06.7+31.1 63.3+15.7
Cotula alpina Asteraceae Forb MS 3.3+33 3.3+33
Crassula sieberiana Chenopodeaceae Forb VR 176.7 £ 176.7 163.&1 3.3+33 3.3+33
Epilobiumsp. Onagraceae Forb MS 3.3+33 3.3+3.3 3.3+3.3 16.7 +11.7
Erigeron nitidus Asteraceae Forb MS 6.7+4.6
Eucalyptus pauciflora Myrtaceae Tree MS 6.7+6.7
Exocarpus nanus Santalaceae Shrub MS 3.3+3.3
Geranium potentilloides Geraniceae Forb MV 13.3+7.8 26.7+11.2
Gonocarpus montanus Haloragagaceae Forb MV 3.3+£33 3.33 3. 10.0+7.3
Goodenia hederacea Goodeniaceae Forb MV 3.3+33
Hovea montana Fabaceae Shrub MV 10.0 +£10.0
Hydrocotylesp. Apiaceae Forb MV 3.3+33 3.3+33 6.8.2
Hypochaeris radicata* Asteraceae Forb oS 3.3+33 6.7+6.7 10.0+55 3+3.3 13.3+7.8 6.7+4.6 23.3+10.0 3.3+33
Juncussp. Juncaceae Graminiod oS 3.3+33 3.3+33 +R3 6.7+4.6
Kunzea muelleri Myrtaceae Shrub MV 6.7+6.7
Leptorhynchos squamatus Asteraceae Forb VR 3.3+33
Luzula modesta Juncaceae Graminiod MS 30.0+14.1 16.7+9.5 46.8.8 96.7 £24.4 80.0 £24.9 23.3+£10.0 143369 16.7£8.2
Lycopodium fastigiatum Lycopodiaceae Moss VR 3.3+33
Neopaxia australasica Portulacaceae Forb MS 3.3+33 3.3+33 3+3.3
Pimelea axiflora Thymelaeaceae Shrub MV 10.0+7.3 16.7+9.5 3.3+33
Poa costiniana Poaceae Graminiod MS 13.3+10.4 20.0+20.0 616+ 3.3+33 50.0 +15.2 43.3+£16.2 36.7+£13.2 6.75-24.8
Poa fawcettiae Poaceae Graminiod MS 53.3+14.2 46.7 +20.0 616+ 3.3+33 60.0+17.4 26.7+11.2 63.3+28.8 6.74- 20.0
Podolobium alpestre Fabaceae Shrub MV 13.3+13.3 6.7+4.6 B3 10.0+7.3
Polystichum proliferum Dryopteridaceae Fern os 10.0+55 10.0 +10.0 6816 10.0+5.5 16.7 +10.7 3.3+33
Prasophyllum alpestre Orchidaceae Geophyte oS 3.3+33
Scleranthusp. Caryophyllaceae Forb MV 3.3+33 3.333
Stackhousia monogyna Stackhousiaceae Forb MS 3.3+33
unidentified dicot N/A N/A N/A 16.7 £ 6.6 20.0 8. 3.3+3.3 66.7 £39.6 30.0 £13.2 26.7 £10.1 10505 23.3+8.8
unidentified forb N/A N/A N/A 6.7+4.6
unidentified shrub N/A N/A N/A 3.3+33 674.6
Viola betonicifolia Violaceae Forb oS 3.3+3.3 3.3+33 646
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Figure 3.2. Mean (x 1 standard error) similarifyseed bank samples to standing vegetation acitesso$
varying altitude (m) during (a) the spring collectiand (b) the autumn collection.

The percentage of species shared between the sgiavefjetation and the seed
bank, based on the total number of species for sactple and the corresponding
guadrat, was low at all sites. Values ranged féim 15% and were dependent on site
(two-way ANOVA; F = 3.462,P = 0.001), but independent of season and the itttera
between site and seasdn< 0.471,P = 0.493;F = 1.276,P = 0.262 respectively). Of the
seeds that germinated in the seed bank samplegetbentage of these species that were
present in the local standing vegetation was rattihigh (i.e. 30 - 65%). However,
two-way ANOVA showed no significant differences\ween site, season, or the
interaction between these sources of variatiorerdlwas also no significant predictive
relationship with altitude based on these data.

The similarity in seed bank samples between sissinterpreted from ordination
diagrams. Based on presence/absence data, inrvemsions, there were no distinct
patterns along either axis of the ordination (Apper8.1). The lowest stress value
obtained during the calculations was 0.3 and tleeeinterpretations of the diagram

should be made with caution. In this configuratisites appeared to be arranged
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randomly and individual sites showed no indicatioat they were more or less similar to
other sites, nor did quadrats from individual sappear to clump together. A useful
ordination diagram could not be produced from tenalance data, due to the very high
abundances of some species at some sites.

The number of species in each regeneration cE®sdvacross the altitudinal
gradient (Figure 3.3). At all sites, in the seadlbthere were more species in the ‘mostly
seed’ class. This pattern was only partially ictfte across sites in the standing
vegetation, where species from the ‘mostly seed’‘arostly vegetative’ classes were
most common. Species in the ‘vegetative regermratiass were poorly represented
across the gradient of sites in both the seed bhadkn the standing vegetation. There
was no significant predictive relationship betwées numbers of species in each class
across the altitudinal gradient. However, the prtpn of species, compared to the total
number of species, from the standing vegetatidheriobligate seeding’ class, appeared
to increase with altitude R= 0.55,P = 0.034). There were no other trends with alttud
based on the proportion of species in each class &ither the seed bank or standing

vegetation.
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Figure 3.3. The number of species at each sita &oross the altitudinal gradient according torthei
regeneration class, from the seed bank and thdistamegetation. Sites: BOG, Mt Bogong (1970 m);
HOTH, Mt Hotham (1860 m); BULL, Mt Buller (1762 mSTIR, Mt Stirling (1748 m); BLUFF, The
Bluff (1725 m); MAG, Mt Magdala (1725 m); KB, KinBilly (1696 m); SPEC, Mt Speculation (1668 m).
Key: MS, mostly seed regeneration; MV, mostly vagige regeneration; OS, obligate seeder with no
apparent vegetative regeneration potential; VReteatiye regeneration can maintain populations.
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Discussion

Limitations

The seedling emergence techniques used in thig bt documented the size of the
germinable seed bank and therefore, may underdstima true size of the seed bank, as
the conditions for germination of all species may lmave been met. However, the
disturbance caused during the experiment (when masgemoved from each tray), the
cold stratification treatment applied prior to sagji the diurnal temperature and light
variations in the glasshouse, and the 30+ weekigation period are likely to have
promoted emergence of all but the most deeply dotiseeds. Some seeds may also
require a longer period than 30 weeks to germiradtieough the numbers of seeds

germinating after this time were too few to warreomtinuing the experiment.

Seed bank density and composition

In this study, an appreciable seed bank was foarsaiis from mountain tops across the
Victorian alpine zone. To my knowledge, this is flist seed bank study conducted in
alpine regions in Australia. The range in deneftgerminable seeds in the seed bank
found in this study (180 to >1400 pef)ris within the range found in the sub-arctic of
Finland (Wellinget al.2004) and the high arctic islands in Norway (Coagieal.2004),
the high alpine region of the Chilean Andes (Arr@y@l. 1999) and tundra habitats in
northern Alaska (Fox 1983; Roach 1983), among sthelowever, the density of seeds
in this study are mostly below that found in highte islands of Canada (Freedmetral.
1982) and tussock grasslands in the mountains gémitima (Funest al.2003), and

above the values found in the high exposed areteedfairngorm Mountains in Scotland
(Miller and Cummins 2003). The wide variabilitytime density of seeds across the sites
in this study is not surprising, as seed bankgygnieally variable both spatially and
temporally (McGraw and Vavrek 1989).

In this study, soil seed bank species richnesssitaslependent. However, there
were no trends in seed bank species richness abmsadtitudinal gradient. In contrast,
Funeset al (2003) found significant trends of increasinga@es richness across a
gradient of altitude from 1200 to 2200 m. Theydisund that seed density increased
with altitude. Consistent with my study, many athkave reported high proportions of
herbaceous and graminoid species in seed bank saifiiemer and Prock 1993;
Welling et al.2004). Species from these life forms also tenldetthe most prominent

among seedlings (see Chapter 6).
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Seed bank dynamics, persistence and transience

| took soil samples in spring and autumn, allowing to characterise the soil seed bank
in terms of persistence or transience. In a teariseed bank, the annual seed inputs
from the previous season should have already gatednwhereas in a persistent seed
bank, annual seed inputs from previous seasondcshocumulate. | found no significant
differences in parameters measured in the seedshariikas the density and number of
individuals and species, neither specific life farnor proportion of species from specific
regeneration classes, between autumn and sprilegttohs. Nor did any species
consistently contribute more seeds to the seed ioagikher season. Therefore, the seed
banks and the alpine species across this altitugradient are predominantly persistent.

Seasonal changes in seed bank parameters mayveobéan significantly
different because the seeds from transient spdtielsnot yet germinated at the time of
spring sampling, leaving the soil samples to redentitat of a persistent seed bank.
However, alpine species are renowned for germigatirickly after snowmelt (Billings
and Mooney 1968; Bliss 1971), and | am confideat the majority of seeds in the soil
that were cued to germinate during that seasonahliaddy done so before the spring
sampling (see Chapter 6). Additionally, | did netord which species flowered and
produced viable seed during the year of study, éieinansience in the system may have
been overlooked due to annual fluctuations in ggeduction.

Persistent seed banks may contain seeds thashmesbecome dormant (Roach
1983) as they have been worked down into the |dayars of the soil profile, perhaps by
freeze-thaw processes (Chambers 1995). Henchartieenumber of species not
represented in the seed bank, which do occur dtsatieach site, may have been deeply
dormant and their dormancy was not broken by the-statification treatment. Other
species may not be represented in the persistedttsnk if they contribute too few seeds
to the seed rain, or germinate immediately aftepelisal, therefore indicating transience
(McGraw and Vavrek 1989; Molau and Larsson 2000)e latter explanation is unlikely
in alpine species, as the cues for seed germinat®predominantly immediately after
snowmelt (Amen 1966; Billings and Mooney 1968) gadee Chapter 4).

Consistent with my study, Arroyet al. (1999) found predominantly persistent
seed banks in the central Chilean Andes. Theyudered only nine species of buried
germinable seeds that gave a seed bank size afe82% per fmbut a higher percentage
of species that were shared by the standing vegetand seed bank vegetation (31%)
than found in the current study. Close similabigtween the persistent seed banks and

the standing vegetation is not expected (McGraw\sangek 1989) as cold-climate seed
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banks are characterised by low turnover rates ladlimate can act in maintaining seed
viability and persistence in the soil (Cavieres anyo 2000). Persistent seed banks
may also be more common with increasing altitugeneset al (2003) found seed banks

in all alpine sites above 1200 m in Argentina tgbesistent, and the proportion of

species that contributed to the persistent seekishianreased with altitude, whereas the
proportion of species that contributed to transgm®ds banks decreased. However, these
trends may not be related to environmental vareablEhompson and Grime (1979)
suggest that seed bank strategy is independeabhwifonment and is more likely an

inherent characteristic of a species.

Seed bank similarity with the standing vegetation

The germinable seed bank showed little similaritthvhe standing vegetation at all sites
across the altitudinal gradient. Neither quaMatnor quantitative similarity values
varied predictably across the altitudinal grad@ngites, and therefore site-specific
factors may be driving the patterns in similarigtyeen these two life-history stages.
Occasionally some samples showed complete dissityilaith the immediate standing
vegetation; however, there was never completerdiksity in the mean Jaccard’s
gualitative index or the quantitative similarityicavalues. The mean values obtained in
this study (0.01 to 0.24) are comparable with tHfos@d by Wellinget al (2004), using
the same index, who reported values of 0.05 to.OL24v correlation between the seed
bank and the standing vegetation is common in alpystems (Diemer and Prock 1993;
Arroyo et al.1999; Funeet al.2003), especially where persistent seed banks iexis
relatively long-undisturbed sites (Chambers 1998)most all species that were
represented in the total seed bank were also fdras#re local standing vegetation. Only
two species that did not occur in the local proxynoif the sites were recorded. These
species, the shrubByasmannia xerophylland the tre&ucalyptus paucifloraare

usually restricted to the sub-alpine vegetatiomntg, dispersal and subsequent
incorporation into the germinable seed banks didrigltitudes may promote the
potential upslope migration of some subalpine sgsegiith a warming climate in future
decades.

Low similarity between the germinable seed bankthedstanding vegetation for
some species may indicate limited seed disperssddR1983; Chambers 1995), short
lived seeds, germination failures, low seed abucedhlcGraw and Vavrek 1989; Molau
and Larsson 2000), or that species in the standdggtation no longer exist in the

vicinity of their buried seeds. If these processastinue for long periods, the relative
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proportions of particular species in different tetnent phases will ultimately diverge.
Hence, long-term undisturbed persistent seed baalyseither have no influence on, or
may drive community composition and structure awasn the current assemblage
(Chambers 1995; Wellingt al.2004), as opposed to maintaining the current asisey®.
The composition of the seed banks across sitevargssimilar, whereas the
patterns in the standing vegetation across the séese(see Chapter 2) showed some
separation with altitude. Hence, the distributidrspecies in the standing vegetation may
be responding to environmental factors which atecoaently being expressed in the
seed bank. These factors, such as cold tempesagxeme diurnal fluctuations and
frosts, which drive plant community patterns iniaégpareas (Billings and Mooney 1968),
may be contributing to the dissimilarity of seedhk&and standing vegetation. Such
environmental factors can govern the success obdetive outputs, potentially leading
to poor seed production and viability (Kérner 1988y therefore, lower inputs into
germinable seed banks. Environmental factors easitb-specific (see Chapter 2) and
hence, this leads to specific differences in théepas between standing vegetation and
seeds banks, rather than predictive trends achisslmal gradients. Low species
richness among seed bank samples may also hawiboted to the similarity of seed

banks across sites (Morgan 1998).

Seed banks across altitudinal gradients

A decrease in the density of seeds at higher dégunay be expected, as shorter growing
seasons and harsh conditions may select for spebieb put less effort into sexual
reproduction and have lower productivity ratesstimaking reduced contributions to
seed banks (Johnson 1975; Fox 1983). Severaksthdive shown evidence for this, for
example, Milton (1939), Thompson (1978), Fox (1983) Molau and Larsson (2000).
Welling et al (2004) showed a strong negative correlation betwseed bank density and
altitude (R = 0.810,P <0.05). Alternatively, the predominantly persigtseed banks at
high altitudes may accumulate seeds, leading toenigensities over time. In this study,
there was a gradient of environmental conditiorrsesponding to the difference in
altitude between the sites (see Chapter 2). Howegethere is only 302 m difference
between the lowest and highest site, the envirotahgradient may not have been strong
enough to produce differences in plant contribigitmthe germinable seed bank and

thus, seed bank characteristics did not vary ptablig with altitude.
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Regeneration strategies and seed banks

Reproductive traits will influence a species’ ingr@rability to reproduce from seed and
therefore, influence the structure and compositibtihhe seed bank (Freedmenal.1982;
Chambers 1993). Obligate seeding species appeandbt likely to contribute to seed
banks. Surprisingly, however, clonal plants catuawulate sizeable seed banks, although
seedling recruitment may be rare (Wellietigal. 2004,2005). Few studies have attempted
to quantify alpine seed bank species with regattieo regeneration strategies. In this
study, most of the seed bank species were classkibamostly seeders), closely
followed by MV (mostly vegetative spreaders). Beed banks and the standing
vegetation were also dissimilar in their relativegortions of species in the different
regeneration classes. Although, the regeneratrategies of the species in the standing
vegetation are expected to influence the compasdfdhe seed bank (Freedmetral.
1982; Chambers 1993). These discrepancies betiveeseed bank and standing
vegetation can be caused by species which hawebihiy to reproduce by seed, but
seldom do. For example, many clonal species wiglghmostly on vegetative spreading
for reproduction (classified here as MV or VR) il have effective seed dispersal and
accumulate persistent seeds banks (Wekbingl.2004). In addition, many long lived,
perennial species from the standing vegetationchvtend to be in either the MV or VR
class, were absent from the seed bank, consisténthve findings of Bakers (1989).
Similarly, some annual species were common in ¢leel ank (e.gAcetosella vulgaris
typically classed as MS or OS), but these specere wot always present in the standing
vegetation, perhaps due to unfavourable conditibmig the period of survey. The
analysis of regeneration classes was based pundlyeonumber of species, rather than
proportions of species in each life-history phadence, common species in the seed
bank such a€arex breviculmisLuzula modestaandPoaspp., which would have
contributed significantly to the MS classes, appedre underrepresented. In addition,
these species are often not the dominant spectbe istanding vegetation. The use of
regeneration classes therefore re-emphasizesfthesdice between the composition of
the seed bank and the standing vegetation. Howakerng the species in this study,
regeneration strategy did not appear to limit ¢éerspecies from accumulating in the seed
bank.
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Conclusions

The density of seeds across germinable seed bamiesfrom Victorian mountain tops
was comparable with studies from alpine areas aftiNand South America and sites in
the arctic tundra. The seed banks were made ppedbminantly persistent seeds, as
there was no difference between samples colleategring and autumn, which would
have indicated a transient strategy. The qualgafiloristic) and the quantitative
(abundance) similarity between the seed bank sangpld the standing vegetation was
low. Environmental factors that predominate actbssaltitudinal gradient of sites
sampled, which can drive patterns in above growegetation, do not appear to strongly
influence the characteristics of the seed banlafldviany species in the seed bank were
classed as ‘mostly seeders’; however, this waseflgcted in the standing vegetation.
Therefore, across alpine summits in Victoria, teedsbank does not appear to play a
major role in maintaining the current structure aonchposition of plant communities, nor
do the regeneration strategies of species appearoiagly influence the composition of
the seed bank. However, the seed bank may plal &rsuccessional processes after
disturbance in this region. Continuing alpine skadk research in this part of Victoria
should include the response of seed banks todfiligely disturbance in this region.
Possible responses of alpine vegetation to distiedss including the role of the seed
bank, will be discussed in Chapter 8.
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Appendix 3.1. Ordination diagram based on predabsence data for seed bank species across sites.

Stress: 0.3.
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Chapter 4 - Laboratory germination characteristics and seed rass of

alpine species from the Victorian Alps

Summary

In this chapter, | explore the differences in seeds and germination characteristics
among ten alpine species from different elevatigitkin the Victorian alpine zone. |
used laboratory techniques to simulate germinatimmg early spring (cool treatment)
and summer (warm treatment) under standard moistgimes and diurnal light
fluctuations. No seeds were pre-treated in theexents and all were tested for
viability. | weighed all seeds before subjectihgrmn to experimental conditions.

Across different altitudes, seed mass varied wid@ch species, but only two of
the ten species showed a significant relationsbfpreen seed mass and altitude of seed
origin. Within each species, mean seed mass showsdynificant correlations with
final percent germination.

Final percent germination was high among seeds &lb species with some
species having >90% germination. Seed8amphylla glacialisdid not germinate under
either treatment. Germination lag-times were shod germination speedssgfwere
fast. Germination lag-times were significantly den in the cool treatment compared to
the warm treatment. Most species had reachedfthalrpercent germination after 20
days. Although the final percent germination valbetween seeds of different elevations
were similar, the probability of germination waseof higher in seed that originated from
lower elevations.

| discuss my results in relation to the intern@adilditerature on alpine and arctic
seed germination characteristics. | discuss havows germination strategies affect
alpine species which grow across altitudinal gnaidi@nd how subsequent seedling
establishment among alpine plants may be influehgeseed mass and particular

germination syndromes.

67



Chapter 4

Introduction

Reproduction by seed in alpine areas has histbyibakn considered a rare event
(Billings and Mooney 1968). The short, cold grogvseasons, large diurnal temperature
fluctuations in summer and regular frosts with @psent soil heave are likely to hinder
all phases of sexual reproduction (Bliss 1962; Behal.1967; Billings and Mooney
1968; Bliss 1971; Bell and Bliss 1980; Kdrner 19Bf@juye 2000). Hence, the
probability of successful sexual regeneration pired areas is thought to be low, and it
has been widely accepted that plant dispersal egehieration in alpine areas is largely
through vegetative means such as rhizomes andoetsp (Bliss 1962; Billings and
Mooney 1968; Bliss 1971). Despite this appareck [a sexual regeneration under
natural conditions, there is evidence that maninalplants flower readily (Kérner 1999)
and produce hundreds of viable seeds (Sayers and Y886; Chamberst al. 1987) that
can contribute to extensive soil seed banks (Freedral. 1982; Coopeet al.2004)

and under laboratory conditions, germinate eagimén 1966; Sayers and Ward 1966;
Bliss 1971; Kibe and Masuzawa 1994).

The stages of seedling emergence and subsequebligtsihent are the periods
with the highest risk of mortality at all elevatelUrbanska and Schiitz 1986; Kérner
1999). Under the pressure of natural selecticrefiore, patterns in seed germination are
expected to vary with environmental factors in otemaximize seedling survival
(Cavieres and Arroyo 2000). Environmental factetssh as soil moisture, the current
and previous season’s temperature, and the leriglie @how season can act as selective
pressures affecting the timing of alpine seed geation (Mooney and Billings 1961;
Amen 1966; Chambers 1989; Cavieres and Arroyo 2GQ@gnez-Benavidest al.

2005). These factors can vary predictably acrassltgudinal gradient (see Chapter 2)
and hence, germination patterns may be expectearyoaccordingly and thus, explain
the abundance and altitudinal distribution of adpapecies (Chambees al. 1990).
However, studies comparing germination patterngsacspecies within habitats have
indicated that germination characteristics canlypasg a function of life history traits
(Baskin and Baskin 1971; Grinat al. 1981; Washitani and Masuda 1990). This
therefore makes the relationship between germinatiw habitat type difficult to
ascertain (Meyeet al. 1990). Within species and genera, however, diffees in
germination characteristics between habitats haea letected (Meyat al. 1990;
Schitz and Rave 1999; Giménez-Benavigtesl. 2005), although results from different
species are inconsistent. Hence, an overall ‘alggrmination syndrome’ is unlikely to
exist (Kérner 1999).
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Very few studies have compared the effect of emvitental factors on alpine
seed germination within habitat type and speciésta (1997) showed that seeds of
Calluna vulgarisandErica cinereacollected from the highest altitudes in the Canégab
Mountains, North Spain, had the highest percenngeation but it is unclear whether
habitat type was consistent between seed collextion

In the current study, | examined the variationeed germination between
populations within species across an altitudinatlggnt. | held habitat type constant by
using seed from the peaks of mountains that vaajtitude, but where tall open herbfield
is the habitat type across mountains. This appra#sn holds other aspects of species
life-history relatively constant, making differerscia germination characteristics in
relation to the environmental factors across tlaelignt easier to detect (Cavieres and
Arroyo 2000).

The main objectives of this study were to 1) chimase seed mass and
germination responses within several alpine spexesss an altitudinal gradient, and 2)
to compare seed mass and germination responsaslotpecies between sites and

experimental treatments.

Methods

Study sites

The study was conducted with seeds from ten akgpeeies from four families collected
across eleven alpine sites. The study sites (Taklen Chapter 2) represent a gradient in
environmental conditions from the ‘warm and favdikeaconditions’ at Mt Speculation
(1668 m) where winter snow cover is usually margittaMt Bogong (1986 m) where
conditions are ‘less favourable’; here, frosts@mmon all year round (Williams and
Ashton 1987) and the growing season is four moattmsost. All sites are within the
Alpine National Park, approximately 350 km from Melrne and are within 40 km of
each other, with most less than 10 km apart (Figuten Chapter 2). In addition to the
sites used in Chapter 2, | also used seed collégisdSpion Kopje (1880 m,

36°50'00"S, 147°19'30"E), Mt McKay (1840 m, 36°5535, 147°14'30"E) and Mt
Howitt (1738 m, 37°10°30"S, 146°38'50"E). Mean arat rainfall of this region is
relatively high compared to adjacent lowland areasy 1800 mm (LCC 1982), with
much of this precipitation falling as snow duringqter. Average air temperatures follow

seasonal variations with typical daily minima andxima of between 2 and 27 °C in

69



Chapter 4

summer and -6 and 12 °C in winter (Bureau of Meaikay unpublished dafa Frosts

are frequent and can occur at any time of yearl@khk 1987). The growing season
spans approximately seven months from snowmelgllystine end of September, until
late April, when the first substantial snowfallstbé& winter begin. Key climatic
parameters for the study sites, derived from la@rgitdata by BIOCLIM are shown in
Table 2.3 in Chapter 2. All sites are classedsasep Alpine Mountains’ after Costin
(1957), are above the natural tree-line and areinked by tall alpine herbfield
vegetation. The lower peaks also contain spegpsal of adjoining sub-alpine
woodland (Costin 1957). The underlying geologyhef sites varies (Table 2.2 in Chapter
2). Despite such variation, the parent materighese regions rarely influences soil type
and all soils are considered alpine humus, witheae]ly or skeletal structure (Costin
1962b; LCC 1982) and are acidic, ranging from ptd 8.

Study species and seed collection

Ten study species were chosen on the basis ofdbegpicuous abundance in at least two
of the study sites and whether ample seed wasadaifor collection. From the
Apiaceae, | chosAciphylla glacialis From the Asteraceae, | chd3&achyscome

rigidula, Brachyscome spathulgtheucochrysum albicarsub. spalbicans Microseris

sp. 2,0learia phlogopappaar. subrepandandXerochrusym subundulatunirrom the
Junceacead,uzula acutifoliawas selected and from the Poacdaisetum spicaturand
Rytidosperma nudifloraSeeds from these species were collected by tnagrdtwo

months during the summer of 2003/2004. | took tlaa¢ seed was mature and easily
detached from the remaining stalks or inflorescencéhe seed was placed in paper bags,
transported to the laboratory and left to dry puapose built heated drying box, set at

17 °C, for two weeks. Seed was then stored ircdngditions with naphthalene crystals,

to deter insects, at room temperature until theegrpents began.

Germination trials

Each seed was assessed for viability prior to 8rengnation experiments, by squeeze
tests and inspection on a light box, to ascertah ¢ach embryo was filled. Seed mass
was determined by weighing to four decimal placéaenty random seeds from each
species were arranged on moist seed germinaticer gA5.C. seed filter paper, 1 mm
thick, 84 mm diameter) in petri dishes, with eigiyplicates per species in each of the two
temperature treatments. Petri dishes were seathdaloratory Parafilm to prevent

moisture loss. The germination trials were conelddh Thermoline Refrigerated
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Incubators, with a bank of fluorescent tubes primgjca light intensity of 48
microeinsteins M s*. Eight replicates of each species were subjectedcool’
treatment (12/10°C with 14/10 hours day lengthresenting late winter/early spring
conditions) and a ‘warm’ treatment (20/10°C withi2hours day length, representing
mid summer). Petri dishes were randomly placetienincubators, checked every 2 to 4
days during the ‘day’ part of their cycle and redamised upon return to the incubator.
Seeds were considered germinated when the radidleimerged from the seed coat.
The germination trials were staggered due to sjadtions and equipment
failure. Seeds from all species were placed irctia treatment on the 2Dctober
2004. Brachyscome rigidulaeeds were placed in the warm treatment on tHeé2%ober
2004. The remaining seeds did not start their waeatment until the'5July 2005 and
hence, were stored for an extra nine months cordpaité their counterparts in the cool
treatment. Too few seedsRytidosperma nudifloravere collected to allow this species
to be included in the warm treatment. At the ehdazh test period, ungerminated seeds
were scored for fungal attack and again for viapiliSeeds deemed unviable or killed by
fungus were removed from the analysis and scoréeaifpercent germination in each

petri dish were adjusted accordingly.

Data analysis
Germination characteristics were only comparediwighspecies, rather than across
species. | used multi-factorial ANOVA with Bonfeni post-hoc tests to compare seed
mass across sites. | used linear regression &siigate the relationship between seed
mass and altitude for species which were collefited three or more sites.

| describe the germination lag-time time, the nemdif days until seeds from each
species first germinate, and the germination sg€eg, the number of days until 50% of
the final germination has occurred.

| used multi-factorial ANOVA with Bonferroni postele tests to compare the final
percent germination within and between the coolvaadn treatments.

| used the Kaplan-Meier (K-M) product limit estirfaat function (Kaplan and
Meier 1958; Lee 1992) to model the probability efrgination during the experiment.
Modelling the germination curves in this mannereas the germination ‘journey’ that a
group of seeds take on their way to reaching fineat percent germination. This method
also gives a mean probability of germination s@ireach sampling time which can be
compared across sites within each species. Thieathetses germination data from every

seed, in the form of elapsed time (days) to gertingright censored data) and also data
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for seeds which did not germinate (non-censored)d&iménez-Benavidest al.2005).

The values in the probability of germination curaes then constructed by subtracting
the K-M values (0 to 0.9) from 1. Comparisons aired germination probability curves
across sites were then tested by non-parametrigduaktests, which provide a Mantel's
y* statistic andP-value. The shape of the probability of germinatioirves were
remarkably similar to the percent germination caraad are therefore not presented (see
Figure 5.3, in Chapter 5, for an example of gertdmaprobability curves). SYSTAT
version 10 (Copyright SPSS Inc., 2000) was usedlfatatistical analyses.

Results

Seed mass

For some species, seed mass varied significantbgasites of different elevations
(Figure 4.1). Overall, there were few trends befwseed mass and altitude. However,
Olearia phlogopappaar.subrepandandLeucochrysunalbicanssub spalbicansboth
showed significant linear relationships betweertsaass and altitude R 0.69,P <
0.001; R = -0.17,P = 0.032 respectively).
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Figure 4.1. Mean (z 1 standard error) seed magstitude for each species. Different labeld(ar ab)
above data points signify the Bonferroni signifitdifferences within each species. Data pointfioit
labels showed no significant differences betwetgssi* Significant differences in seed mass betwstes
of B. rigidulain Appendix 4.1. For full species names see Appe#.2.
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Germination characteristics
Germination lag-times, the time until the first ggmation of any seeds of each species
was recorded, were short (2-19 days), especiallthimforbs from the Asteraceae in the
cool treatment (Table 4.1). The shi@kearia phlogopappaar.subrepandahowed
significantly longer lag times in both treatmeritant other species from the same family.
The graminoid species showed consistently longgtitaes than Asteraceae species in
both treatments. SeedsAdiphylla glacialisfailed to germinate in both treatments and
therefore germination speed and lag times arevailadle. All species showed
significantly longer lag times (6 — 21 days) in tharm treatment than in the cool
treatment (exce@. phlogopappaarsubrepanda)

Germination speed §d) was particularly fast in the Asteraceae specidsoth

treatments. Some species reachgdalthe first or second sample interval (Table.4.1)
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Table 4.1. Germination speedsgland germination lag-time (lag) for seeds in qd@/10°C) and warm
(20/10°C) treatments of ten species from variotigides across the Victorian alpine zone. DasHes (

indicate seed unavailability. Naciphylla glacialisseeds germinated in either treatment, therefore

germination lag and speed data is not available.

Site and altitude (m)

Cool treatment

Warm treatment

Species of seed origin lag Ts lag Tso
(days) (days)

Aciphylla glacialis Mt Bogong (1970) N/A N/A

Mt Hotham (1860) N/A N/A

Mt Buller (1762) N/A N/A

Mt Howitt (1738) N/A N/A

Mt Magdala (1725) N/A N/A

King Billy (1696) N/A N/A

Mt Speculation (1668) N/A N/A

Brachyscome rigidula

Brachyscome spathulata

Leucochrysum albicans
subspalbicans

Microseris . 2

Olearia phlogopappaar.
subrepanda

Xerochrysum subundulatum

Luzula acutifolia

Trisetum spicatum

Rytidosperma nudiflora

Mt Bogong (1970)
Mt Hotham (1860)
Mt McKay (1840)
Mt Buller (1762)
Mt Stirling (1747)
Mt Howitt (1738)
Mt Magdala (1725)
The Bluff (1725)
King Billy (1696)

Mt Bogong (1970)
Spion Kopje (1880)
Mt Howitt (1738)

Mt Hotham (1860)
Mt Howitt (1738)
Mt Speculation (1696)

Mt McKay (1840)
Mt Howitt (1738)
Mt Magdala (1725)
King Billy (1696)

Mt McKay (1840)
King Billy (1696)
Mt Speculation (1668)

Mt Hotham (1860)
Mt Speculation (1668)

Mt Hotham (1860)
Mt Buller (1762)
Mt Stirling (174 7)

Mt Bogong (1970)
Spion Kopje (1880)
Mt Stirling (1747)

Mt Magdala (1725)
Mt Howitt (1738)

NNNNNNDNNN
NNNNOONONN

2 8
2 8
2 8
2 2
2 2
2 2
2 2
2 2
2 8
2 2
19 28
19 35
19 28
2 8
2 8
15 23
10 12
12 19
8 10
8 10
2 8
8 10
10 19

[e2e>Ne>Ne e e e M)
00 CO 0O 00 00 00 CO O

11 14
11 14
11 14
8 6
6 6
6 14
6 11
6 11
6 11
17 39
21 37
21 30
6 11
6 11
17 24
14 17
14 21
11 11
11 11
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The germination curves for each species reflecstiort germination lag times
and rapid germination speeds (Figure 4.2). Fortispescies, few seeds had germinated
after 20 to 30 days, by which time the final petaggrmination values has mostly already
been attained. Final germination was above 90%nfmmy species, with little or no
significant differences between sites within egobcses (Figure 4.3). There were no
significant differences between final percent gexation for any species at any site
between the cool and warm treatments (paired $;teést >0.05)

Within each species, the probability of seed geation between pairs of sites,
over the course of the experiment, was often sicamtly different (Table 4.2 and
Table 4.3), even though final mean percent gerntinatas often the same among each
pair. These pairwise comparisons between sitdhjmsgpecies and treatments, showed
that seeds from lower elevations were more likelgeérminate than those from higher
elevations (Table 4.2 and 4.3). Of all the paiendgemparisons which showed significant
differences in germination probabilities, 75% iraded that germination probability was
higher in seed which originated from lower elevasio However, around half of all
comparisons showed either no significant difference in some cases, that seed from a
higher mountain peak had a significantly highengaation probability.

Within species, seed from the lower mountain pegheerally had a higher
probability of germination in the cool treatmentguared to the warm treatment (Table
4.4). However, seed from higher mountain peaksvskdmo trends in germination
probability

Comparisons of seed properties
Within each species, mean seed mass showed ndéicaghicorrelations with final
percent germination. Neither lag-time nor germoraspeed were correlated with final

percent germination using the Pearson/Spearmancanélation co-efficient.
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Cool Treatment Warm Treatment
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Figure 4.2. Mean (+ 1 standard error) percent geation curves for the cool (12/10 °C) and warm
(20/10 °C) treatments against time (days) for séexs species from the eleven sites. No seeds from
Aciphylla glacialisgerminated in either treatment during the expenina@d therefore no germination
curves are available for this species.
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(20/10 °C) treatments. Different labels (a, baby above columns signify the Bonferroni significan

e



Chapter 4

Table 4.2. Pairwise comparisons of the probabilftgeed germination between sites, within eacbispge
based on the probability of germination curves J@xed by Mantel's? in the cool treatment. Significant
differences are indicated by an asterisk(s). *®hdtes? < 0.001, ** denote® < 0.01, * denote® < 0.05.
Overall greater probability of germination betwesath pair is indicated in brackets with greatenttr
symbol between site names. Site name abbreviagiodsite altitudes are shown in Appendix 4.3. fathr
species names see Appendix 4.2.

Species Pairwise comparisons by site (Mantekg).
B. rigidula BO v HO BO v MK BO vBU BOv ST BO v HW BOvBL BOv MA BO v KB HO v MK HO v BU
0.054 25.098*** 1.482 15.573** 27.857%* 1.6881 2.762 0.946 26.993* 1.229
(BO>MK) (BO>ST) (HW>BO) (HO>MK)
HO v ST HO v HW HO v BL HO v MA HO v KB MK v BU MKv ST MK v HW HOvBL MK v MA
16.816*** 24.576*** 1.397 4.592* 0.755 19.355%** 1.176 81.675%* 1.397 16.293***
(HO>ST) (HW>HO) (MA>HO) (BU>MK) (HW>MK) (MA>MK)
MK v BU MK v ST BU v HW BUvBL BU v MA BU v KB ST v HW STvBL STvMA ST v KB
19.355*** 1.176 6.036* 0.000 6.122* 0.106 67.136*** 25.438*** 10.172*%* 14.709%**
(BU>MK) (HW>BU) (MA>BU) (HW>ST) (BL>ST) (MA>ST) (KB>ST)
HW v BL BL v MA BL vKB MA v KB
14.505*** 4.751* 0.153 6.839**
(HW>BL) (BL>MA) (MA>KB)
B. spathulata BO v SP BO v HW SP v HW
0.817 4.516* 9.207**
(HW>BO) (HW>SP)
L. albicans HO v HW HOv SP HW v SP
0.239 14.667*** 10.084***
(HO>SP) (HW>SP)
M. sp.2 MK v HW MK v MA MK v KB HW v MA HW v KB MA v KB
150.736*** 132.109%** 122.454* 10.519*** 1.546 2.989
(HW>MK) (MA>MK) (KB>MK) (MA>HW)
O. phlog MK v KB MK v SP KB v SP
0.482 1.540 3.959%**
(SP>KB)
X. sub. HO v SP
0.409
L. acutifolia HO v BU HO v ST BUvVST
142.356*** 14.235%* 103.516***
(BU>HO) (HO>ST) (BU>ST)
T. spicatum  BOvV SP BOvST SPv ST
42.294*+* 4.418* 16.790**
(SP>BO) (ST>HO) (SP>ST)
R. nudifora MA v HW
120.749%**
(MASHW)
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Table 4.3. Pairwise comparisons of the probabilftgeed germination between sites, within eacbispge
based on the probability of germination curves Jaxed by Mantel's? in the warm treatment. Significant
differences are indicated by an asterisk(s). *®hdtes? < 0.001, ** denote® < 0.01, * denote® < 0.05.
Overall greater probability of germination betwesath pair is indicated in brackets with greatenttr
symbol between site names. Site name abbreviatiodsite altitudes are shown in Appendix 4.3. fathr
species names see Appendix 4.2.

Species Pairwise comparisons by site (Mantekg).
B. rigidula BO v HO BO v MK BOvBU BO VST BOvVHW  BOVBL BO v MA BO v KB HO v MK HO v BU
11.474%*= 35.964*** 0.000 1.859 5.189 0.005 40.230***  8.704** 8.244** 11.834%*
(BO>HO) (BO>MK) (BO>MA)  (KB>BO) (HO>MK)  (HO>BU)
HOv ST HO v HW HO v BL HO v MA HO v KB MK v BU MK v ST MK v HW HOv BL MK v MA
2.152 18.112% 4.361 55.283*** 17.400%*  31.295**  15.394** 32 885%** 4.361 68.968***
(HW>HO) (MA>HO) (KB>HO)  (BU>MK)  (ST>MK)  (MK>HW) (MA>MK)
MKv BU MK v ST BUVHW  BUVBL BU v MA BU v KB ST v HW STvBL STv MA ST v KB
31.295*** 15.394%* 0.299 2.691 13.773**  0.273 6.003 0.522 32.159***  7.667**
(BU>MK) (ST>MK) (MA>BU) (MA>ST) (KB>ST)
HW v BL BL v MA BL v KB MA v KB
1.627 19.390%** 3.337 4.101
(MA>BL)
B. spathulata BO v SP BO v HW SP v HW
0.793 3.241 10.046**
(SP>HW)
L. albicans HO v SP
1.737
M. sp 2. MK v HW MK v MA MK v KB HW v MA HW v KB MA v KB
22.017%* 43.228%** 29.767**  4.152* 2.420 29.767**
(HW>MK)  (MA>MK)  (KB>MK)  (MA>HW) (KB>MA)
O. phlog. MK v KB MK v SP KB v SP
1.516 0.537 0.288
X. sub. HO v SP
9.975**
(SP>HO)

L. acutifolia HO v BU HO VST BUvV ST
53.221*** 10.418* 38.660***
(BU>HO) (ST>HO) (ST>BU)

T. spicatum SPvST
0.000
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Table 4.4. Pairwise comparisons of the probabhilftgeed germination between the cool and warntrtresats, within each species and site, based oprtimbility of germination
curves, explained by Mantekd. Significant differences are indicated by anm@sités). *** denotesP < 0.001, ** denote® < 0.01, * denote® < 0.05. Overall greater probability

of germination between each pair is indicated ackets with greater than (>) symbol between treatspé&, cool; W, warm. Site name abbreviations sitelaltitudes are shown in
Appendix 4.3. For species names abbreviationsAppendix 4.2.

Species Pairwise comparisons by treatment (Mantel’) within site

BO SP HO MK BU ST HW BL MA KB SP
B. rigidula %ﬁig N/A Zf("c“f\;;)** 1.123 %gf\ﬁ;)** 1.307 6?"33\1;)** 15?'043\%;)** EECOZ\Z\;; 5.931 N/A
B. spathulata szote M N/A N/A N/A N/A oy N/A N/A N/A N/A
L. albicans N/A N/A e N/A N/A N/A N/A N/A N/A N/A 1%\',32?:’;**
M.sp 2 N/A N/A N/A 0.066 N/A N/A 23(%i% - N/A 15(%i%** 12&1%** N/A
O. phlogopappa /s N/A N/A 1.201 N/A N/A N/A N/A N/A 3.055, l(()'c?f\?\;)**
X. subundulatum ;A 1((’\',32%’;** 3((’('?:\;‘\;)** N/A N/A N/A N/A N/A N/A N/A N/A
L. acutifolia N/A N/A 1%&7\?;)** N/A 6?'013\?;)** 34('533;)** N/A N/A N/A N/A N/A
T. spicatum N/A G?gf\f’\;)** N/A N/A N/A 8('22%* N/A N/A N/A N/A N/A
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Discussion

General interpretation of results

Mean seed mass did not differ significantly acitbesaltitudinal gradient for most
species, nor were there significant trends betvgeed mass and final percent
germination for any species at any site. In thengeation experiments, where no seed
was pre-treated, high mean percent germinationcaasnon at all sites across the
altitudinal gradient, with seven of the nine spe@bBowing >90% germination in one or
more sites.Aciphylla glacialisseeds did not germinate under either treatmepartA
from A. glacialis the only species not to reach high final perggmtination wa®.
phlogapappavar. subrepandgshrub) which showed mean final percent germimadib
40-55% in both treatments. Dormancy mechanisms wet apparent as seed from all
species germinated within the time period of theegknent, except foh. glacialisseeds.
Possible dormancy mechanismsfofglacialisare explored in Chapter 5.

Germination lag times were short in both treatradot all species, between 2 and
11 days for most of the Asteraceae, and up to 24 fia grass, rush and shrub species.
Short lag times indicate opportunistic germinatitrategies which enable germination to
occur as soon as suitable conditions are preddns strategy is characteristic of alpine
species (Bell and Bliss 1980) and may be indicativepecies with a transient seed bank.
However, my results suggested that persistentlsaekls are present across the mountain-
top sites (Chapter 3), as samples from spring atuhan were not consistently different
within any species. The species used in the custedy were rarely found in the seed
bank samples and hence, there may be differenégtes operating among different
species at different life-history stages i.e. opaists and those that “wait”.

Neither germination lag-time, nor germination sp€g,p), were significantly
correlated with final percent germination. Howewbgse parameters can be important
characteristics under natural conditions where geeghination may be limited to brief
periods in the summer when sufficient soil watencles with favourable ambient
temperatures (Bliss 1971). | demonstrated thabteeall germination ‘journeys’
encountered in this study were 1) early rapid geatidon and 2) late rapid germination.
The germination journey that a group of seeds teag modelled using Kaplan-Meier
probability curves. The comparisons between paisstes showed that the germination
probability of seeds from lower altitudes, withjmegies and treatments, was often higher
than that of seeds from high altitudes. This itasuhot consistent among species,

however, and was often caused by exceptionallygemnination of seeds from
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Mt McKay (1840 m), for reasons that remain unknowtowever, roughly half the
comparisons showed no difference in germinatiomgbdity between high and low
elevations.

When comparing the germination probability betwtencool and warm
treatments, seeds of five species had a higherigation probability in the cool
treatment. The cool treatment simulated field coonks present at the start the growing
season (early spring). Therefore, high germingpiababilities in this treatment support
the predominance of opportunistic germination styegts under natural conditions. This
was more common for seeds from lower altitudese 0$e of germination probability
curves, therefore, can be a useful tool for conmggtiie germination probability of seeds
over set time periods and across treatments (GizrBeaavidest al. 2005).

Overall, | showed that the germination responsé€ictorian alpine seeds is fairly
consistent across the two temperature regimes amatoigally co-occurring species.
Few differences in germination characteristics s€tbe altitudinal gradient exist within
species.

Seed mass and reproductive success
In my study, | found no trends relating seed maggetrmination probability or success.
My results are consistent with the findings of Mo[d993) who reported that relative
reproduction success does not correlate well véislource allocation to reproduction,
seed number, seed weight or germinability amondss&rem arctic tundra species. Large
seeds are more likely to have extra reserves dlaifar germination and subsequent
seedling emergence and survival (Holm 1994; Weseatlay. 1996; Vera 1997; Leishman
et al. 2000; Pickering 2000; Pickering and Hill 2002)arge seeds, therefore, would be
advantageous for plants growing at high altitusesrder to compensate for the various
environmental stresses (Vera 1997; Pickering artduki2003). However, large seeds
require more maternal investment and thereforkigiter elevations or in more stressful
environments, some species may adopt the consex\sitategy of producing large but
few seeds to compensate for the environmentalsgtsgdlolau 1993). These species
would be identified ak-strategists along th#K continuum (MacArthur and Wilson
1967), which is the group most arctic and alpisvéiring plants tend to fall into (Molau
1993).

However, within a species, examples of seed massasing with altitude are
rare. Rather, there tends to be a high degrearadhility in seed mass across an
altitudinal range (Vera 1997; Molet al.2003; Pluesst al.2005). Over a large
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altitudinal gradient (1255 m, which is more thanrftimes the size of the altitudinal
gradient in this study), Lord (1994) found that meaed mass ¢festuca novae-
zelandiaancreased significantly with altitude. The siZdlowers and other reproductive
structures do not usually change with altitude @faland Kérner 2004) and
consequently, seed mass may also remain unchaogessaltitudes. However, between
congeneric, closely-related species the seed niadgine species may be higher than
that of their lower dwelling temperate counterpé@Rkiesset al.2005). This could be
investigated foBrachyscome rigidulaandMicroserissp. 2 in future studies as they

occur at high altitudes above the treeline andimapine areas.

Germination characteristics

Final percent germination results in this experitveere within (or above) the ranges of
other alpine plant germination studies using sirmdiy/night temperature regimes and
without seed pre-treatments (Bliss 1959; Amen 18&fyers and Ward 1966; Chabot and
Billings 1972; Bell and Bliss 1980; Urbanska andh®z 1986; Marikcet al. 1993; Kibe
and Masuzawa 1994; Giménez-Benavideal.2005; Weschet al.2006). Optimum
temperatures for alpine seed germination are raisly variable but in many cases
maximum germination occurs between 20 to 30 °di(i$ and Mooney 1968;
Marchand and Roach 1980). Below these temperatpeesent germination can decline
rapidly (Chabot and Billings 1972). A high tempera requirement for germination
among alpine seeds may act as an important cue natigal conditions, ensuring seeds
germinate during the warmer months following snowrti&llings and Mooney 1968;
Chabot and Billings 1972). However, | found nongiigant difference in final percent
germination between the two temperature treatnfen@ny species. A likely
explanation may be the small difference in tempeeategimes between the cool and
warm treatments.

In general, few alpine seeds show any forms ofteadarmancy (only one species
in my study Aciphylla glaciali§ and hence, dormancy may be controlled by the
environment and low winter temperatures (Billingsl Mooney 1968). This is
exacerbated by the high temperature germinationirement (Chabot and Billings 1972),
again ensuring developmental processes operatemnedntly during favourable
conditions (Billings and Mooney 1968). In the esipeents, | simulated natural
conditions by alternating the day and night temppees, as diurnal temperature
fluctuations have been found to significantly irage final percent germination rates

compared with constant temperatures (Sayers and ¢66; McDonough 1969).

83



Chapter 4

However, | did not simulate winter conditions priorthe germination trials which may
account for the lack of germination Aciphylla glacialis

| found quick lag times and fast germination foed® under both temperature
regimes. These characteristics are indicativeeeflsBng emergence at the very start of
the growing season (see Chapter 6), correspondihgavourable environmental
conditions immediately after snowmelt and limititng risks associated with germination
to a few weeks (Billings and Mooney 1968). Mostdsefrom all species in this
experiment had reached 90% of their germinatiohiwi20 days, which may indicate that
under natural conditions, the available ‘window’ ged germination in the Victorian
alpine zone is small and germination usually ocquiskly. | found no variations in lag-
times and germination speeds from seeds collecrmssthe altitudinal gradient.
However, across regions with much stronger enviremtad gradients, seeds from high
alpine areas or stressful habitats (i.e., snowpatah show significantly faster
germination rates (Mariket al. 1993; Lord 1994; Vera 1997; Shimono and Kudo 2005)
This strategy takes advantage of every opportdaitgermination, regardless of the
probability of successful seedling establishmeml(Bnd Bliss 1980).

In contrast, species with intermittent or “cautibgermination syndromes may
spread germination over extended periods, thereftyicting seedling establishment to
rare intervals of favourable weather during thevsfi@e period (Bell and Bliss 1980;
Schiitz 2002) and protecting seedlings from the ilszaf emerging too early during
extended winters or in exposed locations (Mesteal. 1990). Under natural conditions,
seeds with this germination strategy may remaiieblun the soil for many years before
the right combination of external conditions codeiprompting germination. Mark
(1965) foundChionochloa rigidaseeds germinated after four years in the laboyator
which may indicate such a strategy. In contr&s gpecies in this study, except perhaps
O. phlogopappaar.subrepandandL. acutifolia tended to have an opportunistic
germination strategy, with quick lag-times, fastrgmation and high final percent

germination during the experimental period.
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Conclusions

High rates of seed germination among co-existiregigs indicate many opportunities for
seedling emergence. However, the strong risk edllggy mortality in alpine
environments may enforce strategies that ensuraigation is cued with favourable
ambient conditions. In my experiments, | found te@ands in germination characteristics
between the cool and warm treatments, althoughigation probability was often higher
among seeds in the cool treatment which originatad lower elevations. The seeds of
the study species are likely to be opportunistitheir germination and therefore
germinate immediately after snowmelt under natooalditions. | found few differences
in final percent germination in seeds from diffa@ratitudes, possibly because the
gradient used in this study was small. To fullgerstand the germination strategies of
alpine plants, these laboratory germination tréaiss compared with patterns of seedling

recruitment, emergence and establishment underat@onditions in Chapter 6.
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Appendices

Appendix 4.1. Matrix oP-values which indicate any significant differen¢Bs<0.05) in seed mass of
Brachyscome rigidulabased on log-transformed data, after the Bonféadjustment, between sites of
varying elevation (mbold type).

1668 1696 1725 1738 1748 1762 1840 1970
1668 1.000
1696 0.000 1.000
1725 0.000 0.022 1.000
1738 0.000 0.000 0.550 1.000
1748 0.000 1.000 0.108 0.001 1.000
1762 0.000 0.024 1.000 1.000 0.088 1.000
1840 0.000 0.221 0.000 0.000 0.066 0.000 1.000
1970 0.000 1.000 0.358 0.003 1.000 0.241 0.022 1.000

Appendix 4.2. Abbreviations of species hames usédgures 4.1 and 4.3 and Tables 4.2, 4.3 and 4.4.

Abbreviation Species name

B. rig Brachyscome rigidula

B. spath Brachyscome spathulata

L.alb Leucochrysum albicarsub. spalbicans
M. sp. 2 Microserissp. 2

O. phlog Olearia phlogopappaar. subrepanda
X. sub Xerochrysum subundulatum

L. acut Luzula acutifolia

T. spic Trisetum spicatum

R. nudi Rytidosperma nudiflora

Appendix 4.3. Abbreviations of site names usetables 4.2, 4.3 and 4.4.

Abbreviation Site name (m)

BO Mt Bogong (1970)
SK Spion Kopje (1880)
HO Mt Hotham (1860)
MK Mt McKay (1840)
BU Mt Buller (1762)
ST Mt Stirling (1748)
HW Mt Howitt (1738 m)
BL The Bluff (1725)
MA Mt Magdala (1725)
KB King Billy (1696)
SP Mt Speculation (1668)
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Chapter 5 - Case study: seed germination ckciphylla glacialis
(Mountain Celery)

Summary

In this chapter, | investigate the germination elateristics ofAciphylla glacialis
(Apiaceae). This species failed to germinate utigeexperimental conditions that nine
other alpine species from the same region foundueable (see Chapter 4). | used seeds
collected during the summer growing seasons of 20@42005 from eight mountain tops
in the Victorian alpine zone which form an altitodi gradient of 302 m. | subjected the
seeds to a cold-wet stratification treatment iratil@mpt to overcome what appeared to be
seed dormancy in the experiments described inr#ndqus chapter.

After approximately 15 weeks of the cold-wet sfigdtion treatmentA. glacialis
seeds began to germinate. Germination rates \ast@fmong seeds from the mid to high
altitude sites, as was the final percent germimatibinal percent germination was lowest
at Mt Speculation (1668 m) and Mt Bogong (1970 rajpt seeds collected in 2004. In
2005, the lowest values were also from Mt BogoBgtween years, there was no
significant difference between final percent geration for seed from any site. Across
the altitudinal gradient, there were no significeglaitionships between altitude and any
germination characteristics. Between sites, thene several significant differences in
germination probability. However, there was noralldrend in germination probability
between high and low sites.

| also discuss the role of seed dormancy mechaniisrelation to the alpine
environment and speculate about the role of altialdyradients in relation to seed

germination in this species.
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Introduction

Seed germination, dormancy and environment

Seed germination and seedling emergence undemahatnditions are often highly
seasonal (Baskin and Baskin 1988). In alpine arghasre the changes in ground level
temperatures are predictable due to the timingnofvenelt, temperature can provide a
reliable seasonal germination cue for seeds locted near the soil surface. In
Chapter 4, | found that nine species from the \fiatoalpine zone have high rates of
germination, as do many species in alpine areas fhe northern hemisphere (Amen
1966; Bliss 1971). Optimum temperatures for sesthghation among alpine species
worldwide are high, often between 10 and 30 °C (Arh@66; Bell and Bliss 1980;
Schitz 2002). Many seeds also germinate oppoticelly whenever suitable ambient
conditions are present (Bell and Bliss 1980; Kort@99). Seed dormancy is therefore
considered rare in these ecosystems (Amen 196& B#71) and germination
immediately following snowmelt, coinciding with atdant soil moisture and warmer
ambient temperatures, is very common (Bliss 196linBs and Mooney 1968; Korner
1999).

Cold-wet stratification, as experienced over winitean alpine landscape, may be
required to break seed dormancy in the few alppeeies that use such internal
physiological mechanisms to restrain germinatioastén and Baskin 1988; Probert
1992). This stratification may also be responsibitehe timing of seedling emergence in
these species. Photoperiodism also affects thissgemany alpine species, ensuring that
growth does not commence in periods which, by ‘ettohary experience’, would be
fatal for an emerging seedling (Kérner 1999). Herhere are various strategies to
ensure that germination occurs in spring or eartgraer when conditions are most
favourable for the survival of seedlings in theirmdpzone.

Relationships between germination syndrome, hiahitd geographical
distribution have been difficult to ascertain (Bas&and Baskin 1988), even at the species
level (Meyeret al.1990), as germination characteristics can, in, pparta function of life
history traits (Baskin and Baskin 1971; Grieteal. 1981; Washitani and Masuda 1990).
However, if the aspects of life-history, habitatlahistribution are relatively similar,
different adaptations to environmental factors witspecies can be discerned more
clearly (Meyeret al. 1990) as natural selection should favour seed igation patterns
that promote seedling establishment (Cavieres anolyd 2000). Germination

characteristics, therefore, are expected to vaggliptably across an altitudinal and
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environmental gradient. Evidence suggests that giedility and seedling vigour may
decrease within a species as altitude increasegodenvironmental constraints such as
short growing seasons, low temperatures and harstitcons at high altitudes (Amen
1966; Billings and Mooney 1968). Therefore, geration strategies may be partly a

function of life-history traits and partly due talsitat characteristics.

Characteristics of the Aciphylla genus

In this study, | aimed to investigate the germimatbehaviour of a locally common, but
regionally rare, alpine forb which grows acrossalitudinal gradient in Victoria. The
focal species is the Mountain CeleAgiphylla glacialis(F.Muell.) Benth. (Apiaceae). It
is one of only threéciphyllaspecies found in Australia, all of which are rieséd to
alpine and sub-alpine regioné. simplicifoliais uncommon in Victoria and mostly
restricted to the high alpine areas of New Southe®/éCostinet al.2000), and the
Tasmanian endemié,. procumbenss restricted to bolster heath, heath and alpaugs-
land (Kirkpatrick 1997). The other forty specidgtas genus are found in New Zealand,
where they occur over a wide range of habitats fimmand grasslands to alpine areas
(Raven 1973).

As a dioecious, obligate out-crossing gerAcphyllaspecies are dependent on
pollinators for fertilization and are thereforedli¢ to experience severe competition, both
within and between species, for the few pollinatbed are active at high altitudes
(Inouye and Pyke 1988; Pickering 2000). The s&r i populations of. glacialisare
strongly male biased, with an overall ratio of féent@ male plants of 1:1.49, with males
producing four times more flowers than females tadefore attracting and competing
with females for pollinators with large floral diags (Pickering 2000). However, there is
generally no change in the number of flowers withuale for both male and female
plants among the same sized populations (PickeaurioigHill 2002). The proportion of
biomass that females allocate to reproductiof.isimplicifoliacan be 80% more than
males based on the average weight of the infloresse(Pickering and Arthur 2003) and
nearly all female flowers produce fruit.

The great investment into reproduction by femfdghyllaplants is assumed to
lower their survival and growth, especially at thgher alpine sites where the conditions
for the accumulation of biomass are limited. Thets associated with female function at
high altitudes could therefore result in femalesviéring less frequently (Pickering and
Arthur 2003). At lower altitudes, resources areeptially more abundant (longer snow-

free period, warmer temperatures), which couldlteswan equal flowering ratio between
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males and females. Phenotypic differences iniocgldb environmental effects are also
common in this genus, makiig glacialisa good model species for investigating the
differences in germination across an altitudinaldgent. To my knowledge, no published

germination studies exist for amyiphyllaspecies in Australia.

Chapter focus

Following the results in Chapter 4, wh&nglacialisseeds did not germinate under
laboratory conditions simulating early spring andhsner, | ask: Can seed dormancy of
A. glacialisbe overcome by cold-wet stratification? Whichrdancy syndrome does the
behaviour ofA. glacialisexhibit? Does the altitude of seed origin orykar of seed

collection influence the germination characters?ic

Methods

Seed collection and study sites

Seed fromAciphylla glacialis(hereafter referred asciphylla) populations was collected
during 2004, between January and March, from selgne peaks in Victoria, and again
from three of the peaks in 2005. Seed was kegtyindark, stable conditions until the
germination trials began in mid 2005. The peaksagent a gradient of 302 m in altitude
from Mt Speculation (1668 m) to Mt Bogong (1986 (ge Table 2.1 in Chapter 2). In
addition to the sites used in Chapter 2, seed sascallected from Mt Howitt (1738 m,
37°10’30"S, 146°38'50"E), however, seed was notamied from Mt Stirling or The

Bluff. All sites are within 40 km of each otherititvmost less than 10 km apart (Figure
2.1 in Chapter 2).

Mean annual rainfall of this region is relativeigih compared to adjacent
lowland areas, over 1800 mm (LCC 1982), with mutthis precipitation falling as snow
during winter. Average air temperatures followss®al variations with typical daily
minimums and maximums of 2 and 27 °C in summer,-&raehd 12 °C in winter (Bureau
of Meteorologyunpublished dataChapter 2). Frosts are frequent and can occamat
time of year (Williams 1987). The growing seasparss approximately seven months
from snowmelt, usually the end of September, datd April, when the first substantial
snowfalls of the winter begin. All sites are cledss ‘Steep Alpine Mountains’ after
Costin (1957), are above the natural tree-lineameddominated by tall alpine herbfield

vegetation. The lower peaks also contain spegpasdl of adjoining sub-alpine
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woodland (Costin 1957). The underlying geologyhaf area varies (see Table 2.2 in
Chapter 2). Despite this variation, the parentemailtin these regions rarely influences
soil type and all soils are considered alpine hymiith a gravelly or skeletal structure
(Costin 1962b; LCC 1982) and are acidic, rangiognfipH 4 to 5.

Germination trial

Filled seeds were selected by visually assessicgy &2ed using a light box and by gently
squeezing each seed. Seeds from each site wergvdighed in multiples of ten on an
electronic balance, to three decimal places toroete seed mass. In a prior experiment,
described in Chapter Aciphyllaseeds did not germinate under conditions that oiher
alpine species found favourable (cool treatmemMlQZC with 14/10 hours day length and
warm treatment: 20/10°C with 12/12 hours day lehgifhus, in this experiment, |

sought to pre-treat th&ciphyllaseeds with cold-wet stratification. | arranged 20
replicates of ten seeds from each site in pethedison a bed of moist cotton wool with an
anti-fungal treatment (10 ml of Mancozeb solutioRetri dishes were then sealed with
Parafilm to prevent moisture loss and kept at 2°@e dark. Seeds were exposed to
daylight for a few minutes whilst they were beingnitored for germination, every two

to three weeks. Germination was considered to bawerred when the radical emerged
from the seed coat, and petri dishes were monitevedy one to two weeks after the first
germination of seeds occurred. The experimentterasinated at 205 days when
germination rates across sites had stabilisedrasidences of fungal attack had become
more frequent. The final values of germination evadjusted to represent percent
germination of the viable seeds present, i.e. tileagiehad not succumbed to fungus attack
or were in fact unfilled at the start of the expeznt.

Data analysis
Mean seed mass was compared across the sitegadrsgi@ with a factorial ANOVA
and Bonferroni post-hoc tests. Final percent geaton was expressed as a percentage
of viable seeds that germinated during the coursieedtrial. Germination lag-time was
the time in weeks for germination to begin, anchgeation speed (s) was measured as
the time in days taken to reach 50% of final geation. The final percent germination
of seeds was compared between sites using ANOVABanderroni post-hoc tests.

The shape of each percent germination curve, thmaigation ‘journey’ by which
the group of seeds at every site take to reacfirtaegermination score, were compared

by modelling the germination curves as a probabdftgermination, using the Kaplan-
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Meier (K-M) product limit estimation function (Kagrh and Meier 1958; Lee 1992;
Giménez-Benavidest al.2005), as in Chapter 4.

Linear regression, and in some cases Pearsonf8gearrank correlations, were
performed across populations between combinatibfieal percent germination, lag-
time, germination speed, altitude of seed origid s@ed mass.

SYSTAT version 10 (Copyright SPSS Inc., 2000) wsedufor all statistical

analyses.

Results

Germination characteristics

Seeds from all elevations and years showed sonmeiggtion under the experimental
conditions (Figure 5.1). Across all sites, the miaal percent germination was

39 to 95% for seeds collected in 2004, and 30 6 && seeds collected in 2005
respectively. Seeds from Mt Hotham had the highressin final percent germination in
both years (95.5 + 1.53). Comparisons across, sifeseeds collected in 2004, revealed
that seeds from Mt Bogong and Mt Speculation (ilgbdst and lowest sites respectively)
had significantly lower mean final percent germioat(P < 0.05) than seeds from all
other sites (Figure 5.2). Of the seeds colleate2D05, those from Mt Bogong also had
significantly lower mean final percent germinatigh< 0.05) than the other sites
(Figure 5.2). There were no significant differenbetween years in the final percent
germination of seeds from Mt Bogong, Mt Hotham &#tdBuller (P > 0.05). Linear
regression showed that there was no significaaticgiship between final mean percent
germination and altitude.

The germination lag-time for all sites was apjmately 15 weeks from the start
of the experiment. As an exact date was not detean lag-time is not included in the
statistical analyses. Germination speeg)(Varied across the gradient (Table 5.1).
However, there was no significant relationship lestw o and the altitude of seed
origin. Tsodid, however, show a strong relationship with fipatcent germination @&
0.81,P = 0.000) indicating that fast germination speeafsatate with high final
germination. Linear regression showed that thexe mo significant relationship between
Tso and altitude of seed origi® & 0.05).
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Figure 5.1. Mean percent germination (+ 1stan@ardr) ofAciphylla glacialisseed collected from the
seven alpine sites in (a) 2004 and (b) 2005, dweduration of the experiment (days).
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Figure 5.2. Mean final percent germination (x1dtd error) ofAciphylla glacialisseed collected in 2004
and 2005 from different elevations (m). Differédatbels (a - d) above columns signify the Bonferroni
significant differences within each year.

Table 5.1. Germination speeds)lof Aciphylla glacialisseeds from the seven sites, at various altitudes
(m), collected in 2004 and 2005

Site of seed Altitude (m) Year of Tso (days)

origin collection
Mt Bogong 1970 2004 157
Mt Hotham 1860 2004 70
Mt Buller 1762 2004 96
Mt Howitt, 1738 2004 122
Mt Magdala 1725 2004 131
King Billy 1696 2004 70
Mt Speculation 1668 2004 205
Mt Bogong 1790 2005 205
Mt Hotham 1860 2005 122
Mt Buller 1762 2005 70

The probability of germination over time (Figur@pindicates that there are few trends
with altitude of seed origin; however, there areesal significant differences between
curves of different sites (Table 5.2). Of the 2Brwise comparisons of germination
probability by site over both years, nine of theBewed that the higher altitude site of the
pair had a greater overall probability of germioatduring the course of the experiment.
Eleven showed that a lower site had a high gernoingtrobability. Hence, there were no
overall trends in seed germination probability vathtude of seed origin.
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The probability of germination over time betweemngewas also significantly different
for Mt Bogong, Mt Hotham and Mt Buller. Seeds eoted in 2004 from Mt Bogong and
Mt Hotham were more likely to germinate than seaitected in 2005 (Mantel's” =
16.264,P = 0.000; Mantel's?® = 34.267 P = 0.000 respectively). In contrast, seed from
Mt Buller collected in 2005 had a higher probapitf germination than that from 2004
(Mantel'sy?, 34.025:;P = 0.000).

Across seed from all sites, there were no sigaifigelationships between seed
mass and final percent germination, germinatioedpgermination probability, year or

altitude of seed origin (see Chapter 4).
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Figure 5.3. Mean probability of germination (+taredard error) oAciphylla glacialisseed collected from
the seven alpine sites in (a) 2004 and (b) 2006das Kaplan-Meier models over the duration of the
experiment (days).
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Table 5.2. Pairwise comparisons of the probabdfticiphylla glacialisseed germination between sites,
based on the probability of germination curves Jaxed by Mantel's/?, from seed collected in 2004 and
2005. Significant differences are indicated byaaterisk(s). *** denoteB < 0.001, ** denote$ < 0.01, *
denoted” < 0.05. Overall greater probability of germinatioetween each pair is indicated in brackets with
greater than (>) symbol between site names. &itgerabbreviations are as follows: BO, Mt Bogongr(19
m); HO, Mt Hotham (1860 m); BU, Mt Buller (1762mHW, Mt Howitt (1738 m); MA, Mt Magdala
(1725 m); KB, King Billy (1696 m).

Year / Site

2004 HO BU HW MA KB SP
153.986%*  30.323**  52.243%* 53297%* 80.893**  4.540%
BO (HO>BO) (BU>BO) (HW>BO) (MA>BO) (KB>BO) (BO>SP)

33.978**  28.733** 35.362***  7.264** 164.768***

HO (HO>BU) (HO>HW) HO>MA) (HO>KB) (HO>SP)
10.988%*  50.047**
BU 0.838 0.685 (KB>BU) (BU>SP)
5.811%*  67.260%*
HW 0201  (KB>HW) (HW>SP)
6.203*  70.067***
MA (KB>MA)  (MA>SP)
2005 HO BU

160.512***  195.719***
BO (HO>BO) (BU>BO)

41.276***

HO (BU>HO)
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Discussion

General interpretation of results

Aciphyllaseeds did not germinate under the laboratory comdithat seeds from nine
co-occurring alpine species found favourable, asdan Chapter 4. This indicates that
Aciphyllaseeds may experience innate primary seed dormdndie current study, |
showed that this dormancy may be broken by a lomperature stratification, which
represents a natural dormancy breaking mechanisobhéR 1992) and implies that this
species is a strict spring germinator. Consequegthik few observations éfciphylla
seedlings emerging in the field were restrictedgong and early summer (see
Chapter 6).

The lag-time forAciphyllaseeds to germinate from all populations was ardind
weeks, during which conditions were kept at a cmtstlark 2 °C. Fifteen weeks roughly
correlates with the length of a typical Victoriamter, taking into account inter-annual
variability in snowfall (Hennessest al.2003). | therefore suggest that this germination
lag-time is a direct result of evolutionary expade of these species growing in the
Victorian alpine zone.

In this study, | observed considerable variatiogénmination characteristics
between populations from different altitudes. Huwere final percent germination showed
no significant trends with altitude, nor did seeurgination probability. Therefore,
germination in this species is likely to be a fumctof inherited seed traits (Grinet al.
1981; Washitani and Masuda 1990) and does not shranwg adaptations to the changes
in environmental factors found across sitésiphyllaseeds also appear to act
independently of ambient conditions and thus, itimény of germination may be reliant
on seed dormancy alone. This restrictive germimgpiattern may proteétciphyllaseeds
from the hazards of early germination (Megeial. 1990), especially if snow melts
unusually early, leaving plants ‘out in the coldh@n overnight spring frosts are common
(Bannisteret al.2005). The high rates of germination in this gtuD - 90%, are within
the range of alpine species from around the w@kl/érs and Ward 1966; Bell and Bliss
1980; Marikoet al. 1993; Kérner 1999).

High final percent germination was significantlyated to fast germination
speeds. Inherently fast rates of germination waithg snowmelt may be important during
the early phases of seedling growth (Sayers andi\A266). This ensures that seedlings

establish during periods of favourable weatheramgle soil moisture (see Chapter 6)
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and therefore, species capable of rapid germindtawe an early-season survival
advantage.

The variation in germination characteristics betwgears from Mt Bogong, Mt
Hotham and Mt Buller were statistically undetecgabHence, the 2005 seeds followed
the same patterns in percent germination as those2004. Seeds from Mt Hotham
showed the highest final germination of all site®oth years. Such consistency between
years is unusual for alpine species, as sligheesezs in temperatures during the seed
maturation period can lead to improved seed getoiiba(Kérner 1999). The timing of
snowfall, snowmelt and ambient temperatures wetganicularly unusual compared to
the long-term trends in either 2004 or 2005 andetioee, the similarities in germination
may be a result of the predictable environmentabldmns that prevail at these sites

annually.

Dormancy mechanisms

Dormancy makes intuitive sense in a landscape whirers are cold and severe.
However, Billings and Mooney (1968) suggest thatphotective layer of snow over
winter may serve to insulate seeds sufficiently bedce, they need never fully evolve
specific seed dormancy syndromes. Hence, mosteafjacies lack a seed dormancy
mechanism (see Chapter 4) and the elapsed yeavrerbmtween seed production and
germination is an environmentally imposed cue (Arh866). However, non-dormant
species may germinate in mid-winter if the snowtsmehexpectantly, and therefore
experience high mortality rates (Amen 1966).

Innate seed dormancy is most frequently imposeskley coat inhibition among
alpine species (Amen 1966; Urbanska and Schiitz)198@s mechanism can spread
germination over an extended period and therebgrapass several periods of
favourable growth. Thus, germination of some ishjatlormant species may occur
intermittently over many years, even if growings@aconditions are favourable for
seedling emergence (Mark 1965; Billings and Mooh@§8). Seed coat inhibition can be
broken by scarification of seeds. Under naturalditions, abrasion of buried seeds by
frost heave or strong winds at the soil surfacewbig seeds over rocky substrates, may
induce the required scarification (Amen 1966; Bijs and Mooney 1968). In future
studies, deliberate scarification Atiphyllaseeds in combination with a chilling
treatment, could confirm whether seed coat inlohitbccurs in this species.

Cold stratification and cold-wet stratification dezhniques used to break seed

dormancy of many species from cold climates (Am@861 Sayers and Ward 1966;
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Cavieres and Arroyo 2000). In my experiment, #drggth of the cold-wet stratification
period required for germination (lag-time) was pogcisely recorded. However, other
studies clearly show that seeds originating froghlalevations require longer
stratification periods (Billings and Mooney 1968pide 1981; Cavieres and Arroyo
2000). Cavieres and Arroyo (2000) showed Btadcelia secundaeed from 1600 m
needed only one month cold stratification, whesssesd from 3400 m needed three
months. This pattern may not be apparetdiphyllaseeds as the altitudinal distribution
of this species is relatively small and adaptatimndifferences in snow season length

across the gradient may be minimal or undetectable.

Altitudinal gradients

| did not find a relationship between germinatitva@cteristics and the altitude of seed
origin, possibly because the altitudinal gradiefrgites which suppociphylla
populations was too small. Elsewhere, the vamaitiogermination characteristics
between populations across environmental gradisrsmmon, especially amongst
species that respond to variation in habitat. éxample, the shrulirtemisia tridentata
which grows across a wide environmental range irtiNamerica from desert to montane
sites, showed strong habitat related differenceséd germination patterns (Metral.
1990). Thompson (1973) compared the germinatiqnirements foSilene vulgaris
across a wide geographical range and found thaethperature range for seed
germination was broad across several habitats. ederywithin a habitat, germination
characteristics between populations were remarksibiifar (Thompson 1973). Some
researchers have suggested that the highest pger@nination and shortest germination
speed may come from seeds which originate fronhigjeest elevations, when compared
to seed of the same species from lower elevatigiasiko et al. 1993; Holm 1994; Vera
1997). Vera (1997) showe@allunavulgaris seeds that germinated in the high mountains
in Spain also had the highest survival rate aslsggdat the highest altitudes. Large
seeds at the highest altitudes may also have giesi survival rates as seedlings (Holm
1994). In Chapter 4, | found no significant redaship betweeAciphyllaseed mass and
altitude, nor was there any significant differebetween seed mass from high altitude or
low altitude sites. Seed germination rates wegriicantly lower at Mt Bogong and Mt
Speculation when compared to the other sites. él&miphyllamay be near its upper
and lower distributional limits at these sitesckering and Arthur (2003) speculated that
the growth and fecundity of femake simplicifoliaplants may be limited at higher

altitudes due to the high maternal investments naakieg seed production, in
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combination with stressful environmental conditiom$owever, | found no general trends
between altitude and final percent germinationemngnation probability foAciphylla
seeds. Therefore, any limitations that the ferpédats may be experiencing across the

altitudinal gradient are not being translated iductions in seed germinability.

Conclusions

In laboratory experimentgciphylla glacialisseeds showed germination responses
typical of seeds with an innate primary dormanaydsgme. This is an effective way to
ensure that spring germination is cued at the émideowinter snow season in an alpine
landscape. Final percent germination was highpu§gb%, and no differences in
germination were found in seeds collected in défféryears. Fast germination speeds
were significantly related to high final percentméation. These germination
characteristics oAciphylladid not show significant trends across the altatigradient

of sites within the Victorian alpine zone.
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Chapter 6 - Natural seedling recruitment in the Victorian alpine zone

Summary

Having found that seed banks exist in Victoriarir@pareas (Chapter 3) and that many
species have germinable seeds (Chapters 4 amdth)sichapter | investigate seedling
recruitment under natural conditions. | exploneéhaspects of seedling recruitment: (1)
the abundance of seedlings across the altitudnaalient of sites; (2) the survival and
establishment rates of seedlings over two growaagens and; (3) the patterns in
seedling establishment in relation to the altitadigradient. | also investigate the
similarity between the seedling flora and the stagpdegetation, and the similarity of the
seedling flora within and between mountain topsaddition, | measure the ambient
temperatures during the period of field researahtae soil moisture in relation to wilting
point.

Seedlings were common at all study sites. Thwere no significant trends in
mean seedling emergence with altitude in eithewgrg season. However, mean
seedling emergence was significantly higher at tduhe seven sites during the 2005/06
growing season. Seedling emergence was best tgddiy a combination of altitude,
plant litter and soil wilting point. Most seedlmg@merged early in the growing season
across all sites. Many seedlings survived to becestablished plants (37 - 61%),
however, there was no significant relationship leetwthe percentage of established
seedlings and altitude. Seedling mortality wa$ih(@1 - 57%), although there was no
significant relationship between mortality andtalfie. Most mortality occurred in the
early sample period, immediately after snowmeltrbFseedlings were most common,
mostly from the Asteraceae family, while fewer ghaond and shrub seedlings were
recorded. Often seedlings emerged in bare groatthps, even at the higher sites where
temperatures are cooler and frosts are more comrmbae.similarity between the seedling
flora and the standing vegetation was low. Thelahity of seedling species within each
site was also low. However, there was some siityilar the seedling species among
sites alike in altitude.

| also compare my results with similar studiesatural seedling emergence from
the international literature. 1 discuss the rdis@edlings in terms of alpine plant
recruitment across altitudinal gradients. | disdus& similarities or dissimilarities with

the standing vegetation may influence communitycstire and function. | also give a
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brief outline of the potential role of seedlingm@tment following disturbances in alpine

areas.

Introduction

Alpine environments are characterised by snow ctoreseveral months of the year,
short growing seasons, frost, soil-heaving fromdieee (Bliss 1962; Brinlet al. 1967;
Billings and Mooney 1968), late-season soil drou@hiss 1962; Billings and Mooney
1968; Bonde 1968) and large diurnal temperaturations in summer (Kérner 1999).
When Bliss (1971) reviewed the available literatine reported that alpine seed
germination rates were low and as a consequenedlirsgs were uncommon and
seedling mortality was high. Bliss (1971) suggestat stressful environmental
conditions were responsible and proposed that eeeelland soil drought were the two
most important controls on seedling establishmétence, it was assumed that a
vegetative reproductive strategy predominatedcdtic@and alpine areas (Billings and
Mooney 1968; Bliss 1971), and that only some yasessuitable for seed germination
and seedling establishment (Bliss 1962; Kérner 19#2ological theory regarding
stressful environments supports these ideas argkestgythat alpine plants will exhibit a
life-history strategy that emphasises the adufjetaat the expense of growth and
fecundity (Grime 1977). Alpine plants are thereftnaditionally viewed as ‘stress
tolerant’ (Grime 1979) and the vegetation is dorteday long-lived perennials (Billings
and Mooney 1968). An extreme example of thisdtoaal Carexspecies from the
central Alps, Switzerland that is reported to beuad 2000 yrs old (Steinger and Korner
1996).

Despite the apparent reliance on clonal regemeratnong alpine plants, there is
evidence that many alpine plants flower readilyrik& 1999), produce hundreds of
viable seeds (Sayers and Ward 1966; Changteas 1987) that can contribute to
extensive soil seed banks (Freednetal.1982; Coopeet al.2004) and germinate easily
(Kibe and Masuzawa 1994). Under field conditidnigh seedling densities have been
reported in North American arctic (Freednetral. 1982) and alpine areas (Chambetrs
al. 1987). Freedmaet al.(1982) found seedling densities in the hundredsre More
recently, researchers have quantified seedlingksitanent and survival across a variety
of plant communities in arctic Finland (Welling abdine 2000b; Welling and Laine
2000a), alpine Switzerland (Urbanska and Schiut188d North America (Forbis
2003), challenging the widely held view that semgliestablishment is a rare event in
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these regions. For example, Forbis (2003) fougt hates of seed germination in wet-
meadow communities, with emergent seedling dessieto 900 rhand 48% mortality
in the first year.

In the current study, | tracked seedlings emerginder natural conditions across
a range of elevations in the Victorian alpine zohkaving already discerned that seed
banks exist in Victorian alpine areas (Chapterr®) that many species have germinable
seeds (Chapters 4 and 5), here | aim to discerth@heeedling recruitment is occurring

under natural conditions.

Methods

Study area and study sites

The study was conducted in the Alpine National Rartke north-east region of Victoria,
approximately 350 km from Melbourne, Australia. eTdrea comprises several high
peaks, including Victoria’s highest mountain, Mtgdmg (1986 m), which may be
covered by snow for four to five months of the yedhe mean annual rainfall is around
1800 mm (LCC 1982), with much of this precipitati@ating as snow during winter. For
the duration of the study period, however, drougitditions prevailed over much of
south-eastern Australia and rainfall was well bebwerage. At some sites rainfall was
only 30% of the long-term average, during whatwmeally the wettest months (Bureau
of Meteorologyunpublished dafa Average air temperatures follow seasonal viariat
with typical daily minimums and maximums of betwezand 27 °C in summer and -6
and 12 °C in winter. Frosts are frequent and @@uoat any time of year (Williams
1987). The growing season spans approximatelynsenmths from snowmelt, usually
the end of September, until late April, when thistfsubstantial snowfalls of the winter
begin. Key climatic parameters for the study sitesived from long-term data by
BIOCLIM are shown in Table 2.3, Chapter 2.

The study sites are located within this mountainegson and consist of seven
true alpine summit areas. The summits represerddiant of elevation of alpine sites; Mt
Speculation (1668 m), King Billy (1696 m), The Bigt725 m), Mt Stirling (1748 m),
Mt Buller (1762 m), Mt Hotham (1860 m) and Mt Bagp(1970 m) (Table 2.1 in
Chapter 2). All sites are within 40 km of eacheasttwith most less than 10 km apart
(Figure 2.1 in Chapter 2). All sites are classetSéeep Alpine Mountains’ after Costin
(1957), are above the natural tree-line and areinked by tall alpine herbfield
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vegetation. The lower peaks also contain spegpsal of adjoining sub-alpine

woodland (Costin 1957). The underlying geologyhaf area varies (Table 2.2 in Chapter
2). Despite such geological variation, in thisioegparent material rarely influences soill
type and all soils are considered to be of thanahumus’ type and are highly acidic

(pH 4 to 5) (Costin 1962b; LCC 1982). Cattle anerently excluded from all sites, but
grazing has occurred to varying degrees in the (hastrence 1999) (Table 2.1 in
Chapter 2). None of the sites in this study hasentburnt since 1939 or, in some cases,
well before this time.

At each summit, the study site was defined as tba #hat is enclosed by the 5 m
contour from the peak, or the area within 50 m ftbe peak of the summit, whichever
was reached first. The sites therefore vary irpstend size, due to the nature of varying
slopes, ranging from approximately 612 to 2500(fiable 2.1 in Chapter 2). The sites
are all rounded with a flat top and steeply slogites (Figure 2.2 and Figure 2.3 in
Chapter 2). The centre of the site was determaseithe highest point of the peak. |
avoided summits heavily impacted by recreation.

Sampling design
During the first growing season of the study (aalstpring 2003 to austral autumn 2004),
20 permanent quadrats, each 0.5 x*1were arranged in a stratified random manner
around each site; with five quadrats placed on eaplect. Initially, | recorded all species
in the standing vegetation and the presence ofdrarend, rock and litter in each of the
fifty 10 x 10 cm grids within each quadrat. Theatgercent cover of all vascular species
was estimated to the nearest 5%. At this times#wagllings of all species growing in each
guadrat were recorded and each seedling was maikiead coloured paper-clip.
Thereatfter, three times over the following two gimogvseasons (at early-, mid-
and late-season sampling intervals), | monitoredehinitially recorded seedlings and
new emergents. During the second growing seasii%(@5), the early-season sampling
interval was between November 23, 2004 and Jar8@&r2005; the mid-season sampling
interval was between February 15 and April 6, 2G0t the late-season sampling
interval was between April 5 and May 4, 2005. bgrihe third growing season
(2005/06), the early-season sampling interval wes/éen November 4, 2005 and
January 3, 2006; the mid-season sampling interaal between January 11 and March 2,
2006; and the late-season sampling interval wasdsat March 17 and April 27, 2006.
During these intervals, lower altitude sites wesaeayally visited first, due to earlier snow

melt and hence, an earlier start to the growing@ea
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Seedlings were monitored until they were deemdzktsubstantially developed or
established, i.e. they had reached reproductiveniabr were big enough to withstand
potentially detrimental environmental pressurehagfrost, wind, extreme temperatures
or herbivory. Seedlings were identified to spebté®l where possible. However,
several graminoids and some species of the Asteedeenily are difficult to identify

until they reach reproductive maturity or a certsize, by which time many had died.

Environmental variables
Air temperatures were measured bi-hourly with T-@ata loggers (Temperature
Technology, Henley Beach, SA) at The Bluff, Kindl8and Mt Speculation between
February 2004 and April 2006. The temperature gsokere housed in Stevenson
screens mounted on stakes at 1 m height. Thesdata incomplete due to occasional
equipment failure and theft. Data for Mt Hothana &t Buller were provided by the
Bureau of Meteorology.

Temperature data were converted to mean monthlyiggopdegree-days (GDDSs).
GDDs were calculated as a measure of the accundudateunt of heat (in degrees
Celsius) above a base temperature to represembal&tive index of energy available for

growing plants, according to the formula:

GDDs = [(maximum daily temperature + minimum da#ynperature) / 2] — base temperature

The daily GDDs were then summed for each montthoke 0 °C as a conservative base
growing temperature (the temperature above whiahtplcan perform metabolic
functions) as alpine plants are generally variethéir absolute base growing temperature
and this value encompasses this variability (Bl862; Kérner 1998; Browet al.2006).
Additionally, a base temperature of 0 °C is comsistvith other studies of alpine
vegetation/temperature relations (Walkeéral. 1994; Dirnbdcket al.2003). GDDs are a
useful way to analyse temperature data as one calube obtained for each month, and
values for each site can be easily compared.

Percent soil moisture was measured in every plevaty sampling interval using
a theta-probe and HH2 reader (Measurement Engimg@uistralia, Pty, Ltd). Readings
were calibrated against gravimetrically determiseil moisture measurements.

The wilting point of soil (water content at 150B&) at each site was determined
with a presoaked ceramic pressure plate in a spatssure vessel (Soil Moisture

Equipment Co., Santa Barbara, California) for teplicate samples from each site
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according to the method of Dane and Topp (2002)ur&ted soil samples were subject to
1500 kPa pressure within the pressure vesselmoigture leaving each sample had
reached equilibrium. Samples were then weighedddt 105 °C for 48 hrs and re-

weighed to determine the soil water content (pdrseih moisture) at wilting point.

Statistical analysis

Relationships between seedling density and enviemah predictors such as altitude,
litter, bare ground and the wilting point of soiéke analysed with linear regression and
Pearson’s correlation coefficient on actual andtlagsformed values. Different
combinations of environmental predictors that &ely to show a relationship with
seedling density across the altitudinal gradiermewtben used in a Schwarz-Bayesian
Information Criterion (BIC) analysis, to find thenallest sub-set of useful predictors

which best fit the regression model, accordinghtformula:

BIC = n[In(SSresiaua)]*(p+1)In(n)-nin(n)

wheren = number of observations apd= number of predictors. This technique makes
clear which combination of these independent parars@nd the dependant variable best
fit the regression model (Quinn and Keough 20@3¢lationships between seedling life-
form and altitude, bare ground, litter and soil staie were examined with linear
regression and the BIC. Differences between saegdiensity within each site between
2004/05 and 2005/06 were analysed with pairedts-teBifferences between seedling
emergence across each year, at early-season, asdrsand late-season intervals, were
examined with ANOVA. The differences between sodisture measurements across the
season were not statistically compared as eacle vattorded is not independent; i.e.
particularly wet or dry soil during the early-seasample interval may influence
measurements taken later in the year; nor wereuneagnts taken simultaneously across
sites.

Similarity analyses between the emerging seedkmgkthe standing vegetation
within the one quadrat were undertaken based olitafiiee and quantitative Jaccard’s
similarity indices (Jongmaet al.1987; Welling and Laine 2000b). The qualitative
similarities (SJ) were calculated according toehaation:

SJ =c/(A+B-c)
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whereA is the total number of species in the standingetaggon,B is the total number of
species of seedlings, ands the number of species shared by the standiggtagon and
the seedling vegetation (Welling and Laine 2000)e quantitative similarities (the

similarity ratio, SR) were calculated accordinghe equation:

SRij = YWYV /(Y + YaYi” - YiYia Yig)

whereYy; is the abundance of théhkspecies in the standing vegetati¥g,is the
abundance of thetkspecies in the seedling vegetation, aQ; is the abundance of
species shared by the standing and seedling vege(sltelling and Laine 2000b). As
recommended by Welling and Laine (2000b), | trarmmefad the standing and seedling
vegetation values to comparable percentages, se sfithe number of seedlings and
percent cover of standing vegetation were bothdt@ach site. For both indices, values
closer to 1 indicate a closer similarity betweensing and seedling vegetation. The
variation in mean quantitative and qualitative ealdior each site were then analyzed
using one-way ANOVA and Bonferroni post-hoc te€siqin and Keough 2003).

| used ordination to investigate the similaritinsseedling species within and
between sites. Environmental variables (percéet Jibare ground and rock, years since
cattle grazing, soil pH, soil organic matter, switing point and site altitude) were fitted
as vectors to the ordinations to enable the vaggabihich display more significant or
apparent trends across the ordination to be idedtifis well as their direction and
influence in relation to the floristic data of teeedling quadrats. | analysed absolute
values of seedling emergence and presence/abskeaetospecies in the seedling flora.
Quadrats were ordinated by global non-metric mutehsional scaling (NMDS). This
method is well suited to data that are non-normalre on arbitrary or discontinuous
scales. NMDS is an iterative search for a ranking placement of entities ork
dimensions (axes) that minimizes the stress okdtlienensional configuration. The
calculations are based on @ n distance matrix calculated from thex p-dimensional
main matrix, where is the number of rows anglis the number of columns in the main
matrix. How good the dissimilarity matrix is caa determined by the stress value
(Kruskal 1964; McCune and Mefford 1999). “Stressa measure of departure from
monotonicity in the relationship between the diskinty (distance) in the origingd-
dimensional space and distance in the reduagichensional ordination space. Stress
values below 0.2 are recommended (Clarke 1993alaes above this threshold may

mislead any interpretations. Dissimilarities beswall quadrats were calculated using
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the Bray-Curtis dissimilarity coefficient, previdusioted as a robust measure in
recovering ecological distance over a range of rsoaied stochastic variations in the data
(Bray and Curtis 1957; Quinn and Keough 2003). ixtibns presented here are in three
dimensions and have a stress value of 0.21 sostihayld be interpreted with caution.

The differences in seedling species within and betwsites were analysed by the
analysis of similarities (ANOSIM) procedure (Clark®93; Quinn and Keough 2003).
This procedure is analogous to an ANOVA comparietyeen-group and within-group
variation. The ANOSIM procedure tests the null diyyesis that there are no differences
betweera-priori defined groups of community samples or, that trexage rank of
dissimilarities between all possible pairs of obgan different groups are the same as the
average of the rank of dissimilarities betweengafrobjects in the same groups (Quinn
and Keough 2003). All ANOSIM procedures for petospver and presence-absence
data used permutation/randomisation methods omi¢asity matrix to randomly allocate
objects to groups and then generate the distributi®, under the null hypothesis that all
random allocations are equally likely (Clarke 19€@8tinn and Keough 2003). The
distribution is scaled between pairs of objecthmsame groups, with values between -1
and 1. Differences between groups would be sugddstR values greater than zero,
where objects are more dissimilar between grougs ithin groups.R values of zero
indicate that the null hypothesis is true. R=Iligates that all samples within groups are
more similar to each other than to those in difiegroups (Clarke 1993; Wahren 1997;
Quinn and Keough 2003).

The dominant character species for each site, tihagere useful in
discriminating between sites, were explored ushegSIMPER procedure (Clarke 1993).
This procedure utilises the similarity and dissaritly indices between all pairs of
samples to identify typical species within a s well as important species that
distinguish between sites (Clarke 1993; Waletal. 1999).

Ordinations were performed using PC-ORD (McCuneMeéford 1999).

ANOSIM and SIMPER routines were performed usingRRIMER 5 package
(Plymouth Routines in Multivariate Ecological Res#eb.1.2. 2000). SYSTAT
version 10 (Copyright SPSS Inc., 2000) was usedlfather statistical analyses.
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Results

Environmental variables

Climate
Temperature measurements throughout 2004, 2002G0®irevealed strong patterns in
relation to elevation of site and monthly mean anbtemperatures. On most days, the
high elevation sites were several degrees lower tiwa low elevation sites. Overnight
temperatures were also generally around 3 to ®Med at the high elevations. The
highest temperatures were recorded at Mt Specualatibere summer daytime
temperatures were often above 30 °C. The lowegbéeatures recorded across all sites
were in winter and were routinely around -5 °C.eTiming of snowmelt represented a
major shift from the mostly constant ambient coiodi$ of winter, to regular diurnal
temperature fluctuations.

Temperature measurements converted into accumutatethly GDDs revealed
that the accumulated degrees at lower elevaties site indeed higher (Figure 6.1),
which therefore represents more energy availabpgatats growing at these sites. The
accumulated monthly GDDs follow seasonal variatiaci®ss the year, with many sites
experiencing negative accumulated degrees oveewimuring the spring and autumn
months, when temperatures change rapidly, therebrmamost twice as much energy

available to plants growing at low sites, compasgétth plants growing at high sites.
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T _ | AN e
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Figure 6.1. Accumulated monthly growing degreesd@¢) for six of the seven study sites during 2004
2005, and 2006. Negative values of accumulatedegsgare displayed as zero. Gaps in the dataduere
to logger failure or theft. These data are alssented in Figure 2.5 in Chapter 2.
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Rain and snowfall during the duration of the stwdyre particularly low and well
below the long-term average. Some sites did rogtive any precipitation at all during
the summer months. For example, during Decemb@s 28d January 2006, Mt Buller
received no measurable rainfall although the l@rgitmean is between 82 and 123 mm
for these months (Bureau of Meteorolagypublished dafa Soils were consequently

dry during the study period.

Soils

Soil moisture during the 2004/05 season was loham the 2005/06 season, with mean
percent soil moisture ranging from 15 to 30% (Fey6r2). Soils were particularly dry at
Mt Buller, Mt Stirling and King Billy during 20044, where mean values did not reach
above wilting-point during the growing season. fEhwere few differences between
mean percent soil moisture between early-, mid-latedseason sample intervals in
2004/05. During the 2005/06 growing season, meaoent soil moisture within each
site showed strong patterning between season aisemvith early- and late-season
sample intervals being mostly between 20 and 38%ils sampled at all sites during the
mid-season of 2005/06 were much drier and nevereahb6% soil moisture.

The soil moisture values measured throughout tleegnowing seasons are not
independent; i.e. high values may be due to aega@mt before sampling and so they have
limited value for further statistical analysis. i@@dently, a peak of very high soil
moisture recorded at King Billy during the earlyasen in 2005/06 corresponded with a
very high number of seedlings emerging at that tifdaring the mid- and late-season
sample intervals in 2005/06, very few seedlingsrgex which appeared to correspond
with very low soil moisture values recorded at thate.
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Figure 6.2. Mean (+ 1 standard error) percentrsoilsture within seedling plots at each site duthmey
three sample intervals (early-, mid- and late-sepewer two growing seasons during the study, (€5206
and (b) 2004/05. Wilting point for each site ipmesented with a horizontal dashed line.

Seedling emergence

Seedlings were common at all study sites. At Mg&wy, Mt Hotham, The Bluff and Mt
Speculation, significantly more seedlings emergaihgd the 2005/06 summer than the
2004/05 summer (Figure 6.3). The highest meanlisgedensities were found at King
Billy (2004/05: 70 + 13 per iy 2005/06, 83 + 22 per T On one occasion, more than
200 seedlings were found in a 0.5 piot at this site. At all other sites, poolingeowear,
the mean density of seedlings was between 7 ampe#67.

All subsets modeling identified that the combinatad altitude, litter and soil
wilting point best predicted seedling emergencebfuth growing seasons.
Independently, however, these predictors are Iesiil For example, linear regression
analysis revealed only a slight negative, insigaifit trend between seedling density and
altitude for both mean and log-transformed vallkegure 6.3). This trend was slightly
more pronounced in the 2005/06 growing seasér=@R27,P = 0.23). Pearson’s

correlation procedure also revealed no correldtietveen seedling density and altitude.
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Figure 6.3. Mean (+ 1 standard error) seedlingsiigmer ni of new seedlings during the 2004/05 (closed
circles) and 2005/06 (open circles) growing seasaci®ss the altitudinal gradient. Significant elifnces

in seedling density within sites between the sessoa indicated with an asterisk. Regression limgisate
linear regression analysis between site altitudesaedling density during the 2004/05 summer (dviel
R?=0.12,P = 0.44); and the 2005/06 summer (dashed lifes ®27,P = 0.23).

Mean seedling emergence differed significantly leemsites (F = 24.29,= 0.000),
growing season (F = 41.3B,= 0.000) and sample intervals (F = 111R% 0.000).
There was also a significant interaction betweeseéththree sources of variation (F =
3.38,P < 0.000). At most sites mean seedling emergerasehighly significantly
different between sample intervals (early-, midd &ate-season) and growing season
(2004/05 and 2005/06) (Figure 6.4, Table 6.1).trArg) pattern emerged during the
2004/05 growing season showing progressively fesgedlings emerging at each site
from the early- to late-season sample intervalsis pattern was weaker in the 2005/06
growing season, where seedling emergence at sé@sedsiring the late-season sample
interval was higher or equal to that in the eadgson sample interval. Hot and dry
conditions during the middle of the 2005/06 growssgison may have contributed to

these results.
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Figure 6.4. Mean seedling emergence (+ 1 stanetaod) per 0.5 mquadrat for each study site during (a)
2005/06 and (b) 2004/05, during the early-, midd lte-season sample intervals of each growingoseas
Different labels (a, b or ab) above columns sigsifynificant differences within each site based on
Bonferroni post-hoc analysis. Columns without latshowed no significant differences between sample
intervals.
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Table 6.1. Two-way ANOVA comparing new seedlingeegence at the seven alpine sites between sample
intervals (early, mid late), growing seasons (2084nd 2005/06) and their interaction. All dataeveg-
transformed +1 prior to analysis to minimise theehegeneity of variance. SignificaRtvalues< 0.05,

< 0.01 anck 0.001 are indicated by asterisks *, ** and *** pestively.

Site (m) Source of variation df MS F P

Mt Bogong (1970)  Sample interval 2 4.52 9.59 0.000"
Growing season 1 1.86 3.95 0.049
Sample interval x Growing season 2 0.81 1.725 0.183
Error 114 0.47

Mt Hotham (1860) Sample interval 2 10.34 2454 0.0007
Growing season 1 2.54 6.03 0.016
Sample interval x Growing season 2 2.64 6.28 0.003
Error 114 15.31

Mt Buller (1762) Sample interval 2 1256  17.91 0.000"
Growing season 1 2.52 3.60 0.060
Sample interval x Growing season 2 713  10.17 0.000”
Error 114 0.70

Mt Stirling (1748) Sample interval 2 5.23 6.39 0.002°
Growing season 1 0.13 0.16 0.686
Sample interval x Growing season 2 0.69 0.85 0.432
Error 114 0.82

The Bluff (1725) Sample interval 2 1314 2211 0.0007
Growing season 1 1268 21.32 0.000"
Sample interval x Growing season 2 3.44 5.79 0.004
Error 114 0.59

King Billy (1696) Sample interval 2 3372 3586 0.000"
Growing season 1 4.81 5.12 0.026
Sample interval x Growing season 2 3.27 3.47 0.034
Error 114 0.94

Mt Speculation (1668) Sample interval 2 1757  40.20 0.000"
Growing season 1 9.33  21.36 0.000"
Sample interval x Growing season 2 3.45 7.91 0.001"
Error 107 0.43

Seedling survival

The percentage of seedlings that became establaets (as defined in the Methods
section) was between 37 and 61% across all sittyears (Table 6.2). The highest
mortality recorded was among seedlings from KinldyBwhich is also where the highest
densities of seedling were found. Using linearesgion, however, there was no
significant relationship between the percentagestdiblished seedlings and the altitude
(R*=0.10,P = 0.469).
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Table 6.2. The percentage of seedlings that beestablished and seedling mortality across all tatad
within each site.

Site (m) Established Mortality (%)
seedlings (%)
Mt Bogong (1970) 44.7 35.9
Mt Hotham (1860) 40.5 42.1
Mt Buller (1762) 55.7 35.2
Mt Stirling (1748) 46.8 42.9
The Bluff (1725) 44.4 50.5
King Billy (1696) 37.4 56.6
Mt Speculation (1668) 61.3 30.9

The rate of seedling mortality (%), combining déitan both seasons, was similar to that
of seedling establishment (%); from 31% at Mt Spetton to 57% at King Billy (Table
6.2). The percentages of established seedlingsnamtlity in Table 6.2 do not account
for lost seedlings or those which were still albug not yet considered ‘established’ at the
end of the study, and hence these values do nat 8§0%. Using linear regression,
there was no statistical relationship between segdhortality (%) and altitude R=

0.06,P = 0.56).

In the 2004/05 growing season, most seedling mtyrtabs recorded early in the
season at the higher sites (Mt Bogong, Mt HothamBMlIer), indicating that death
occurred during or soon after winter. At the lowies, the most seedling mortality was
recorded during the mid-season sample interval veloda were at their driest (Figure
6.2). In the 2005/06 growing season, most deatharced during the mid-season interval
across all sites. Again, these deaths appeareattespond with very dry soils at this
time.

By the mid- and late-season sample intervals o20G5/06 growing season, very
few previously recorded seedlings were still alividhese remaining seedlings were at Mt
Bogong and Mt Hotham, the highest sites. The ssgglthat most commonly died were
forbs from the Asteraceae, includiNgcroserissp. 2, Erigeron nitidusandCraspedia
spp. Acetosella vulgarigexotic) was also amongst the forb seedlingscbatmonly
died. Most of the shrub seedlings lived beyonddination of the study. These were
mostlyGrevillea australis Graminoid seedlings also generally became estedal

plants.
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Seedling life forms

Emerging seedlings were classified by life-form gnoluped as either forb (which
includes geophytes), shrub or graminoid (whichudek sedges and rushes). At every
site, forb and graminoid seedlings were recordeatb seedlings were the most common
across all sites. Shrub seedlings were recordedeay site except Mt Bogong and The
Bluff. During both years, the relationship betweeean seedling emergence of each life-
form and altitude was generally weak and non-sigaift (2004/05: forbs R= 0.18,

P = 0.34; graminoids ®= 0.34,P = 0.16; shrubs &= 0.18,P = 0.33. 2005/06: forbsR
0.11,P = 0.45; graminoids &= 0.12,P = 0.44; shrubs & 0.23,P = 0.27).

During both seasons, the percentage of forb segdintreased with altitude,
though this trend was not significant (2004/05:=R0.32,P = 0.18; 2005/06 &= 0.15,P
= 0.37). The percentage of shrub and graminoidlsegs at each site both showed slight
decreasing (non-significant) trends with altitu86@4/05: shrubs R= 0.30,P = 0.20;
graminoids R = 0.28,P = 0.21; 2005/06: shrubs’R 0.23,P = 0.27; graminoids &=
0.06,P = 0.59).

Within each site, shrub and graminoid seedlingsevedien seen growing on bare
ground patches, especially at the lower altitutesgiTable 6.3); however, there were no
significant trends relating bare ground and segdéimergence with altitude. Even at the
higher altitude sites, where cooler temperaturefesgls are more common, many forb
seedlings grew in bare ground patches. Herenthdating effects of close vegetation
would be minimal (see Chapter 7). Many of thesslbegs died after only one sampling

interval.

Table 6.3. Comparison of seedling life-forms (#gttemerged in bare ground patches at each site.

Site (m) Forbs Shrubs  Graminoids
Mt Bogong (1970) 445 0 35

Mt Hotham (1860) 29 15 26.9

Mt Buller (1762) 7.9 17 12

Mt Stirling (1748) 2.3 37.5 46.2
The Bluff (1725) 20.2 100 20.6
King Billy (1696) 13.9 42.6 29

Mt Speculation (1668) 13 7.1 16.8
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Similarities within and between sites

Overall, the similarity between the standing vetieteand the seedling vegetation at
most sites was low (Table 6.4). Qualitative simiyjawas higher than quantitative
similarity. This indicates that the species of émeerging seedlings are likely be the same
as that in the standing vegetation, but high cawadues in the standing vegetation of a
particular species are unlikely to be matched Igy Isieedling densities of that species.
There was statistically significant variation beemghe similarity values from the seven
sites (qualitative similarity= = 4.90,P = 0.043; quantitative similarity, square-root
transformedF = 2.24,P = 0.00). A Bonferroni post-hoc analysis was uedetermine
which sites differed from each other in qualitatsiilarity. The variation in
guantitative similarity (SR) within each site wasvland therefore no individual sites

differed from one another, based on square-ronstoamed values (Table 6.4).

Table 6.4. Mean (x 1 standard error) qualitatind guantitative similarities (using Jaccard’s saritly
index and the similarity ratio) for the seven stgitgs. Labels (a,b or ab) signify significanfeliénces
between sites, based on Bonferroni post-hoc amsalydo significant differences in quantitative damity
(SR) were found between sites.

Site (m) Qualitative Quantitative
similarity (SJ) similarity (SR)
Mt Bogong (1970) 0.32 £ 0.04" 0.05+0.02
Mt Hotham (1860) 0.45 + 0.04 0.06 +0.02
Mt Buller (1762) 0.37 £ 0.04 0.09 +0.03
Mt Stirling (1748) 0.18 + 0.04 0.05 +0.03
The Bluff (1725) 0.32 £ 0.04" 0.04 +0.02
King Billy (1696) 0.34 +0.04" 0.04 +0.01
Mt Speculation (1668) 0.36 + 0.02 0.09 +0.02

Based on species presence-absence data, the gegmities within each site
were often similar to those between sites. Ofts slid not clump together strongly in
the ordination diagrams (Figure 6.5). Howeverfrseparation along Axis 3 indicates
that the higher and lower sites do not often skasgglling species and that similar species
are common within these two broad groupings ofsiteeedlings recorded at Mt Stirling,
Mt Speculation and Mt Bogong appear to be the missimilar from all other sites, and
from each other. None of the environmental vagalfitted to the ordination as vectors
were significant at the 0.05 level, nor were thbg\e R of 0.1. Ordinations using
guantitative (percent cover) data were discardexuidable stress values were not

obtained in less than three dimensions.
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Analysis using ANOSIM showed that there were naigicant differences
between sites based on presence/absence data.{R,£ & 0.1). Subsequent pairwise
contrasts based on presence/absence data alsocshowédference between each pair of
sites.

Exploration of species composition of sites usilgFER showed that the
similarity among seedling quadrats from each sieavbetween 35.8 and 44.1% (Table
6.5). The contributions from individual specieghe total similarities are also given in
Table 6.5. The typical species of a site weregheiich were found in high numbers
consistently among quadrats, and which also hau imigan similarity values between
guadrats at the each site. Typical species aatbsges wereCarexspp.,Poaspp.,
Microserissp. 2, andhcetosella vulgarigexotic). At most sites, there were seedling

species specific to that site; however, these wemerded infrequently.
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Sites
Mt Bogong (1970 m)
Mt Hotham (1860 m)
Mt Buller (1762 m)
Mt Stirling (1748 m)
The Bluff (1725 m)
King Billy (1696 m)
Mt Speculation (1668 m)

Figure 6.5. The position of seedling quadrats feanh site within the three dimensional NMDS
configuration based on presence/absence data. $hages indicate sites above 1725 m (high sitksed

shapes indicate sites at or below 1725 m (lowsite&tress: 0.21.
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Table 6.5. The mean similarity (%) of quadratshimiteach site; the number of seedling species decbat
each site; the top five typifying seedling sped@ésach site; the mean abundance (%) within eaelra
of each of these species; the mean similarity dfiidual species contributions within each sitepstard
deviation of each species contribution to the nsamlarity; contribution of each species (%) to thean
abundance at each site. Asterisks denote exaitien

Site (m) Mean No. Typifying species Mean Mean Similarity ~ Contribution
similarity species abundan  similarity / SD (%)
(%) within recorded ce (%)
sites
Mt Bogong 41.37 9 Carexsp. 0.78 16.43 1.11 39.72
(1970) Craspediasp. 0.61 9.33 0.73 22.56
Acetosella vulgaris* 0.39 4.07 0.39 9.85
Celmisiasp. 0.33 2.62 0.32 6.32
Ranunculus muelleri 0.33 2.57 0.32 6.21
Mt Hotham 39.31 21 Erigeron nitidulus 0.80 9.16 1.27 23.30
(1860) Poasp. 0.65 5.82 0.82 14.80
Carexsp. 0.60 5.21 0.72 13.24
Craspediasp 0.55 4.53 0.59 11.52
Celmisiasp. 0.55 4.18 0.63 10.64
Mt Buller 44.05 13 Microseris 9.2 0.79 11.79 1.14 26.76
(1762) Trisetum spicatum 0.68 9.02 0.85 20.49
Poasp. 0.63 8.33 0.74 18.92
Acetosella vulgaris* 0.47 4.82 0.49 10.94
Carexsp. 0.53 4.40 0.59 10.00
Mt Stirling 36.85 11 Acetosella vulgaris* 0.79 16.79 1.05 45.57
(1748) Hypocheris radicata 0.57 8.34 0.62 22.64
Poasp. 0.50 5.27 0.53 14.29
Grevillea australis 0.36 2.14 0.35 5.81
Wahlenbergiasp. 0.29 1.27 0.26 3.46
The Bluff 36.70 16 Microseris . 2 0.84 13.18 1.33 35.91
(1725) Carexsp. 0.63 6.40 0.78 17.43
Asperula gunnii 0.53 4.04 0.59 11.00
Brachyscome spathulata  0.47 3.46 0.51 9.43
Stelleria pungens 0.42 3.39 0.41 9.23
King Billy 42.10 24 Carexsp. 0.90 10.33 1.61 24.54
(1696) Trisetum spicatum 0.75 6.67 1.00 15.85
Microseris . 2 0.70 6.47 0.87 15.36
Viola sp. 0.75 6.18 1.04 14.68
Austrostipasp. 0.45 2.43 0.45 5.76
Mt 35.80 26 Carexsp. 0.95 17.35 2.11 48.45
Speculation Poasp. 0.60 6.45 0.70 18.01
(1668) Microserissp. 2 0.45 2.64 0.47 7.39
Trisetum spicatum 0.35 1.78 0.34 4.96
Lomandra longifolia 0.25 1.26 0.23 3.51
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Discussion

General interpretation of results

Seedling emergence in the Victorian alpine zon@ésiously undescribed. Only
Williams (1992) and Williams and Ashton (1988) hateempted to described the
seedling recruitment dynamics of shrubs, forbsgnaghinoids in a sub-alpine
environment. These studies were also linked tadbponses of vegetation to
disturbance. | found seedlings to be common analintain top sites. Seedling
emergence was dependent on site, season and yeesjgmificant differences between
seasons and years within each site. There wagha, sion-significant trend for higher
seedling densities at lower altitudes during bathwgng seasons. Such trends might be
expected because lower altitudes present feweadclbstfor recruitment than the higher
alpine peaks, where cold and short growing seafsmosir vegetative persistence (Jolls
and Bock 1983). Most seedlings were forbs fromAkteraceae family. A higher
percentage of forbs and graminoids were foundehtgher elevations than shrubs. |
found several seedlings growing in bare groundhzscalthough many of these did not
survive more than one or two sample intervals.

Survival of seedlings was high across sites, wiimynseedlings reaching
reproductive maturity or an equivalent ‘establistaeldlit’ stage within the two growing
seasons of this study. There was no correlatibnd®n the ability of seedlings to survive
and altitude, although some of the longest surgiseedlings (more than four sample
intervals) were found at the highest sites (Mt BoggdMit Hotham). At the highest
altitudes, many seedlings appeared to die duringnmediately after, winter. In this
instance, many seedlings were found dead duringdHg-season sampling interval after
snowmelt. At the lower altitude sites, very dryisduring the mid-season may have
influenced seedling mortality.

Percent soil moisture was generally low at allssiteith some sites never reaching
mean values above wilting point. Soil moistureid¢gfly corresponded poorly to the
density and timing of seedling emergence and wa®tbre not a useful predictor.
However, particularly low percent soil moisturewed during the mid-season sample
interval of 2005/06 did corresponded with very Iates of seedling emergence across
most sites. In addition, unusually high soil maistimmediately following snowmelt in
2005/06 at King Billy corresponded with very higleam seedling emergence.

The seedling species were not particularly simoathe species in the standing

vegetation at any site. However, the occurrende@tame species in the seedling flora
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as in the standing vegetation (qualitative simiyanvas higher than the occurrence of
those species being equal in abundance (quandtsitivilarity). Using presence/absence
data, the seedling flora did not differ signifidgrdcross sites. Seedling species at Mt
Stirling, Mt Speculation and Mt Bogong showed tlighlest degree of within-site
similarity. There were no relationships betweesdéieg species and altitude, soil pH,

time since cattle removal or soil organic mattethi@ three-dimensional ordination.
Seedling emergence

Environmental determinants
The altitudinal gradient provides a gradient ofiemvmental conditions with more
frequent frosts (Chapter 7), stronger soil heasenfneedle ice (Chapters 2 and 7), and
cooler temperatures occurring at the higher elenati | therefore expected lower rates of
seedling emergence at the higher elevations, where are numerous environmental
hazards at every stage of seedling recruitmenlifBd and Mooney 1968; Urbanska and
Schitz 1986). However, my results only partly sarpghis hypothesis, as | found few
statistically significant trends of seedling emerge or seedling life-forms, varying with
altitude. All sub-sets modelling revealed that ¢benbination of altitude, litter and soill
wilting point best predicted seedling emergencéditule per secan never be an
environmental determinant on its own, rather it cgpresent a suit of climatic and
environmental variables that can vary predictalolypss an altitudinal gradient (see
Chapter 2). Hence, seedling emergence is dependesdveral climatic and
environmental characteristics.

None of the environmental variables (vectorsgéitto the ordination of seedling
samples were significant. This indicates thatehesiables do not change predictably at

each site, nor do they appear to drive the patiarasedling species at each site

Altitudinal gradients

There was not a strong relationship between segdimsity and altitude in this study.
Mean seedling densities in this study were betvieand 40 seedlings pefrfor each
season. In contrast, a strong decrease in seat#imgty across an altitudinal gradient
was reported by Jolls and Bock (1983), where meduneg of seedling densities ranged
from 25 to 50 per fmin montane and sub-alpine areas, and from 0 a®bdlings per i
in treeline and dry-alpine sites. In their stutlhg altitudinal range from tree-line to the

highest alpine site was 242 m, comparable to todyswhere the range between the
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lowest site (at the tree-line) and highest site 8@& m. These densities of seedlings
reported by Jolls and Bock (1983) and those thepdrt here, are well-below the range
found on the Niwot Ridge, Colorado, by Forbis (200@&ere seedling densities varied
enormously between community type, but in the wetdow, were over 750 seedlings
per nf in 1998. Freedmaet al.(1982) reports high seedling densities from 13306
per nf across community types which germinated from lagd banks on a high arctic
island in Canada. The highest of these were founlisturbed areas including vehicle
tracks (Freedmaat al.1982). In addition, Jolls and Bock (1983) iniyadlescribed the
occurrence of alpine seedlings to be so rare atahipadistributed that they went
undetected with random sampling. However, in spaithes of emerging seedlings,
densities exceeded that of lower elevations, wetdiings possibly responding to small-
scale environmental patterns in microsites (Jaits Bock 1983). Hence, if the
availability of microsites is sufficient, germinati at high altitudes may match or even
exceed that at lower altitudes. My study occadlgmavealed very high seedling
emergence in plots adjacent to very low seedlingrgence; for example, on one
occasion at the King Billy site, there were ove® 2@edlings in one plot and only 5 in an
adjacent plot.

Such a large range in arctic and alpine seedlingrgemce rates across sites and
elevations indicates the extent to which specisgard to site-specific environmental
pressures and disturbance histories. The numbsenfings found above the treeline in
this study may be a product of the high numbemshtifjate-seeding and mostly-seedling
species that were found in the seed bank and déinelisiy vegetation (see Chapter 3). The
seedlings which make up the top five most commatigs at each site all come from

obligate seeding species, which cannot regenel@talty or by rhizomes underground.

Similarity with standing vegetation
My results indicate few similarities between thansting and the seedling vegetation. |
showed mean qualitative similarity values (Jaccgridetween 0.18 and 0.45 and mean
guantitative similarity values (similarity ratio)as between 0.05 and 0.09. A similar
result was found by Welling and Laine (2000b) inasalogous study in sub-arctic of
Finland where across community types mean Jaccqudiktative similarity values
ranged between 0.1 and 0.42, and quantitative aiityilvalues ranged between 0.05 and
0.40.

Similarities between mature vegetation and seesllamgl the seed-bank are

determined by life-history strategies (Chambers3)@d restrictions through the
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regeneration pathway (Urbanska and Schitz 198&md&€dr999; Wellinget al. 2005).

Many factors can reduce the similarity betweenstedling flora and the standing
vegetation including the high mortality of seedsha seed bank and emerging seedlings
(Freedmaret al.1982; Korner 1999). Kdrner (1999) suggests tindy balf the species in
the mature vegetation may be represented in emtesged banks, with the other half
having either deeply dormant seeds, low seed ptatuor high mortality. Such low
floristic similarity between the standing and se&&glvegetation supports the hypothesis
that clonal or vegetative growth may play a cruoiéé in the maintenance and structure
of alpine vegetation (Welling and Laine 2000b) afttiough seedlings are common, they
may not be driving the patterns in the standingetatipn. The similarity between species
in the seed bank, the seedling flora and the stgnkgetation are explored in Chapter 8.

Seedling establishment and survival

Establishment and mortality rates
In this study, 45% of seedlings survived to estdidd juvenile stages and sometimes to
reproductive adult stages. This is a substantiaiber and may reflect that seedling
survival is not as limited by environmental factoralpine regions as previously thought.
At alpine summits, many seedlings died within onénm sample intervals of being
recorded in this study, consistent with previouslgts which found that up to 70% of
alpine and arctic seedlings died in their firstry@&ager 1938; Urbanska and Schiitz
1986). Drought is often cited as the major factamtributing to seedling death in alpine
and arctic areas (Billings and Mooney 1968; Bon@@gl Bell and Bliss 1980; Kérner
1999; Forbis 2003), and may account for up to 1@d%eedling mortality (Bell and Bliss
1980). In addition, Morgan (2001) found that seegltecruitment was rarely successful
in temperate grasslands in Australia, primarilydaese summer drought caused almost
complete mortality. However, | recorded seedlisgsviving after periods of intense soil
drought well below wilting point.

| also found high mortality following winter, posdy indicating that these
seedlings may not have attained critical carbohgditeresholds or a critical biomass
during the previous summer (Wager 1938; Schiitz p0Galen and Stanton (1999)
report that seedlings which produce at least arel&gaf are significantly more likely to
survive until the next growing season than thosilwto not. They found that winter
survival rates declined from 77% for seedlings veitheast one true leaf to 55% for

seedlings with only cotyledons at the end of th& fjrowing season. Therefore, the
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timing of seed germination is critical for seedlggrvival. Environmental pressures on
life-history stages in alpine plants will usualligt &0 ensure that germination and seedling
establishment occurs soon after snowmelt, as Iddwere. This is when the conditions
are most suitable and ample time is available fowth before the subsequent winter
(Chambers 1995).

Survival strategies across different altitudes

| found no clear relationship between seedlingisahand altitude. This is consistent
with the work of Jolls and Bock (1983) who suggddteat more extreme environments
may not necessarily be more stressful for the sgabiat persist there. However, other
studies have found trends of decreasing seedlingvsiiwith increasing altitude. On Mt
Fuji in Japan, Maruta (1983) reported tRalygonum cuspidatuseedlings growing at
2500 m had only 3% survival compared with 63% swaivat 1400 m. In contrast, Vera
(1997) found that large-seeded species growinigeahighest altitudes showed the
highest seedling survival when grown under labayatonditions.

When the longevity of alpine species is taken attoount, alpine and lowland
species may not differ in their seedling survivadlabilities (Forbis 2003; Forbis and
Doak 2004), indicating that the alpine environmeart strongly shape life-history, but
does not alter the shape or strength of evolvedhistory trade-offs. Longevity is an
appropriate strategy in environments with highmaenual variation in climate and
where frequent sexual reproduction is generallytéchby the environment (Grime 1979;
Bell and Bliss 1980). Longer-term survival of @&sies may be achieved through
apomixis. Clonality in this form, as an alternatio sexually produced seeds, can
facilitate the survival of new, vigorous and wetlegoted biotypes (Bliss 1962). These can
also benefit from the same dispersal mechanisnreasduals from sexually produced

seeds.

The role of seedlings in community level dynamimzsrasponses to disturbance
Reproduction by seed is an important characterfistispecies which are responding to
abrupt changes in climate. Species are expectedd changing climatic envelopes
(Waltheret al.2002; Klanderud and Birks 2003) and doing thisse&ual reproduction
may be faster and more effective than clonal reggiom, especially if long-distance
dispersal is required (Forbis 2003). However, etbmdividuals derived from hardy,

mature mother plants may be more robust in the ddearly-season frosts (Inouye 2000),
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a scenario predicted for regions where snowméliture decades is likely to occur
several weeks earlier than at present (Banngttat.2005).

Large-scale disturbances likely to affect alpineaa in Victoria include soil
erosion, cattle grazing and trampling, tourism fired Alpine species with the ability to
re-sprout or flower en-mass after disturbancesrane likely to be abundant and
successful, and therefore more likely to contrel lature of succession over the
following 20 years, dominating the vegetation aaducing the overall vegetation
heterogeneity (Kirkpatrick and Dickinson 1984; Wexhet al.2001a). However,
seedlings may also be abundant in the post-firegseape, benefiting from the profusion
of nutrients provided by the ash-bed and the ldadompetitors (Gill 1981) although, re-
sprouting species are expected to grow faster atidampete species recruiting from
seed. Investigation into the role of large-scadtudbance such as fire, in relation to
alpine seed germination requirements and subsegaedting survival, is discussed

further in Chapter 8.

Conclusions

Seedling establishment among alpine plants in ficokan alpine zone is common.
Seedling densities are within the ranges of thepented from alpine regions elsewhere
in the world. As few relationships with seedlingergence, density and survival were
found with altitude, the factors controlling seadliestablishment may be similar across
sites. Recruitment from seed in alpine areas eam $uccessful regeneration strategy, as
up to 40% of seedlings survived or establishedbust stages within two growing
seasons. Knowledge of current alpine seedlingmhjcgat high altitude sites will be
useful as a base-line for future alpine plant riégerent studies, particularly in the face of

a changing climate and potential large-scale distoces.
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Chapter 7 - Are facilitative interactions between alpine plams during

the early life-history stages more important at hidp altitudes?

Summary

In this chapter, | investigate the role of abovewgrd facilitative and competitive
interactions among germinating seeds and transgaasgedlings of three alpine species,
along an altitudinal gradient. The species | cheseeAciphylla glacialis(Apiaceae),
Brachyscome rigiduléAsteraceae) antrisetum spicatunfPoaceae). Seeds and
seedlings were transplanted into small clearedefzipn removed) or control
(vegetation intact) plots. The ‘*high’ sites in #tedy (Mt Bogong and Mt Hotham) had
lower air and soil temperatures, more frequentt$rcand stronger soil frost-heave events
than the ‘low’ sites and hence, facilitative interans of the target species with the
neighbouring vegetation was expected at these sites

Seed germination showed few trends with respesitéoand treatment. Using the
Relative Neighbour Effect index, | found that post(facilitative) and neutral
interactions were more common across all sitesthétower sites, positive, neutral and
negative (competitive) interactions were detect8dedling survival probability curves
revealed that seedlings planted at high elevatiaalsa higher probability of surviving
into their second year with close neighbouring vatjen.

The findings in this chapter highlight the importarof alpine seed germination
and seedling establishment. The current suitéporievegetation and community
patterns may not respond solely to environmengdgures, but switch between
responding positively and negatively towards cllosighbours. Should the balance of
plant interactions change in coming decades aslitihate changes, the composition of
the vegetation in alpine areas may also changere@uplant interactions that are
overridingly facilitative may become less so asshambient conditions at high altitudes

diminish.
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Introduction

Along gradients of increasing environmental stregmt productivity is predicted to be
highest in the least stressful environment (Grirdéd). Here, individual plants compete
for resources such as light, water and nutriemd,aae able to grow to the point where
they are limited by competing neighbours (Wilsod &eddy 1986). At the stressful end
of the gradient, plants may be more limited by ibipressures than resource availability
or competition from nearby plants (Callawetyal. 2002). Many experimental studies in
a variety of ecosystems have demonstrated straftg lom competitive interactions in
favorable and productive environments, to faciMainteractions where the abiotic
environment is severe (see Callaway (1995) foveeve. By definition, facilitation, or
positive interactions between plants, occurs whenspecies enhances the survival,
growth or reproduction of another (Klanderud anddaral 2005), whereby the
environmental factor(s) constraining plant growté alleviated by the physical presence
of a neighbouring plant. This may be through tirelgoration of the abiotic environment
by insulating the substrate, providing shade, lunffeagainst strong winds, or protecting
from frosts (Callaway 1995; Cholet al.2001). Competition involves a struggle
between individuals to acquire limited resourceali@vay 1997), while the importance
of competition is the relative degree to which riegainteractions contribute to the
overall decrease in growth rate, metabolism, fettyrashd survival of an individual

below its optimal condition (Brooker and CallagH£398). Until recently, plant
interaction studies have been dominated by con@e®xperiments. Experimentation in
benign environments may render little evidencddoilitative interactions as, although
they do exist, they are probably masked by thdivelg greater impact of competition
(Brooker and Callaghan 1998).

Alpine environments are particularly suited todéds of facilitation as the severity
of the abiotic environment is the primary limitgant growth (Billings and Mooney
1968; Korner 1999; Olofssaost al. 1999). The Australian alpine landscape is no
exception, with the highest peaks (>1800 m) doneihdity stressful conditions such as
strong winds, frequent frosts, extended snow cawercool summer temperatures
(Williams 1987). The lower alpine peaks (1500-17@)0have potentially more favorable
conditions for plant growth because the snow seasshorter, frosts are less common,
and growing seasons are warmer and longer (seg&p

Across the alpine landscape in Australia, | sugtiestfacilitative interactions
between close neighbouring plants are more likelydcur at the highest elevations,

where the benefactor and beneficiary plants argetyaand positively associated. At
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lower elevations, where plants may be less limitgdheir environment, | expect to see
fewer positive associations between close neighbgynants and individuals performing
better without close neighbours.

There is a knowledge gap in the alpine plantdiiere regarding the interactions of
alpine plants at the very early life-history stag@&e role of seed germination and
seedling survival in alpine areas has been langetyected (Billings and Mooney 1968;
Bliss 1971, Billings 1973) and, although many aépgpecies are clonal and historically
thought to rarely reproduce by seed, seed germimasieedling emergence, growth and
survival are all critical to many species’ longgwind migration capabilities in the face of
global warming (Kérner 1999). In a natural alpgedting, seedlings are expected to grow
better clumped together, sheltering in the leesagimbours, as many authors have found
for adult individuals (Carlsson and Callaghan 198tlirmet al.2001; Callawayet al.
2002). Such positive interactions have been dis@/in numerous alpine locations
around the world on adult plants (summarized bya@alyet al 2002), with the
overriding outcome that most plants benefit fromsel neighbours, and that facilitation is
the dominant inter-plant interaction in high mountanvironments. Neighbouring plants
can change micro-habitats by reducing wind speadsgasing local temperatures, aiding
in the accumulation of nutrients, reducing soil\re&om frosts and, in some cases,
helping to protect against herbivores (Carlsson@althghan 1991; Moen 1993; Stugh
al. 2001). However, this may not always be the castiams (1992) showed on the
Bogong High Plains, Victoria, that several speciefrbs and shrubs were able to
colonise bare ground gaps in alpine grasslandsarirfields without the facilitative
buffering effect of adjacent vegetation. In aduitias | showed in Chapter 6, seedlings
of all life-forms can emerge in bare ground gapgrdless of altitude or ambient
temperatures.

In the current study, | experimentally investigatied role of competitive and
facilitative interactions with regard to seed geration, seedling growth and seedling
survival along a natural altitudinal gradient i tictorian alpine zone. This natural
gradient can also be used in a ‘space-for-timesstution (Pickett 1989) in order to

predict the consequences of global warming on alpeeds and seedlings.
Specifically, | ask: “Does the presence of closigmeouring plants enhance (facilitate)

the seed germination, seedling growth and seedlimgval of alpine plants at the highest

altitude sites in comparison with the lower altieugites?”
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Methods

Study sites and species
The study was conducted in the Alpine National Ranmkorth-east Victoria,
approximately 350 km from Melbourne, Australia. eTdrea comprises several high
peaks, including Victoria’s highest mountain, Mtdgdmg 1986 m, which can be covered
by snow for four to five months of the year. Thean annual rainfall is >1800 mm (LCC
1982) with much of this precipitation falling asosnon the high peaks during winter.
Average air temperatures follow seasonal variatieitis typical daily minimums and
maximums of between 2 and 27 °C in summer and d6lar’C in winter. Frosts are
frequent and can occur at any time of year (Wilbat®87). The growing season spans
approximately seven months from snowmelt, usuaidyednd of September, until late
April, when the first substantial snowfalls of tater begin.

| chose sites on four mountain peaks to represgra@ient of elevation from high
to low: Mt Bogong (1970 m), Mt Hotham (1860 m), Magdala (1725 m) and King
Billy (1696 m) (Figure 2.1, Table 2.1 in Chapter Al sites are classed as ‘Steep Alpine
Mountains’ after Costin (1957), are above the radtiree-line and are dominated by tall
alpine herbfield vegetation (McDougall 1982; Waddhal. 1986). The low peaks, being
closer to the tree-line, also include shrub spetiasare common in sub-alpine woodland
(Costin 1957). The underlying geology of the arages (LCC 1982) (Table 2.2 in
Chapter 2). Despite such geological variatiorthgse regions parent material rarely
influences soil type and all soils are considecedd of the ‘alpine humus’ type and are
acidic (pH 4 to 5) (Costin 1962b; LCC 1982). Gatle currently excluded from all sites,
but grazing has occurred to varying degrees irptst (Lawrence 1999) (Table 2.1 in
Chapter 2). None of the sites examined have baert bince 1939 or, in some cases,
well before this time.

| chose three study speciégiphylla glacialis(Apiaceae)Brachyscome rigidula
(Asteraceae) an@irisetum spicatunfPoaceae), hereafter referred tdAagohylla
BrachyscomandTrisetum All species are locally abundant at each sitbtaeir
occurrence has been confirmed at most of the otlogintain peaks in the region (Walsh
et al. 1986; McDougall and Walsh 2007). Additionallffpund high levels of
germination in these species in prior laboratosyst€¢Chapters 4 and 5). All seeds used in

sowing experiments were pre-tested for filled embryith a light-box and squeeze tests.
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Climate and environmental variables
Soil and air temperatures were measured hourly WithiTag data loggers (Hastings
Data Loggers, Port Macquarie, QLD) at one highsgiidt Bogong, 1970 m) and one low
site (King Billy, 1696 m) during the 2005/2006 griogy season. The data set is
incomplete due to occasional equipment failuretheft. The soil temperature probes
were inserted into cleared (vegetation removed)camdrol (vegetation intact) plots at 10
cm depth. The air temperature probes were housadbievenson screen mounted on a
stake at 1 m height.

Temperature data were converted to mean monthlyiggodegree-days (GDDSs).
GDDs were calculated as a measure of the accurdudateunt of heat (in degrees
Celsius) above a base temperature to represemhalative index of energy available for

growing plants, according to the formula:

GDD = [(maximum daily temperature + minimum daiynperature) / 2] — base temperature

The daily GDDs were then summed for each montthoke 0 °C as a conservative base
growing temperature as alpine plants are genevalligd in their absolute base growing
temperature and this value encompasses this VigtgigBiliss 1962; Kérner 1998; Brown
et al.2006). Additionally, a base temperature of 0 SConsistent with other studies of
alpine vegetation/temperature relations (Wakdeal. 1994; Dirnbdcket al.2003). GDDs
are a useful way to analyse temperature data asatne can be obtained for each month,
and values for each site can be easily compared.

| measured the impact of frost events on solil Btghising vertical displacement
pins (Brownet al.2000) at Mt Bogong, Mt Hotham and King Billy. Bhinethod records
the height that frozen soil reaches during a feesint, and frost-heave is inferred from
the change in height of a rubber washer on a 5 tamlsss steel rod. The rods were
inserted to a depth of 10 cm into the soil (seaifd@.4 in Chapter 2). A rubber washer
sits above a wooden disc, which are both forceslitie up the rod when pushed by
freezing soil. The rubber washer stays in pladeping the rod after a frost event, and
the distance it moved from the surface can latenbasured. The wooden disc slides
back down the rod to the soil surface as the baivs. The rods are reset after frosts by
pushing the rubber washer back to the soil surfd@n vertical displacement pins were
erected in areas of naturally occurring bare graamditen in intact vegetation at three
sites. Frost-heave measurements were made atitieeeals over the 2005/06 growing

season.

131



Chapter 7

Soil moisture (%) was measured in cleared (vegetag@moved) and control
(vegetation intact) plots over the 2004/05 and 200g§rowing seasons at every sample
interval using a Theta-Probe and HH2 reader (Me&msant Engineering, Australia, Pty,
Ltd). Readings were calibrated against gravimaligadetermined soil moisture

measurements from the four sites.

Experimental design

| investigated the role of above-ground facilitatit two critical life history phases, the
seed germination and seedling stages, across egrad alpine sites. | chose not to
include below-ground interactions in my study, las fiactors that drive plant community
patterns in Australian alpine landscapes are thiolaghe predominantly above-ground
processes, i.e. frosts, wind, cold air drainage frast hollows and snowmelt patterns
(Williams and Ashton 1987).

Seed germination

The first experiment tested for the effects of hbiguring plants on seed germination. At
each site, 24 cleared (vegetation removed) plote wesated by clipping above-ground
vegetation to ground level within a 225%piot. Twenty-four adjacent control plots
(vegetation left intact) of the same size weregahinith each cleared plot, within
approximately 0.5 m. The plots were arrangedsiratified-random manner around each
site, with an equal number of plots on each asp&ctvards the end of the growing
season in 2003/04, | planted 10 seeds into eiglatret! and eight control plots for each of
the study species at each site. Seed was sounradgbpulations local to each site
collected two to four months prior to planting. r@@ants were recorded three times
over the growing seasons of 2004/05 and 2005/0@ividual germinants in each plot
were identified with a coloured paper-clip.

In the first growing season, the early-season sammpérval was between
November 24, 2004 and January 14, 2005 (austraiggpthe mid-season sample interval
was between January 31 and March 19, 2005 (awgstnaier); and the late-season
sample interval was between April 7 and April 2802 (austral autumn). In the second
growing season, the early-season sample intervebeaveen November 5 and
November 18, 2005; the mid-season sample interaallyetween January 11 and January
26, 2006; and the late-season sample interval wtgslen March 16 and April 13, 2006.
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Seedling growth and survival

The second experiment tested for the effects afhiiuring vegetation on seedling
growth and survival. At each site, 24 cleared(fdr each species) were created by
clipping above-ground vegetation to ground levehfra 225 crplot, as in the seed
germination experiments. Adjacent control plotshef same size were paired with each
cleared plot and arranged in a stratified-randommeaaround each site, with an equal
number of plots on each aspect. One seedling l@asegl into plot. Seedlings had been
grown from seed collected during the 2003/04 ar@ZTb growing seasons; the seed
was germinated in Melbourne at La Trobe Universitycontrolled glasshouse conditions
and seedlings were grown outside in the shadehddsang April 2005, seedlings of
Aciphylla,BrachyscomeandTrisetumwere transported and planted at their sites af see
origin into cleared and control plots. There wiaifficient seedlings to plant each
species at each site. Thésjiphyllaseedlings were not planted at Mt Bogong and
Brachyscomeeedlings were not planted at Mt Hotham.

At the time | established the experiments, | codribke number of leaves for every
AciphyllaandTrisetumseedling and measured the height of eBrachyscomaeedling.
The ongoing performance of planted seedlings with&ithout neighbours was
guantitatively assessed by counting the leaveAapphyllaandTrisetumseedlings and
measuring heights @rachyscomaeedlings, at three intervals (early, mid and) later

the 2005/06 growing season.

Data analysis

Seed germination

To examine whether facilitative interactions witbhse neighbours are indeed occurring at
the higher elevation sites, | investigated therat@on of site (Mt Bogong, Mt Hotham,

Mt Magdala or King Billy) and treatment (clearedoantrol) on seed germination using
two-way ANOVA. After attempting to transform thatd to meet the assumptions of
ANOVA, as non-germination results (zeros) were v@snmon throughout the data set, |
ranked the mean germinations in each treatmergdohn site, and performed the ANOVA
on these ranks, following the method used by KepnéerRobinson (1988). Non-
parametric tests were not appropriate as noneagivateraction term, which would
demonstrate an interaction between site and tredtama hence, any facilitative or

competitive effects on seed germination. Eachvgite compared against every other site
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for each species, in order to determine an intenattetween site and treatment. A
significant interaction indicates that the effetheighbours on seed germination may
depend on the site.

Seedling transplant growth

| calculated the relative competitive intensityvbeen pairs of seedlings, with and without
neighbours at high and low sites, using the Redaieighbour Effect (RNE) index
(Markham and Chanway 1996; Broolatral.2005):

RNE = (R — Po) / P

where ‘R refers to the performance of seedlings grownléaced plots, ‘B, refers to
the performance of seedlings grown in control pldtee RNE index allows for the
expression of the intensity of both facilitativedasompetitive interactions, with positive
values indicating a stronger competitive effect make more intuitive sense, | present
the RNE values in reverse, so that a positive valdieates a positive interaction
(facilitation) and a negative value indicates aai®@ interaction (competition), as per
Callawayet al.(2002). | calculated the term for ‘performanaethe RNE index using
the number of leaves fdciphyllaandTrisetumseedlings, and height (cm) for
Brachyscomefor the seedlings in paired cleared and contiatksp

| present the overall mean RNE value for seedlfry®s each pair of cleared and
control plots, for each site at three intervalsasrthe growing season in 2005/2006. By
using the RNE index, | can therefore assume thigrdnces in leaf number or height of
seedlings, between pairs of cleared and contrié$ ptonstitute a relevant indicator of the
direction and strength of a biotic interaction be¢w the seedlings and the neighbouring
plants. In my analysis, a death in any pair otliegs was removed from the
calculations to give a conservative estimate of petitive or facilitative interactions with
neighbouring plants. Towards the end of the grgve@ason, manciphyllaseedlings
had died, leaving too few pairs remaining on whiclsalculate meaningful RNE values.
Hence, no values for the last sample intervaltits $pecies are presented. Among
BrachyscomandTrisetumseedlings, the variability in RNE values tendrtorease
toward the end of the growing season, again daedecrease in the sample size
following seedling deaths. The differences betwiedlt values at each site, within each

species and sample interval, were compared witbpeddent t-tests.
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Seedling transplant survival

| investigated the probability of survival of pladtseedlings in cleared and control plots
at all sites using the Kaplan-Meier (K-M) produatit estimation function (Kaplan and
Meier 1958; Lee 1992). This is a non-paramettiep sunction commonly used in
medical trials but it is equally applicable to exgital data where the distribution of the
statistical population is unknown. Survival tireee broadly defined as the time to the
occurrence of a given event, in this case, de@tie method uses survival data from
every seedling in the form of elapsed time (sanmgkrvals) until death (right censored
data) and also data for seedlings which did no{m@-censored data) (Giménez-
Benavidest al.2005).

Unlike the RNE values used to assess the effentighbours on plant
performance, which includes the interaction betwdeared and control plots, there is no
one metric that can be calculated to compare tleetedf neighbours on survivorship
over the course of the experiment. Simply compgpsurvival curves does not infer any
differences in effect-size between cleared androbptots across the course of the
experiment. Therefore, for each species, | peréarmultiple two-factor ANOVAS on
the proportion of seedlings alive on each aspeetoh site. | assessed the effects of
treatment (cleared plot or control plot) by sitadle mountain) and the interaction
between them. In this analysis, the point of ie$ers the interaction term. A significant
interaction indicates that the effect of neighbaursseedling survival may depend on
site. Where the interaction terms were significatdts of means were examined to
determine the direction of the interaction.

SYSTAT version 10 (Copyright SPSS Inc., 2000) wsesdufor all statistical

analyses.
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Results

Environmental variables

Air and soil temperatures
Over most of the growing season, air temperatues Wwigh at King Billy (1696 m) with
daytime maximum temperatures regularly betweenn203® °C and overnight
temperatures rarely below 10 °C (between Januahiarch). At Mt Bogong (1970 m)
during the same period, maximum daytime temperatwere between 15 and 20 °C and
overnight temperatures always below 10 °C and ditdaw 0 °C. Overall, in the
summer months following snowmelt, air temperatateking Billy were up to 100
degree days warmer than Mt Bogong. Air temperatateMt Bogong stayed cooler for
longer, mostly due to the extended snow-lie atshes

Soil temperatures at King Billy and Mt Bogong falled the patterns of the air
temperatures, with higher soil temperatures atawer site (Figure 7.1). Soil
temperatures were generally higher in the contiatsgghan in the cleared plots. This

difference was most striking at King Billy (Figurel).
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Figure 7.1. Soil temperatures, converted to mgrghbwing degree days, recorded during 2005 and 200

in cleared (vegetation removed, dashed line, ogerbel) and control (vegetation intact, solid licégsed
symbol) plots at King Billy (circles) and Mt Bogorfgquares).
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Frost heave

| recorded 31 frost events (air temperatures b&ld@) at King Billy (1696 m), and 41
frost events at Mt Bogong (1970 m) during the sritee-season in 2005/06. Snow
thawed almost a month later at Mt Bogong than agiBilly. Frost-heave was recorded
regularly throughout the 2005/06 growing seasongifie vertical displacement pins at
three of the study sites (Figure 7.2). Frost eveatsed strong soil frost-heave mostly
early in the growing season at these three skesst-heave was more frequent in areas of
bare ground. Frost-heave was also significantiyngfer in areas of bare ground
compared with areas of intact vegetation (Figuge [Zog+1 transformed dat®,= 0.000).
There was also a significant effect of site, poplaver treatment (Log+1 transformed
data,P = 0.040), although there was no interaction betwste and treatment (two way
ANOVA, F = 1.829,P = 0.164) (Figure 7.2).
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Figure 7.2. Meant{ 1 standard error) vertical displacement of rubkashers on vertical displacement pins
(mm) in bare ground (grey bars) and vegetated énbatrs) areas at three sites, Mt Bogong (1970 rh), M
Hotham (1860 m) and King Billy (1696 m) during th@05/2006 growing season. N = 10 for each
treatment at each site. Different labels (a calijve columns indicate significant differencs<(0.05).
Higher mean vertical displacement at indicatesngfeo and higher frost-heave of the soil. Thesa ded¢

also presented in Figure 2.6 in Chapter 2.

Soil moisture

For approximately half the comparisons, soil maoestoetween cleared and control plots
showed no significant differences within the sammgle interval at the same site (Figure
7.3). However, on 12 occasions, soil moisture svgsificantly higher in the cleared

plots than the control plots, based on independtasts P <0.05). During the 2004/05
growing season, at all three sample intervals,moikture was significantly higher in
cleared plots than controls at Mt Bogong. At Mttihiom, cleared plots were significantly

wetter during the mid- and late-sample intervagsaiKing Billy during the mid-sample
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interval. During the 2005/06 growing season, swisture in cleared plots was

significantly higher than in control plots in thegd-sample interval across all sites, and in

the early-sample interval at Mt Magdala and KindyBiDifferences in percent soil

moisture between sample intervals (early, mid ael) lwithin the same growing season

were not compared as they are not strictly indepetd.e., particularly wet soil early in

the season may influence measurements taken kater o
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Figure 7.3. Mean percent soil moisture (+ 1 stati@aror) for soil in cleared and control plotsia four

alpine sites, at three sample intervals (early anid late-season) for (a) the 2004/05 g

rowing seandr(b)

the 2005/06 growing season. *No measurements takes during the mid sample interval at Mt Magdala

and King Billy during the 2005/06 growing season.
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Seed and Seedling Experiments

Seed germination

Of the few seeds that germinated across all spaaci@plots (Figure 7.4), more than 70%
germinated early in the first growing season aftawing. Of theAciphyllaandTrisetum
seeds, only four and two seeds respectively getedna the second growing season.
Trisetumseeds only germinated at King Billy, with no sigrant difference® > 0.05) in
mean germination between in cleared and contras pbmased on independent t-tests.
There was no germination Atiphyllaseed at Mt Bogong. Femciphyllaseeds
germinated in cleared plots at Mt Hotham (Figue®.7 There was a significant difference
in meanAciphyllagermination in cleared plots between Mt Hotham Kimdy Billy, and
between Mt Hotham and Mt Magdala (Figure 7.4, tstd3< 0.05 respectively). No
significant difference in germination éiciphyllaseed was found in control plots between
any sites.Brachyscomaeeds germinated equally well in cleared and obptots across
all sites, with no significant differences betwerratments or sites.

Two-way ANOVASs between sites, within each spediesed on germination
rank, revealed no significant interactions for aoynparison. Therefore, | conclude that
the effect of neighbours on seed germination igpethdent of site. OfteAciphyllaand
Trisetumseed germination was significantly dependent tmadone; however, this is
likely due to the complete lack of, or minimal, ge@nation at some sites. Hence, neither
competitive nor facilitative interactions betwedase neighbouring vegetation appear to
influence seed germination at these sites.

Seedling survival from germinated seeds was lovast\eeds lived between one
and three sampling intervals, i.e. one growing @easndependent t-tests showed no
significant differencesR > 0.05) between survival for seedlings in cleaned eontrol
plots at high and low peaks, the exception bdinigphyllaseedlings at low sites which
survived on average two sample intervals in corglaids and only one sample interval in
cleared plotsR < 0.05). Seedling survival times from these seeei® not compared
formally in the two-way ANOVA method, comparingesénd treatment, owing to the

low numbers of survivors.
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Figure 7.4. Mean (x 1 standard error) seed getinimdor (a)Aciphylla (b) Brachyscomeand (c)Trisetum
seed in cleared and control plots at the four sifeata is pooled across the 2004/05 and 2005/0&igg
seasons. N =10 seeds in each plot. There wgi¢ @lots of each treatment at each site.

Seedling transplant growth
Seedlings appear to be strongly influenced by ffexts of neighbouring vegetation.
Across all elevations, facilitative interactiondween seedlings and neighbouring
vegetation were common, particularlyAgiphyllaandBrachyscoméFigure 7.5).
Seedlings produced more leaves and grew taller whaounded by intact vegetation.
At the lower elevationslrisetumseedling growth was higher overall in the clegrkds,
indicating a negative or competitive interactionhnglose neighbouring plants. By
contrast, facilitative effects, or no apparent efeat some sample intervals, were
common amondciphyllaandBrachyscome

The mean RNE values from pairs of seedlings at sdehndicated that
facilitative, positive interactions may be occugiat all elevations betweékciphyllaand

Brachyscomeeedlings and adjacent vegetation over the durafithe growing season
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(Figure 7.5). Howeveirisetumseedlings appear to show a significant switch from
facilitative effects at high elevations (Mt Bogoagd Mt Hotham) to competitive
interactions at the lower elevations (Mt Magdald &mg Billy), most obviously

occurring during the mid-sample interval (Figurg)7.
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NP ,—H NP —— I NO DATA AVAILABLE
0 T T T (seedling mortality)
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Figure 7.5. Mean Relative Neighbour Effect (RNE)L(standard error ) for (&ciphylla (b) Brachyscome
and (c)Trisetum for pairs of planted seedlings at Mt Bogong, A &Y (BOG); Mt Hotham, 1860 m
(HOTH); Mt Magdala, 1725 m (MAG); and King Billy686 m (KB), across three sample intervals (early,
mid and late) during the 2005/06 growing seasaositRe values indicate a facilitative interaction;
negative values indicate a competitive interactibifferent labels above columns indicate significa
differences between sites during that particulande interval for each species using Bonferronitfhas
tests. Aciphyllaseedlings were not planted (NP) at Mt BogdBigachyscomeeedlings were not planted
(NP) at Mt Hotham.
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Seedling transplant survival
The survival of seedlings without close neighbognrmegetation was reduced. The
seedlings transplanted into cleared plots at highations (particularlciphyllaand
Brachyscomg were the least likely to survive into their sedg/ear. Over one growing
season, the probability of survival A€iphyllaandBrachyscomeeedlings declined
dramatically during the mid- and late-season sanmpégvals (Figure 7.6)Trisetum
seedlings maintained a high survival probabilitgothe duration of the experiment,
regardless of treatmenfciphyllaseedlings planted into cleared plots at Mt Hotham
showed a sharp decrease in survival probability theeseason compared to all other
plots. Overall, if seedlings were able to prodseeeral leaves during the growing
season, their probability of survival was greatigreased, regardless of the presence or
absence of surrounding vegetation. Therefore, tirinfluences survival. However, as
revealed by using the RNE index, the effect of iigpclose vegetation can decrease
growth.

| used ANOVA to compare the proportion of survivorseach aspect of every
site, using data from the mid- and late-samplervatis of the 2005/06 growing season
between all possible pairs of sites, within eadkcggs. The only significant interactions
between site and treatment were during the mid Bamiferval forBrachyscoméetween
King Billy and Mt Bogong Fieatmentxsie 6.318, d.f. = 1P = 0.027) and between Mt
Magdala and Mt BogongF{eamentxsie 5.706, d.f. = 1P = 0.034) (Figure 7.7). Both of
these comparisons indicated higher survival of lsegslgrown in cleared plots at the
lower site (King Billy or Mt Magdala), and a higlngportion seedlings surviving when
grown in control plots at the higher site (Mt BogdFigure 7.7). Therefore, at these
particular sitesBrachyscomeeedling survival may depend on the proximitylote

neighbours.
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Figure 7.6. Mean (z+ 1 standard error) Kaplan-Mé@eM) survival probability curves for (aciphylla,

(b) Brachyscomeand (c)Trisetumseedlings, at different sample intervals (earli and late) during the
2005/06 growing season. Seedlings were plantedcieared plots (dashed lines and open symbols) and
control plots (solid lines and closed symbolshatfour different elevation sites. The experinmteegan
(start) before snowfalls of 2005, when all seedlimgere alive.
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Figure 7.7. Mean (+ 1standard error) percentagainfivingBrachyscomeeedlings at the mid sample
interval of the 2005/06 growing season in cleanadl @ntrol plots for (a) King Billy, 1696 m (KB) dn(Mt
Bogong, 1970 m (BOG) and (b) Mt Magdala, 1725 (MAGBY Mt Bogong, 1970 m (BOG). Crossed lines
between points demonstrate the interaction ofasitbtreatment oBrachyscomeurvival.
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Discussion

General interpretation of results

The data indicate that facilitative plant interans, at the early life-history stages in these
three study species, may be of only minor impoanadhe Victorian alpine zone. Plant
interactions tended not to influence seed gernmonanywhere across the gradient.
Experiments on seedling growth and survival indidahat plant interactions across the
gradient are mostly neutral, with facilitative irdgetions occurring only occasionally over
the course of the experiment. Competitive intéoastwere only found at the lower
elevations based on the relative growth rateébrisetumseedlings. | suggest, therefore,
that facilitative interactions between close nemlning plants can occasionally occur
across the gradient of alpine sites in Victoridne Tonditions at lower altitude sites may
not be particularly favourable compared to higHevation sites and therefore, a balance
between positive and negative plant associatiomg@pected there.

During the course of data analysis from these exyats, 75 independent
comparisons were made between the sites; companghich included the effect-size
between the cleared and control plots (t-testsNE Ralues between sites), or
comparisons that produced an interaction term batvege and treatment (two-way
ANOVAs on seedling survival and seed germinatiota deetween sites). Of these, 17%
indicated that facilitation or, in some cases,slesmpetition’ was in fact occurring at a
high elevation site when compared to a low elevasite. Although the gradient of sites
chosen in this study is not particularly large, @®70 m in elevation, | also found that
plant interactions can switch from facilitationtlaé higher peaks to competition at the
lower peaks; this is shown clearly by the relativewth of Trisetumseedlings in Figure
7.5. Overall however, the weak differences searompetitive and facilitative effects
between seedlings and their neighbours may singblgat the small altitudinal gradient
of the sites used.

With decreasing altitude, the unfavourable envirental factors such as frosts
and low temperatures diminished and thus, the hoffeeffect of close neighbouring
plants from frost-heave and cool temperatures nsyl@Ecome less important. In
addition to the decrease in ambient temperaturssceged with an increase in elevation,
| found that intact vegetation can also be impdriamiminishing the effects of frost
heave. Significantly stronger frost-heave was showcleared plots compared to control
plots where vegetation acted as an insulative dratwithe soil. Wetter soils, also likely

contributors to frost-heave, were more common éndleared plots, potentially increasing
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the occurrence and strength of frost-heave. |falsnd that intact vegetation can
contribute to the amount of heat trapped at thiesswiace, potentially creating a more
favorable micro-climate for germinating seeds ametkging seedlings. This was most
pronounced at the lowest site, King Billy (1696 m).

Seed germination

A significant interaction in seed germination betwesite and treatment would indicate
that the effect of site and treatment are not iedepnt and hence, facilitative or
competitive interactions between neighbouring @anay be occurring. However, |
found no consistent pattern of seed germinatioh @ither treatment that interacted with
site across the alpine gradient. My results sugtes, at small-scales, further
amelioration of environmental conditions by closgghbouring vegetation did not
influence seed germination significantly, espegidlliring the first or second growing
season. My results contradict those of Gough (R@®® found seed germination at
higher elevations required the presence of closiéeling vegetation. However, low
mean germination rates of planted seed are notumom (Aguiar and Sala 1994; Gough
2006) and more than two thirds of the seeds plaintéuis experiment failed to
germinate. None of the study species are hardeskeauld so, it is unlikely that any frost-
heave occurring in the cleared plots would haveeiased germination rates through seed-
coat scarification (Bliss 1962; Amen 1966).

Facilitative effects can change temporally ovefaas lifetime. Aguiar and Sala
(1994) found that the facilitative effects of classighbours (grass and shrub species)
were important for providing shelter for seed geration and young plants. Then, as the
seedlings developed into adults, the positive &ffetaerial protection provided by
shrubs became less important than the below-groangpetition for resources. Their
results further demonstrate that the facilitatiffeats of close neighbours may be
important at the early life-history stages whendkeminant is most susceptible to harsh
or stressful environmental conditions. In my expent, it appears, the conditions were
not favourable for germination in either the cleboe the control plots. Few seeds
germinated in the low elevation control or cleapémts where | expected that the most
favourable conditions would occur.

None of the species used in this study are no@dybendent on gaps in the
vegetation (analogous to cleared plots) for gertiona Over time, such gap-dependent
species may switch their interactions with neigiMgpplants, and a species that acts as a

beneficial neighbour on one side, may act as a etitop on the other, providing too
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much shade, cooling ambient conditions and restgaeed germination (Olofsse al.
1999).

Seedling growth and survival

Over the last decade or so, many studies have esizgldlathe beneficial effects of close
neighbouring plants on the growth and survivallpiree plants, suggesting that abiotic
factors such as low temperatures, wind and saiidhances limit plant growth more than
resource availability (Callaway 1995; Kikvidze 199&llaway 1997; Cholest al.2001;
Pugnaire and Luque 2001; Callawetyal.2002; Klanderud and Totland 2005). In
contrast to my methodology, previous studies hacaged on removing vegetation
around the target, naturally occurring, adult imdiials and measuring final biomass or
number of leaves as an indication of the stren§therelationship between the target
plant and its surroundings. The methodology usdtis study enabled me to focus on,
and experiment with, the early life history stagéseed germination, seedling growth
and seedling survival.

Collectively, most plant-plant interaction stud&soss biomes show strong
support for the hypothesis that facilitative efteate likely to occur in environments
where abiotic stress or consumer pressure is Higkhis study, | found mixed results
where predominantly the interactions between thatpld seedlings and their neighbours
were either neutral or facilitative across thetadtinal gradient. Rarely were the
interactions competitiveTrisetumseedlings were the only species to show strong
competitive interactions anywhere across the gradiesites, at the lower elevation
summits of King Billy and Mt Magdala. These sitae likely to be where physical stress
and possible consumer pressures are low (Pugnairewgue 2001). However, over
time, individual seedlings may respond differentyenvironmental variables and close
neighbours. In the early sample intervals, mantghefseedling transplants without
neighbours at the higher sites had similar suryiwvababilities as their equivalents at
lower sites. It was not until the later sampleiaals that the direction of plant
interactions became clearer. Therefore, at angtpoitime, the direction of the
interaction can only be interpreted as the netrfzaaf any possible interactions; the sum
of all the direct and indirect, positive and negatinfluences between the target
individual and the surrounding vegetation (Pugnaird Luque 2001).

Over time, with increased shelter or with ambiesmiditions becoming more
favourable, neighbouring plants which once fadiitheach other’'s growth, may begin to

compete below-ground for water and nutrients. ldeif@a neighbour is to be facilitative,
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the advantages of the association must be suffigitarge to compensate for below-
ground competition and generate a net benefitfercb-existing species (Carlsson and
Callaghan 1991). The survival Bfachyscomeeedlings showed a significant interaction
between sites of high and low altitude with treattneSeedlings were more likely to
survive in the low altitude environment (Mt MagdalaKing Billy) if they were planted
without neighbours. Survival &@rachyscomat the high elevation (Mt Bogong) was
weakly dependent on treatment as it tended to s control plots. Overall, however,
close neighbours at high elevation sites in Vietanay not always act as beneficiaries,
nor may the environmental conditions at these sit@ays be constraining to plant

growth.

Further evidence for facilitative interactions atréy life-history stages

Studies on the very early life-history stages pfrad plants, in relation to competitive and
facilitative interactions, have been relatively fbath in the Australian and the
international literature. In the Snowy MountaiAsistralia, Wilson (1993) showed that
neighbours promoted survival in one species, bpprassed growth in all other study
species. He also showed that the degree of betoung competitive ability can change
at different altitudes, with the highest root:shradto and the highest below-ground
competition occurring at the highest altitudes.aictic tundra environments, Gough
(2006) showed that seed germination was higher weéghbouring vegetation had been
removed. However, there was little effect of néighring vegetation on the survival and
growth of adult transplants indicating that theemactive effects of neighbouring
vegetation can affect each life-history stage d#fifiely.

Overwhelmingly, the few plant interaction studibattdeal with seed germination
and seedling success in alpine areas show evidentailitation via the amelioration of
abiotic stress. The occurrence of seedlings clughfmgether, sheltering on the lee side of
neighbours, is common (Carlsson and Callaghan 1Q@Yjdze 1993; Sturnet al.2001;
Callawayet al.2002; Gough 2006). Kikvidze (1993) showed thatijpee spatial
associations at high elevations were four timesenecommon than negative ones.
Although my results do not fully concur with theesults, nor support the hypothesis that
seedlings only grow where they can shelter witlaegljt vegetation in alpine areas, these
findings from the international literature, in atiloin to the results presented here, show

that plant interactions are important in organisafgne plant communities.
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The role of plant interactions during climate chang Australia; using the altitudinal
gradient in a space-for-time analysis

The predicted future climate scenarios for the falisin alpine zone include higher
minimum temperatures, precipitation as rain rathan snow in winter months and an
overall reduction of the snow season (Hennessey.2003). As a result, changes in the
climate may indirectly alter the current balanceasen positive and negative plant
interactions and thereby alter the patterns of damie and structure in plant
communities (Klanderud and Totland 2005). This megur through the simple effects

of areas becoming warmer and more tolerable, whenagously plant growth was
suppressed by frosts and extended snow cover.n@ients are also expected to become
more readily available as higher temperaturesitawl litter decomposition and nutrient
mobilization (Klanderud and Totland 2005). Shiftspecies interactions, in addition to
changes in physiological responses, may lead toggsin abiotic niche suitability for
several alpine species (Heegaard and Vandvik 200d9s stress-tolerant species may be
able to migrate up mountains via facilitation, legdto new species assemblages and
distributions across the altitudinal gradient (Gneit al.2001). Therefore, if the
distribution and abundance of species are faalitdty the presence of other species, their
natural organization cannot merely be a co-incidesfcsimilar adaptation to the abiotic
environment (Callaway 1997).

In this study, the gradient of environmental fastfncluding frost events, soil
and ambient temperatures) appeared to follow titedihal gradient. However, this was
only partially reflected in plant interactions. Gdfurse, the interactions are not expected
to remain static, as shown in this study by thesamerable change in RNE values over
only one growing season. As the strength of iptant interactions can vary over time,
repeated measurements, perhaps over several yegrde important in order to
determine the overriding interaction (Olofssetral. 1999).

Experimental warming of an alpine habitat with ojpep-chambers (which
increase the temperature by 3 to 5 °C, seedirdt. (1999)), has shown that global
warming may increase the role of competition inreenvironments because the role of
facilitation appears to decrease under the warmmesgment (Klanderud and Totland
2005). The natural gradient of high to low alppeaks in this study can be used in a
space-for-time analysis and might reflect the typleshanges that may occur in future
decades with global warming. Therefore, | antiteghat seedlings growing at high
altitudes will face similar pressures that seedliaglow altitudes currently face, which

are predominantly neutral or competitive interatsio Seed germination rates are
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expected to increase in coming decades, as alpgdsshow high germination rates at
temperatures between 20 and 30 °C (Sayers and Y98&] Marchand and Roach 1980).
The greatest alterations to plant interactiongaeelicted for the higher altitudes.
In this study at Mt Bogong, the highest site, ptainseeds of both species only germinated
with close neighbours. If conditions at the higretes become more favourable, bare
ground gaps may become suitable habitats for emgggedlings as they occasionally do
now at the lower elevations. However, the effe¢tsost-heave, most common in the
bare ground gaps, are not likely to be dramatic&tiuced in future decades, as early-
melting snow may leave newly germinating seeds peetedly ‘out in the cold’ when
spring-time frosts are common (Bannisteial. 2005; Wipfet al.2006). In turn, this may
leave the lower sites, which currently experien@gimal snow conditions, open for

further invasion by typically understorey, subakspecies.

Conclusions

Seed germination and emergence, along with seedimgth and survival, are the life-
history stages and recruitment processes mostkatram the environmental pressures of
an alpine environment. | showed that the highualg sites in Victoria were more
stressful for these early life history stages tloaver peaks, principally because of colder,
more frosted conditions causing strong frost-heswle soil. The results from my short-
term experiment indicate that, across an altitudinadient, plant-plant interactions can
switch from being occasionally competitive or nautit lower elevations to occasionally
facilitative or neutral at higher elevations. Nderactions were found between site and
treatment on seed germination and therefore, nitiy@mer negative interactions with
neighbouring vegetation across the gradient cazohérmed. However, seedling growth
and survival were affected by positive, neutral aadative interactions with
neighbouring vegetation. The few confirmed posiiinteractions showed enhanced
seedling growth and survival at the higher sit8hould the current balance of
interactions across the gradient in future decatlasge due to climate warming, seed
germination and seedling survival in areas previodsminated by neutral or facilitative
interactions may be subject to competitive inteoss. This may potentially allow new,
open areas to be colonized. My study concentratddon above-ground responses to
close neighbouring vegetation; however, the oveeslibonse of individuals to their
neighbours will ultimately involve the whole orgami. In order to decipher the
interactions between whole seedlings, close neigisband environmental factors, future

investigations on below-ground processes are redquir
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Chapter 8 - Synthesis and implications

Introduction
Alpine environments can be harsh, stressful plémeglants to grow. Snow cover for
several months of the year, short growing seasstrang winds, frosts and soil heaving
from needle ice (Bliss 1962; Brirdt al. 1967; Billings and Mooney 1968) are just some
of the environmental factors present that plantstmantend with. At this end of the
habitat spectrum, theory predicts that plants xhibit a life-history strategy that
emphasises stasis in the adult stages, at the sxpéigrowth and fecundity (Grime
1977). Hence, many alpine species from aroundavtitéd are highly clonal, long-lived
perennials (Billings and Mooney 1968; Bliss 197 brker 1999) that rely on vegetative
propagation to maintain populations. This stratelgp allows species to survive long
periods of unfavourable conditions without the sishat are associated with sexual
recruitment. Alpine plants are therefore tradiéityn viewed as ‘stress tolerant’ (Grime
1979) and are expected to have low rates of reseaunt from seed. Additionally,
recruitment from seed is often stated as rare ahdmportant among alpine and arctic
tundra species (Billings and Mooney 1968; Bliss1®Billings 1973) as the
environmental conditions are expected to limitpdlhses of sexual recruitment (Bell and
Bliss 1980). Indeed, the timing of flowering caadontrolled by photoperiod, but
flowering success can be limited by snowmelt daehient temperatures and other
environmental phenomenon (Galen and Stanton 1993;¥rner 1999; Venn and
Morgan 2007). Pollinator visitation rates can dsocorrelated with environmental
factors such as temperatures and snowmelt dateoy@et al. 1982; Inouye and Pyke
1988). Therefore, pollinator visitation may onlggk when ambient temperatures are
warmest. In addition, past researchers have feeedling establishment rates to be low
(Bell and Bliss 1980) and mortality rates high (Wea938) under natural conditions,
citing low temperatures and dry soils as the likedyses. Frost events have also been
cited as causes of seedling mortality (Billings 798s needle ice and soil heave from
severe frosts disturb the substrate and damagé glaat roots (Inouye 2000; Bannister
et al.2005). Therefore, the opportunities for recruminieom seed in alpine plants
appear to be limited.

Despite the evidence presented in this early reeeahich emphasised the

apparent lack of sexual propagation in alpine pajparhs, other researchers working
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during the same time period were reporting higlelewf seed viability and germination
rates in laboratory studies (Wager 1938; Bliss 1%68en 1966; Sayers and Ward 1966).
Considerable variation, however, exists betweent&izband locations, as well as within
species (Amen 1966). Subsequently, researcheesdevonstrated that alpine and arctic
species also contribute to germinable seed bankgdmaret al. 1982; Urbanska and
Schiitz 1986; Coopeat al.2004) and that seedlings can occur in high derssithder
natural conditions (Jolls and Bock 1983; Wellingldraine 2000a; Forbis 2003) and after
disturbance (Chambeed al. 1987; Chambers 1995). In addition, seedling distabent
among alpine plants can be as successful as bedeline perennial species (Jolls and
Bock 1983; Forbis 2003) and hence, sexual repromtuat alpine areas may be no more
limited than in other habitats (Forbis 2003; Foidmsl Doak 2004).

Therefore, following further observations underunak and experimental
conditions, a paradigm shift has occurred in owtanstanding of alpine plant recruitment
processes over the past decades: recruitment fechia alpine areas can be common
and successful. Most of this research has beetucted in the Americas and Europe,
whereas research from Australian alpine ecosysieipsorly represented in the
literature. Hence, the research presented irthibiss was aimed at contributing to the

ideas which are shaping the new paradigm, from astralian landscape perspective.

Chapter outline

In this final chapter, | bring together the keydimgs from the six individual studies and
the second-order research questions. | followwlis an exploration of how these
findings are inter-related using the life-cycle rabohtroduced in Chapter 1 and an
ordination of some key life-history stages. | tligscuss the present and future of alpine
plant recruitment in the context of large- and dreadle disturbances, citing previous
research and by building a conceptual model ofreusegenarios. | conclude the thesis

with ideas for future research directions.
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Key findings

The overall project goal was to investigate the wfl recruitment from seed among plants
across a gradient of alpine mountain tops in Viatoin some instances, the change in
climatic and environmental parameters across titedihal gradient exerted a significant
influence on the patterns and processes of planitment from seed. For the most part,
however, the effect was minimal or only seen atetkieemes of the gradient, at the
highest or lowest sites. Recruitment from seedragrapine plants in this region appears
to be significant. Other species may contributsged banks and the seedling flora;
however, the similarity between these stages am@tdnding vegetation is often low. In
addition, seedlings often never reach maturity stadding populations must therefore

continue to reproduce via vegetative regeneration.

Key findings of the second-order study questions
The key findings of this study, as per the secort&ostudy questions introduced in Box

1.1 in Chapter 1, are as follows:

1. Do climate and other environmental variables ciinge across the altitudinal gradient of mountain
tops?

Ambient temperatures and, occasionally, soil teroees, did vary predictably across
the altitudinal gradient of sites. Temperaturesengenerally several degrees lower at
high sites when compared to low sites. Temperathg@asurements, converted into
growing degree days, also showed when snowmeltraatacross the gradient, which
was up to one month earlier at the low altitudessitin addition, precipitation was
generally higher at the high sites, as estimateBIRDCLIM. Other environmental
variables, such as grazing history and soil charestics, did not always change
predictably across the altitudinal gradient ofssit@ otal soil nitrogen and organic carbon
content decreased significantly with altitude, whother minerals in the soil such as
copper and manganese increased in concentratibraititide. Altitude can be used as a
surrogate to represent the suite of climatic andrenmental variables that occur across

the gradient.

2. Are there patterns in the vegetation compositinacross an altitudinal gradient of mountain tops?

Vegetation at the highest sites, Mt Bogong and Mthdm, showed the strongest trends
with altitude. At these sites, the vegetation daminated by forb and graminoid species.
At the lower altitude sites, shrub species tendedbiminate the vegetation and drive the
differences between sites. The composition olvdgetation within each site was always
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significantly different from every other. Howeveites that were most similar in altitude
tended to be more similar in vegetation than shaswere least similar in altitude. The
similarity of vegetation within some sites varietldhence, some sites did not clump
together well in ordinational space nor were thesifioned together in the dendrogram
following cluster analysis. The vegetation at Mtgeng and Mt Hotham showed the

most within-site similarity.

3. Does the mountain top vegetation form a seed k? If so, how similar is the species composition

of the seed bank to that of the standing vegetatién
Seed banks across the altitudinal gradient of sitge extensive, from 180 to over 1400

seeds per mwere similar between sites, and were of a persistature. There was little
similarity between seed bank species and the stgnaigetation. However, only two
species found in seed bank samples were not fautigtilocal mountain top flora. The
regeneration classes of the seed bank speciefhamstiinding vegetation were also

mostly dissimilar. The number of species sharethbyseed bank and the standing
vegetation (qualitative similarity) was usually higompared with the similarity of their
abundances (quantitative similarity). Hence, sget the seed bank, therefore, are more
likely to come from standing vegetation speciescltproduce large quantities of

germinable seed, but are low in their cover abuodan

4. What are the requirements for, and what are thgatterns in, seed germination for species which

grow across the altitudinal gradient of mountain tgs?

Final percent germination values under laboratoryd@tions were high across all species
and temperature manipulations. Some species shb@@¥ germination. Seed mass
had no significant influence on mean final pergg@rmination, lag-times or germination
speed. There were no trends of mean final pegemmination across the altitudinal
gradient. In many of the comparisons where sigaift differences were found, seed
from higher altitudes had a higher probability efmination than seed from lower
altitudes. One specieaciphylla glacialis showed no germination under the generally
favourable laboratory conditions. However, aftenleeks of cold-wet stratification at

2 °C, high final germination rates were record&krmination characteristics of this

species also showed few trends with altitude.
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5. Are there patterns in natural seedling emergermcacross the gradient of alpine sites? Are there

similarities between the seedling flora and standimvegetation?

Seedlings were common at all sites. Seedling tledscreased with altitude, but the
trends over both years of the study were not dicamt. The highest mean seedling
densities were found at King Billy where, on oneasion, more than 200 seedlings were
found in one 0.5 fplot. At all other sites, the density of seediimgr ni was generally
between 7 and 40. Across all sites, most seedénggrged early in the growing season.
Many seedlings survived long enough to become ksitegl plants, between 37 and 61%.
Seedling mortality roughly matched seedling esshinlient across sites. There was no
significant relationship between the percentaggeeflings that became established
plants, nor the percentage of seedling mortaliith aititude. However, most seedlings
from shrub species outlived the duration the stutllye percentage of forb seedlings
increased with altitude, whereas the percentagbdmib and graminoid seedlings both
showed slight decreasing trends with altitude.

The similarity between the standing vegetation seetlling vegetation was low.
Qualitative similarity was higher than quantitatsienilarity, indicating that species of
new seedlings are likely be the same as the adgktation, but high cover-values of
mature vegetation are unlikely to result in highdieng densities of that species. The
similarity in seedling flora across sites appedriggh (from ordination diagrams). The

similarity among seedling samples within each &iteed between 35 and 45%.

6. Do interactions with neighbouring plants affectseed germination or seedling growth and survival?

Do these patterns change across the altitudinal gdéent?

The effect of neighbours on seed germination wdspendent of site and treatment,
hence, neither competitive nor facilitative interacs affected seed germination. There
were no relationships between seed germinatiortheretreatment across the altitudinal
gradient. The survival of seedlings from planteddswas low, regardless of site or
neighbouring vegetation.

In contrast, planted seedlings were strongly inftezl by the effects of
neighbouring vegetation. Across all elevationsilitative interactions between seedlings
and neighbouring vegetation were common. Competititeractions were more
common at lower elevations. At high elevationgdéi@gs produced more leaves and
grew taller when surrounded by intact vegetatidhe survival of seedlings without close
neighbouring vegetation was reduced. Seedlingsiggpat high elevations without close

neighbouring vegetation were the least likely tovsag into their second year.
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Key findings and the life-cycle model

The key findings can now contribute to filling tkeowledge gaps which were present in
the life-cycle model (Figure 8.1) as introducedimapter 1. The model shows the inter-
relationships between the life-history stages &edl subsequent interactions with the
recruitment processes that link them.

Although the standing vegetation is predominanthgigture of species in the
‘Mostly Seed’ or ‘Mostly Vegetative’ regeneratiotasses (see Chapter 3 for definitions),
hundreds of viable seeds are regularly produceglvey predominantly clonal species.
Species of the ‘Mostly Seed’ class contributed tariglly to persistent, germinable seed
banks, influencing the high floristic dissimilaribetween the seed bank and the standing
vegetation. Seeds of all species tested wereyhggriminable, even those Atiphylla
glacialis following cold-wet stratification to break dormancHigh seed germinability
was translated into high rates of seedling ememender natural conditions, although
seedlings were mostly from forb and graminoid speciThe dissimilarity between the
seed bank and the standing vegetation was reflattedther dissimilarities between the
seedling flora and the standing vegetation. Segdftiortality appeared to be linked to
the timing of snowmelt, with many deaths at thenkigsites occurring during the early
recording periods of the growing season. Desp#anortality rates, high number of
seedlings became established across all sitesgdiiménperiod of study, with some
species reaching reproductive maturity. Seed ge&tion showed few interactions with
neighbouring vegetation. However, seedling groatt survival was occasionally
positively influenced by neighbouring vegetatiomoss all sites. Negative interactions
between seedlings and adjacent vegetation wereappigrent at the lower elevations.
The weak trends in positive and negative interastiacross the altitudinal gradient may
indicate that the alpine areas of Victoria aretreddy benign compared to those in the
northern hemisphere.

Discrepancies within the model, such as the diffees in species richness
between seed bank samples and seedling flora arstahding vegetation, may be an
artifact of the differences in sampling size useduantify each of these, or simply the
low contributions some species make to the seekl &t the seedling flora. The
differences may also be the result of seed banksaadling samples being taken from
different plots within each site. This could netdvoided as monitoring for seedlings in
disturbed plots, following seed bank sampling, rhaye resulted in biased emergence
rates, as seeds present in the soil responded tidturbance, rather than the

environmental and climatic factors present at ttee s
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vegetative propagation ?
« Of the species examined,;
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« All species examined
produced highly viable,
germinable seed

Seed

seed mass ?

* Varies within and between
species

» Few trends within species or
with altitude

/Established seedling
« 37 to 61% of all seedlings
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« No relationships with altitude
and establishment rate
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seedling survival
* Mortality 31 to 57%
« No trends in mortality with altitude
* High sites: mortality common

immediately after winter
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season corresponding to low soil

interactions with neighbouring plants
* 17% of independent comparisons, which
include the interaction between site and
treatment, indicated that facilitation is
occurring at higher sites

« Seed germination not affected by presence
or absence of close neighbours.

« All sites exhibit facilitation and neutral
interactions

« Lower sites exhibit competition.

« Survival of Aciphylla and Brachyscome
seedlings at higher altitudes is more likely
with close neighbours

moisture

Seedling

« Mean densities 7 to 40 m2. At King Billy, up to
83 m2

« Forb life-form most common at all sites

« Similarity between standing vegetation and
seedlings across sites: qualitative: 0.18 to 0.45;
quantitative: 0.04 to 0.09

« Sites close in altitude more likely to share
seedling species

» Seedling similarity within each site 35 to 44%

Germinant
* Germinants are dependent on
site and year

« Up to 22 individuals m2
emerge early in the growing
season, only 7 to 5 m2in mid
and late season across sites
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seed bank
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* Species in the seed bank; MS: 41 to 61%; MV: 21 to
35%; OS: 5 to 23%; VR: 0to 11%

germination

« Germination lag-time 2 to 21 days across all species,
sites and treatments

« Germination speed (Ts) 2 to 39 days across all
species, sites and treatments

« Final germination up to 100% in some species, few
trends with altitude

« In 75% of comparisons that produced significant
differences, seed from higher altitudes has a higher
probability of germination than seed from lower altitudes
« One species with dormant seeds, Aciphylla glacialis

* Most seeds opportunistic in their timing of germination

Chapter 8

Figure 8.1. The key findings within the life-cyateodel. Life-history stages, their properties agcruitment processes that were measured in tg ane indicated bigold
headings. Life-history stages are representedhbgted, rounded boxes. Properties of life-histtagess are represented with question marks followirgext. Recruitment
processes link life-history stages with arrows.ciRiément processes and life-history propertiesciwiwere measured in this study are bounded by slwargered boxes. Mortality
can occur during any stage or process in the irfdec Adult vegetation may persist for many yeaithout contributing seeds or seedlings to thedifele model. MS, mostly seed;
MV, mostly vegetative; OS, obligate seeder; VR,atatjve reproduction maintains populations.
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Relationships between key life-history stages
The key life-history stages studied here (seeds]lsgys and the standing (adult)
vegetation) are linked by recruitment processeh sisacontributions to the seed bank,
germination, seedling emergence and seedling salrvim addition to creating links
between these life-history stages, the recruitpemtesses can act to filter out certain
species from the community assemblage whose seeg®dlings are affected by
environmental and climatic constraints (Welling draghe 2002). Hence, the life-cycle,
which refers to the entire process of recruitmennfseed to seedlings to adults, can be
interrupted or altered at any stage by outsidefacteading to poor correlations between
life-history stages in relatively undisturbed vegietn (Chambers 1993). Welling and
Laine (2002) speculate that there may be fewerenmiental constraints between the
stages of standing vegetation and the seed banipared to those between the standing
vegetation and the seedling stage. There is aigerce that the transition from the seed
bank to the seedling stage carries a high mortayand thus, species are likely to be
more similar in the comparison between seed bané¢standing vegetation (Chambers
1993). These trends can also be highly speciesfgpeas species with particular
regeneration strategies, sometimes apparent dde$srms, have evolved to
compensate for the risks associated with recruitritem seeds in alpine areas
(Chambers 1995). For example, some species may nsesting strategy in response to
specific environmental cues in order to saturagestibstrate with seed, while others may
contribute to the seed bank continually (Kérner2)99

| investigated the similarity between the spepiesent in the standing vegetation,
the soil seed bank and the seedling flora, acrbsges, using NMDS and subsequent
ordination (Figure 8.2). Some distinction was seetween the groups, indicating that
the species of each life-history stage are mordasinithin that stage than between
stages. This pattern was confirmed by subsequl@3M analysis, which indicated
significant differences between groups (Appendi®y).8 Subsequent pairwise analysis
using ANOSIM indicated that the greatest dissintyavas between the species in the
standing vegetation and the species in the sedd(Bgpendix 8.1), seen most clearly in
the Axis 1 Vs Axis 3 ordination diagram. Seedlirggetation most likely contains a
combination of species from the standing vegetadiwhthe seed bank, hence, its wide
distribution in the ordination. Life-history grosipnay tend to clump together because
none showed strong trends in species composititmaititude. This gives further
evidence to support the idea that sites are relgtsimilar across the altitudinal gradient

in species composition, even across life-histoages. Although the species in the seed
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bank and those in the seedling flora were not fdgncampared with an index of
similarity, both these life-history stages showeghhdissimilarity with the standing
vegetation (see Chapters 3 and 6) and hence, feeetices between groups seen in
Figure 8.2.

| also compared the relationships between spedigmse three life-history stages
using NMDS and ordination within each site (Appen8i2). Within sites, the grouping
of life-history stages was varied and many sites\&td no group separation along any
axis of the ordination. The clearest separatiogrotips occurred at The Bluff, King
Billy and Mt Hotham (Appendix 8.2). Site-specitiomparisons showed no evidence for
similarities between groups being more frequetth@tiower or higher elevation sites.

The weak links between the three stages analpsbe ordination may be due to
the initial sampling scale. Across each site sta@ding vegetation was recorded as
percent cover from each of 20, 4quadrats; the seedlings recorded as individua2®jn
0.5nf quadrats; and the species in the soil seed bankthree bulked soil samples from
20 1nf quadrats. Had the measurements from all threénltory stages been recorded
from the same plots, similarities between them maye been higher. However, this was
not possible because removing soil samples, fosdlee bank analysis, may have altered

natural seedling emergence.
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Figure 8.2. The position of standing vegetati@eding and seed bank samples from all sites witteén

three dimensional NMDS configuration based on presiabsence data. A random selection of half the
available data was used due to computational ltroita of the software. Stress 2.1.
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Conclusions

The key findings, drawn from the conclusions of $heindividual studies presented in
this thesis, the life-cycle model, and the addgicordinations of life-history stages,
reveal that alpine plant recruitment processessaamountain summits within Victoria
are, in the most part, similar to those found irtgpaf Europe, North and South America.
These findings also support the new paradigm imalplant ecology: that recruitment
from seed in alpine areas can be common and sidiecke$® my knowledge, this study is
the first to investigate the landscape-scale patar plant recruitment across alpine
summits in south-eastern Australia. | confirmeel éiistence of germinable seed banks,
showed that seeds germinate easily, and that agedire common, as is the likelihood
that some seedlings will become established andmnatto reproductive adults.
Seedling mortality rates, however, occasionallyahastablishment rates at some sites.
Vegetative regeneration among alpine plants irsthdy region is prevalent; however,
recruitment from seed is an important componemtigihe plant regeneration and
potentially plays a role in building populationstarb, graminoid and shrub species. The
weak links between each life-history stage amongynadpine species is also a common
phenomenon in other regions (Chambers 1995; Aretya. 1999; Welling and Laine
2002). Within a plant community, 1 showed that tfezgjuency of species contributing to
a particular life-history stage can change, astbarprevalence of a life-history stage at a
particular site. | found that shrub species mayidate the standing vegetation whereas
forb and graminoid species may contribute more taumiglly to the soil seed banks and
the seedling flora. This also implies that theespef life-cycles and the length of each
lifespan can differ greatly between species.

Patterns in climatic and environmental parameteist across the altitudinal
gradient, with cooler temperatures, more frequesdté and longer snow seasons
occurring at the higher altitudes. However, onfew patterns in life-history stages and
recruitment processes correlate with these clinaatttenvironmental parameters. The
switch towards positive, facilitative plant intetaois at higher elevations is also weak.
This leads to the conclusion that the altitudinaldgent of sites available for this study
may be small and hence, patterns in plant recruitraeross the gradient may have been
too minor to detect. This small altitudinal gratief sites within Victoria represents
approximately half of the ‘window’ of the whole gliant of alpine summits within
Australia and indeed, the altitudinal range of sutamithin Australia is only a small
window of alpine summits worldwide. Researcheesraore likely to detect patterns in

plant recruitment across larger altitudinal gratieas the differences in ambient
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conditions also become more pronounced. Therefloeeyictorian mountains may be
viewed as one unit with minor patterns in the siagaegetation, but few perceptible

differences in plant recruitment between mountainsigher or lower elevation.

Australian alpine vegetation present and future

Outline

In this section, | outline the role of disturbanealpine areas, and the influence that
disturbance can have on plant regeneration. Idifsmss the responses of alpine
vegetation to previous disturbances. Using a quoed model, | show how the research
presented in this thesis fits into the in the framik of vegetation change and future

disturbance regimes in the Victorian alpine zone.

The role of disturbance

The research presented in this thesis has dedlttindtpatterns and processes of alpine
plant recruitment withoubngoing or recent disturbances. Disturbance regjrmowever,
are likely to influence plant recruitment, subsegumiccession and community structure
following the regeneration niche theory (Grubb 197¥he creation of gaps following a
disturbance can cue germination from the seed mrisequently influencing seedling
recruitment and establishment (Williams and AsHit®88; Williams 1992; Chambers
1993). Competitors may be removed, in additioadib nutrients and other limiting
factors becoming more available (Chambestral. 1990), leading to succession or changes
in community composition. Repeated or large-sda&irbances, however, can lead to
losses of top-soil, reduced soil nutrient avaii@pind severe erosion, diminishing
successful plant establishment (Johnston and Joh2€04; Scherrer and Pickering
2006) and significantly reducing species richnessdegrading the community structure
(McDougall 2001; Scherrer and Pickering 2006). stgjuent recovery following
disturbance in alpine landscapes can take decagi¢lse cold climate acts to slow

decomposition and weathering processes (ScherdePigkering 2005).
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Disturbances in alpine regions
World-wide, disturbances in alpine and arctic tanidndscapes can be severe and of a
large-scale, for example, landslides, mining ati&si road building and fire (Douglas and
Ballard 1971; Miller and Cummins 1987; Chambers3)99_ess severe disturbances can
include gopher and other small mammal burrowingtandelling (Forbiset al.2004;
Sherrodet al.2005), and the impacts of other animals suchiadeer (Cooper and
Wookey 2003) and geese (Kuijpetral.2006). Smaller scale disturbance may also
include the action of soil frost heave creatingaaref bare ground (Johnson and Billings
1962) and recreational disturbances such as camapichgrampling on and off trails
(Miller and Cummins 1987; Zabinskt al.2000).

In Australia, the history of disturbance in mountas and alpine areas varies.
Since the arrival of Europeans, around 200 yearssragjor landscape-scale disturbances
include a disruption to the fire regime and theddtiction of livestock grazing, dam
building and subsequent massive hydro-electrictpland road building (Good 1992;
Costinet al.2000; McDougall 2001; Scherrer and Pickering 2008)the early 19 and
20" centuries, pastoralists introduced large numbesheép and cattle into the high
country of New South Wales and Victoria in ordefded their livestock in times of
drought (Costin 1954). Ineffectively managed ltoek resulted in reductions in
vegetation cover and an increase in the amounai@-ground, prompting massive sheet-
erosion with subsequent changes in the vegetatitierps and community structure
(Costin 1954,1958). Pastoralists also increasedisiial fire frequency by deliberately
burning alpine grasslands and herbfields to rentbgainpalatable native grasses (namely
Poaspp.) and to promote new growth of the more palatgipeen-pick’ (Costin 1954;
Carr and Turner 1959). In addition, miners usegltfb clear undergrowth and to expose
geological features (Lawrence 1999). Before tinief landscape-scale fires are likely to
have occurred only once or twice per century (Leaghl.1987). Accounts of large-scale
burning by Aboriginal people in alpine areas remaglear (Lawrence 1999) but fires
were probably few or non-existent. Periods of didiare common in Australia
including the alpine zone (Costin 1954; Good 1998)addition, long dry periods can
induce vegetation die-back and also increase ttindtsiof case moth larvae, which eat
the bases of natidieoa species, resulting in patches of dead grasses@asionally bare
ground (Costin 1954; Green and Osborne 1994).

By 1958, all remaining cattle grazing leases heehbwithdrawn from the
Kosciusko State Park (Costat al. 2000) owing to concerns held by the Snowy
Mountains Hydro-electric Scheme about the conditibthe catchment. In Victoria,
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alpine grazing leases were slowly being removenh fsensitive areas in the Bogong High
Plains and the Wonangatta-Moroka unit during th&0%%nd 1990s (A. Markwick, Parks
Victoria, pers. comm.). However, in other alpimeas, seasonal grazing continued until
the final ban on all grazing in the (now) Alpinetidaal Park announced in 2005.
Nonetheless, disturbances in Australian alpinesaceatinue, including the
effects of recreational activities and tourism,lsas ski-area development and
maintenance, access roads, walking tracks (McDb@ag8al; Johnston and Johnston
2004; Scherrer and Pickering 2006), mountain bikimagse riding and bush camping
(Kirkpatrick and Dickinson 1984; Wahrest al.2001a). Other disturbances include the
localized effects of soil frost-heave, usually xisting bare ground areas (Chapter 2 and
7) and disturbances from feral horses and deerhwdaao create areas of bare-ground and
massive disturbance in and around bog system$i&hr®n, La Trobe University, pers.
comm.). Fires, used as a management tool in qubeahreas around logging coupes,
private property and those lit by bushwalkers, @lso increase the risk and occurrence of
fire in the high alpine areas (Kirkpatrick and Ciicdon 1984).

Effects of disturbance

Past mechanical disturbances, such as road ahthtking, can have lasting effects on
the physical and chemical properties of the soh{¥ton and Johnston 2004; McDougall
2001; Scherrer and Pickering 2006). Soils on raades may have reduced levels of
nutrients and organic matter, as well as increaseounts of the coarse material fraction
when compared to undisturbed areas (Johnston dnmdtdm 2004). Soils on disused
walking tracks can also have significantly lowerdks of organic carbon, nitrogen,
phosphorous, potassium and calcium when comparadjacent undisturbed vegetation
(Scherrer and Pickering 2006). Without suitablebonating intervention such as
revegetation, continued erosion by wind and watesuch disturbed areas can eventually
result in bare and stony pavements (Bratial.2006). Roads and similar disturbances
can also provide access for weeds into alpine dRiakering and Armstrong 2003) as
seeds and propagules attach to the increasing marabears, walkers and other visitors
to alpine areas.

Fires in alpine areas can completely remove getation cover, including the
litter layer, burn the upper soil horizons and @goil nutrients (Kirkpatrick and
Dickinson 1984). Burnt areas are therefore badeusnstable, and particularly sensitive
to wind and water erosion (Costin 1954; Kirkpatraokd Dickinson 1984; Wahrest al.

1994; Wahreret al.2001a). Low intensity fires, like many disturbaaccan create a
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mosaic of gaps in the vegetation (Williams and Asht988; Williams 1992) creating

opportunities for colonizing and seed regenerasimgcies (Bliss 1971; Billings 1973).

Vegetation responses to disturbance
Following disturbances, the initial colonisationbafre ground tends to be from the seed
bank, rather than from freshly dispersed seed&getative runners (Coopet al.2004).
However, following fires in alpine and sub-alpirmeas of Australia, re-sprouting species
are more likely to colonise the newly burnt ardéiskpatrick and Dickinson 1984;
Wahrenet al.2001a). These re-sprouting species may have patiag and subterranean
organs, for examplAsperula gunnjiCraspediaspp. and_eptorynchos squamatus
(Wahren et al 2001). Curiously, the shrub spewigish recover quickly after fires tend
to be obligate seed regenerators (Kirkpatgtkl.2002) rather than re-sprouters (Wahren
et al.2001a). However, life-form classes can be podicetors of the behavior of
individual species (Kirkpatrickt al.2002). The first growing season following a fire
often shows magnificent pyrogenic flowering disgl@anong many grass and forb
species (Wahreat al.2001a), potentially leading to high seed bank iapu
Successional processes following disturbance imalgegions are likely to be
slow (Billings 1973). Fifty-one years after fire Mt Wellington, Tasmania, Kirkpatrick
et al (2002) report continuing evidence of floristic astductural changes in the alpine
vegetation. Similarly, Kirkpatrick and Dickinsoh984) report that 20 to 40 years may
be needed for vegetation to completely re-establigeveral high peaks in Tasmania. In
addition, McDougall (2001) reports that decades bayeeded for re-colonisation of a
heavily disturbed road verge on the Bogong HighnBlavhile Roxburgtet al (1988)
(followed by Brownet al. (2006)) report on continued secondary successiarhigh-
alpine cushionfield 24 years following road distambe in Central Otago, New Zealand.
Early colonisers of disturbance induced gaps mage® different life-history and
physiological traits compared with the species gngvin the more mature successional
stages in the undisturbed natural vegetation (Mardrand Roach 1980; Scherrer and
Pickering 2006). However, there is evidence timat@to-succession (convergence)
model may be appropriate in some alpine landscimtlesving fire (Kirkpatrick et al.
2002). In contrast, Browet al (2006) suggest that because recent colonisatinave
species in a disturbed area occurred, successigriath@w a model in which species
richness and diversity is maximized at intermedietels of disturbance (Connell 1978).
Fox (1981) tested the intermediate disturbance tingsis in an arctic-alpine fellfield
which was disturbed by frost-heave in the White Wtains, Alaska. He showed that
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intermediate levels of disturbance increased spatieersity, compared to undisturbed
vegetation, by influencing the evenness of spealiemdances rather than the overall
number of species. Hence, succession after dastgsbin alpine areas can follow a
number of different models, and no single paradigpears to prevail across all
situations.

What appear as recent successional changes iregfgeation, however, should be
checked against continual background changes riegi@bundances. These may occur
over decades, as species’ ranges expand and ddntrasponse to historical
disturbances and climatic changes (Grabbeal. 1994; McDougall 2003; Scherrer and

Pickering 2005). Long-term studies of vegetatibargye are therefore essential.

Potential responses of Australian alpine vegetatmfuture disturbance
Australian alpine vegetation may be sensitive tgdescale disturbance, such as repeated
landscape-scale fires or cattle grazing, but mslyiko have evolved with, and therefore be
resilient against, frequent, small-scale, localideturbances such as frost-heave and
insect herbivory (Wahreet al.2001a). There is no evidence that alpine vegetati
require fire for regeneration (Kirkpatrick and Dickon 1984) and fire is generally
regarded as rare in the alpine zone (Williams aosti@ 1994). Alpine species in
Australia are differentially flammable; many shiggecies burn well due to their
scleromorphic features such as small, hard, lepalkares with volatile oil producing
glands and fire-enhancing architecture (Williaetsl.2006). Grasses and many forb
species tend not to ‘encourage’ fire in quite theme manner. Hence, initial post-fire
reports of some recent fires in Victoria have cadel that shrub species can determine
which areas of the landscape burn preferentiallglfi®net al.2001a; Williams 2003;
Williams et al.2006).

Climate change predictions for the Australianradpzone include higher
minimum temperatures, reduced snowfalls and sulesgdonger growing seasons
(Hennesseyt al.2003). The incidence of extreme events, and pg#d droughts, are
also expected to increase across Australia, palgniincreasing the frequency of fires
(Hennesseyt al.2005). How the vegetation will respond to rapid @ngoing climate
change, in addition to the changes in disturbaaganes, will be determined by the
combination of local climatic and environmentalttas (see Chapter 2) and the plasticity

of species’ recruitment processes.
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A conceptual model

To help interpret the potential responses of alpegetation to future changes, |
developed a conceptual model (Figure 8.3). Theeptual model uses a similar
framework as the state and transition model asnaatlby Westobt al (1989). In this
model, ‘states’ are represented by numbered, dragledd boxes; directional ‘transitions’
are represented by straight arrows with assoctatddndicating the trigger that might
initiate the transition. | identify seven staté}tates 1,4 and 7 are stable, whereas 2,3,5

and 6 are transitory.

Continueq

1. Prior to frequent fire

European arrival 5. Actively recovering and

(relatively pristine regenerating 7. New vegetation
condition) (re-sprouting and seeding) assemblage

(potential decrease in
obligate seeders)

cattle grazing Y

A

| 2. Degraded ] fire

no disturbance
(high levels of bare

ground, rocky)

4. Relatively stable
‘ in composition 6. Species composition
responding to
ambient conditions
(potential for migrations,
alterations to plant interactions

following climate warming )

no disturbance

A 4

3. Recovering
(decreasing bare-
ground, increasing

shrubs)

Figure 8.3. Conceptual model of past and futuanges of alpine vegetation with respect to distocba
and climate warming. See text for details of estelte and transition. The research describedsrthisis
predominantly focuses upon vegetation in State 4.

Prior to European occupation and settlement, thi@a@legetation was in State 1 and was
relatively pristine. Introduced livestock in th8QDs led to a degraded state (State 2) with
high levels of bare-ground and exposed rocky gbadsvrence 1999). After the exclusion
of cattle from alpine areas, the recovering vegmtah State 3 showed an increase in the
cover abundance of most vegetation types, but edjyesome shrub species which

recruit in bare ground patches (Carr 1962; Williaand Ashton 1988; Williams 1992).
With enough time between disturbances, State 3traagition into State 4. As the extent
of the landscape-scale fires in alpine areas dur#89 are unclear (Carr and Turner
1959). | assume that fires did not drasticallgefffthe vegetation at the highest peaks.
This, the relatively stable State 4 representgtineent vegetation composition and
patterns. | consider that the alpine peaks whexedsearch for this thesis was conducted
were in State 4. Landscape-scale disturbancesasufite may induce the transitory
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State 5, whereby species follow the successionhinzgys discussed in the previous
section. Frequent fires may disrupt auto-succassijorocesses, leading to altered
patterns in the vegetation and new species assgashlahown by State 7. Such fires
may occur more frequently in the lower altitude miains, as flammable shrub species
dominate in these areas (see Chapter 2). Somk spegcies may also require bare
ground gaps for regeneration by seed (Williams 1882 hence, repeated disturbances,
such as fire, may eventually lead to a vegetatgsemblage with a higher shrub
component. In addition, species without re-sprautnechanisms (see Chapter 3) may be
lost from the vegetation assemblage should fireiobefore they mature and set seed.
Repeated fire events, however, are more likelyhemge the composition of vegetation
through depleting soil nutrients and encouraginesosion in periods of low vegetation
cover (Kirkpatrick and Dickinson 1984). Withoupeated disturbance, State 7 may
move back to State 5 over time and eventually r&tate 6. Without major disturbances,
| anticipate that all species will need to adaph®rapidly changing climate, as proposed
by State 6, although climate change and disturtsam@y be linked, drought events and
extreme fire weather are predicted to accompanymivey temperatures (Hennessayal.
2005).

Ongoing changes in vegetation patterns as a resgorclimate warming, as in
State 6, can be analysed using the natural gradienbuntain summits used in this thesis
as a ‘space-for-time’ analysis. Hence, vegetgbatterns and processes which currently
dominate at the lower, warmer elevation sites n@ayidate at the higher elevation sites
in the future as the climate warms. Changes maxngtbre include increased shrub
abundances at the higher altitudes (Chapter 2)rane frequent incidences of
competitive interactions at the higher elevatiddbdpter 7). The seed bank composition
(Chapter 3), seed germination (Chapters 4 anddsaadling regeneration rates (Chapter
6) are not expected to change dramatically as thesmsses showed few patterns across
the altitudinal gradient. The conceptual model @einas a guide to potential changes in
vegetation patterns. Continual, long-term postudizance monitoring of alpine
vegetation in Victoria will lead to more accurassessments of species responses to
change and their successional strategies.

Elsewhere, alpine vegetation responses to reciemitel changes are already
apparent. Research from the Swiss Alps showsahaher temperatures over recent
decades are already correlated with migrationegetation (Grabhewt al. 1994;
Waltheret al.2002; Waltheet al.2005) as the effects of climate, the major lingtin
factor for altitudinal species richness, is dimiv@d. Similar changes are underway in
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Norway where species richness has increased ohth® 83 mountains surveyed from
1931 to 1998 (Klanderud and Birks 2003). They stda& mean increase of 10.2 species
per mountain over the time period and 25% of sjzetéel exceeded their previous
altitudinal limits (Klanderud and Birks 2003). Suchanges are expected in other
mountainous or high latitude regions, assumingetieample variation in altitude or
latitude, available migration corridors and vadaabitat niches (Huggett 1995; Kérner
1999). Species are expected to track a shiftimgatic envelope (Walthest al.2002;
Klanderud and Birks 2003) and sort and sift thewesehccording to their tolerance
ranges and to extreme weather events (Huggett 199%)g-term studies of this nature
offer the chance to unravel the interacting effectslimate, biological interactions,
resource availability and extreme events to prddictre vegetation responses and

subsequent distributions and patterns.

Summary and conclusions

Several recruitment strategies enable Australipmalspecies to survive disturbance.
Before European settlement, the alpine zone was likely free of large-scale
disturbances and the vegetation composition wae filaly maintained by small-scale,
localised disturbances such as frost-heave, hagpaad occasional soil erosion. More
recently, anthropogenic disturbances in alpinesaheae included increased fire
frequency, road building and associated tramplotigWing increased visitor access.
Disturbances in alpine areas can also have lasffiegts on soil structure and
composition which, coupled with the cold climatelanherently slow growth rates of
alpine plants, may cause slow rates of successitowiing disturbance. Recruitment
from the soil seed bank and vegetative resprowfrayirviving individuals are both
important mechanisms for responding to disturbar@gccession models among the few
local, post-disturbance studies in alpine areasrixed and dependent on the type of
disturbance, vegetation composition and time-stisairbance. A conceptual model of
future vegetation responses can be useful for gtiadithe outcome of vegetation change
in the Australian alpine zone. Knowledge of alp&nt recruitment processes can
inform the states and transitions within the modébwever research using long-term
data sets will no doubt prove essential in unrawglihe interactions between disturbance,

climate change and vegetation change.
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Future research directions

The research presented in this thesis provideichlsase for understanding the current
recruitment patterns and processes of alpine glagtties. However, this study also
highlights the requirement for further investigatiato the patterns and processes of
plant recruitment in times of change.

Approximately seven months after the field compdméithis study was
completed, bushfires swept through the Victoriaruntain regions (December 2006).
Many of the alpine summits in this study were burfiberefore, | recommend a
comprehensive assessment of the rates, patternsaedying mechanisms of recovery
of the vegetation following fire, which will lead &an improved understanding of these
ecosystems. Specifically, such studies shouldidenseed bank dynamics, seedling
emergence and survival, the ongoing and changileghat plant interactions may play in
plant regeneration, and the nature of successgtatds. Detailed species-based
demographic studies can be useful in all aspedisi®fesearch, as can more generalised
community-based approaches.

The stages and processes in the generalised alinielife cycle model which
were not addressed in this study also deservergdsatiention. In addition to the
background and post-disturbance levels of recruitpbe effects of climate change on
alpine plant recruitment also warrant consideratiBeciprocal transplant studies of
seeds and seedlings over natural environmentaiggriscacross the alpine landscape may
be useful to investigate these research questim®rporation of previous research,
continuation of long-term studies, knowledge-shgand inter-disciplinary
collaborations will be imperative for improving ounderstanding of the structure and

functioning of Australian alpine ecosystems.
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Appendices

Appendix 8.1. ANOSIM results for the similaritytbeen life-history stages within the NMDS ordinatio
Data was analysed in six randomly selected sepgratgs owing to computational limitations of the
software. Pairwise comparisons of different lifstbry stages within each ANOSIM are indicated by V
standing vegetation; S, seedling flora; B, seedimna.

Life-history Pairwise
Global R P stages comparisons
R P
ANOSIM 1 0.347 0.00 VS 0.27 0.00
VB 0.6 0.00
SB 0.16 0.50
ANOSIM 2 0.54 0.00 V'S 0.35 0.00
V B 0.72 0.00
SB 0.48 0.00
ANOSIM 3 0.239 0.00 VS 0.28 0.00
V B 0.35 0.00
SB 0.08 7.80
ANOSIM 4 0.28 0.00 V'S 0.22 0.10
V B 0.44 0.00
SB 0.15 1.80
ANOSIM 5 0.45 0.00 VS 0.25 0.10
V B 0.68 0.00
SB 0.33 0.00
ANOSIM 6 0.27 0.00 VS 0.21 0.10
V B 0.42 0.00
SB 0.14 1.00
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Appendix 8.2. The position of standing vegetatseedling and seed bank samples from all sitesrwith
either two or three dimensional NMDS configuratiolpased on presence/absence data. A random
selection of half the available presence/absentewas used for each site owing to computational
limitations of the software. Stress values forheaination are indicated next to each site name.
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