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Chapter 7

CLIMATE CHANGE AND AN AUSTRALIAN
RAINFOREST CONIFER
Rohan Mellick
National Herbarium of NSW, The Royal Botanic Gardens and Domain Trust, Sydney,
NSW, Australia

ABSTRACT
Revealing the evolutionary trends of the recent past (late Quaternary) will allow
climate change science to anticipate the demographic response of species to future
disturbance. The genetic disjunctions and distribution of a long-lived rainforest conifer
provide a valuable signature of past demographic response to climate change – a
biological autograph of time, climatic cycles and the environment. This chapter reviews
literature pertaining to three case studies. Case study one determines the level of genetic
diversity and structure within naturally occurring populations of Podocarpus elatus and
resolves the influence of historic and contemporary drivers on divergence. Case study
two explores the impact of glacial cycle climatic changes on the palaeodistribution of the
species: by combining population genetic analysis, coalescent-based analysis, the
observed fossil record and environmental niche modeling. Case study three hypothesizes
that future adaptive potential is indicative of genetic/demographic change and range
expansion/contraction trends in Podocarpus elatus associated with the Clarence River
Corridor. The final section of the chapter concludes the case studies and suggests
conservation strategies applicable to long-lived species allied with threatened
communities.

1. INTRODUCTION
The Podocarpaceae are an ancient coniferous family harboring traits that evolved with
extreme seasonality in high latitudes epochs ago (Brodribb and Hill, 1999, 2003; Quinn and
Price, 2003; Hill, 1994). These characters have proven resilient and have persisted despite
mass extinction events and many catastrophes. Although conifers are currently only a small
proportion of the total arboreal diversity on the planet, they once dominated the landscape
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with tall relatively closed forest. A high extinction rate has resulted in a rich fossil legacy and
record of biological response to environmental change.
Over time, the lack of landmass in the Southern Hemisphere and the inability to migrate
in response to pressure may have resulted in varied adaptive response and past diversification.
Many atypical coniferous taxa endure despite the vast majority having become extinct. In
particular, broad-leaved podocarps are incredibly diverse and are well represented in the
Gondwanan fossil record for over 144 million years (My) (Hill, 1994; Quilty, 1994).
These conifers are a remnant of a world dramatically different from the world we live in
today. In high latitudes, rainforests were then extremely seasonal and trees evolved to subannual periods of light and darkness (McLoughlin, 2001). Broad-evergreen foliage needed to
be tough and versatile to endure months of relentless cold and darkness.
The browsers and dispersers that evolved with Podocarpus in Australia (~65 million
years ago; Ma) are long extinct (Bartholomai and Molnar, 1981; Molnar, 1996), but elements
of this ancient environment remain. Dacrydium (Podocarpaceae) and associated swamp forest
in Australian Wet Tropics is believed to have gone extinct only six thousand years ago (ka)
(Kershaw et al., 2007a). Currently, Lagarostrobos franklinii (Podocarpaceae) forests extend
through South East Tasmania (the first Australasian landmass north of Antarctica), and of
coarse another southern hemisphere conifer Wollemia nobilis (Araucariaceae) was recently
rediscovered and thought to be extinct for 65 My - one population currently defies extinction
and persists 129km northwest of Sydney.
The Southern Hemisphere is dry due to a number of causes, such as northern tectonic
drift and the establishment of the Antarctic circumpolar current about 18 Ma (Barker and
Thomas, 2004). This has dramatically limited the fossil record in Australia due to the lack of
deposition, especially for the Quaternary (1.8 Ma to present). Interdisciplinarity may support
the current understanding of historical community structure.
Here we study a long-lived rainforest conifer, Podocarpus elatus (R.Br. ex Endl.). The
species ranges over 20 degrees of latitude, east of the Great Dividing Range (Eastern
Australia). The principle aim being to understand the effect of late Quaternary and future
climate change on the distribution, diversity and genetic disjunctions of a long-lived conifer
restricted to rainforest. Slow morphological adaptation (evolutionary senescence), restriction
to naturally fragmented mesic communities, and broad distribution makes P. elatus a valuable
tool to understand changes in community structure according to climate.
Understanding the effect of Quaternary climate change on the distribution, diversity and
divergence of Podocarpus elatus will contribute to the conservation of the east Australian
rainforests in light of increasing ecological damage, rapid human population growth and
anthropogenic-induced global warming. To know how intraspecific diversification in a wideranging long-lived species is impacted by climate change will improve our understanding of
how climatic-drivers are involved in the evolutionary process.
This chapter discusses the history of climate change in Australia, the family
Podocarpaceae, vegetation change during the Cenozoic, event histories, the East Australian
rainforest, palynology, marker development, domestication, cytoplasmic inheritance,
coalescent-based analyses environmental niche modeling, interdisciplinarity, general points of
interest and the following published case studies.
Case study one determines the level of genetic diversity and structure within naturally
occurring populations of Podocarpus elatus and resolves the influence of historic and
contemporary drivers on divergence.
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The objectives were to:
1
2
3

Determine genetic structure and how it corresponds to geographic and/or
environmental patterns.
Evaluate landscape-level habitat fragmentation and if there is loss of gene flow
among populations.
Identify genetic diversity within populations to see if there are measurable
differences across demographic age cohorts.

Case study two explores the impact of glacial cycle climatic changes on the
palaeodistribution of the species: by combining population genetic analysis, Bayesian
coalescence-based analysis, the observed fossil record and Environmental Niche Modeling
(ENM).
We endeavored to answer these questions:
1
2
3

Are the distributional changes predicted by ENM in agreement with the available
fossil record?
Are ENM and population genetic-based estimates of range contractions/expansions
and disjunctions in agreement?
In the context of the broad latitudinal and climatic distribution of the species, are the
northern and southern ranges likely to have experienced similar
expansion/contraction dynamics?

Case study three hypothesizes that genetic/demographic change and range
expansion/contraction trends in Podocarpus elatus associated with the Clarence River
Corridor are indicative of the future distribution and degree of adaptive potential in this longlived species. Future conservation strategies may be more successful if distributional and
demographic inference based upon reliable observational data is made.
Also we aimed to answer:
1
2
3

What are the coalescent-based estimates of ancestral demographic patterns and
divergence times in Podocarpus elatus and how do these relate to climate change?
What is the predicted distribution of P. elatus for the IPCC 4th Assessment Report
climatic estimates of 2050?
Based on these findings, what are the appropriate conservation and management
strategies for P. elatus?

The final section of the chapter will conclude the case studies and suggest conservation
strategies applicable to threatened species and habitats.

2. THE AUSTRALIAN VEGETATION
The Australian vegetation today is the consequence of a dynamic history of climate
change, latitudinal change, continental isolation, interaction with an evolving fauna, fire and
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more recently anthropogenic affects (Hill, 1994). Community turnover (including
distributional change) between drier rainforest types, containing Araucaria and Podocarpus
species, and wetter types containing Nothofagus species have been successional in response
to recent glacial cycles along the east coast of Australia (Mellick et al. 2013a, Kershaw et al.
1994; Hill, 1994).
The Quaternary (1.8 Ma to present) is a period of particular importance due to extant
plants and animals coming to establish broader communities and to reside within their
environmental limits of tolerance (environmental niche). The fossil record indicates some
species, including Podocarpus, have a similar ecology, co-occur with palaeo-counterparts and
rely on mesic habitats such as they did since and during the Tertiary (65 - 0 Ma), largely
unaffected by the changing environment (Brodribb and Hill, 2003) – that is not to say changes
in distribution have not facilitated their survival and trait preservation.
Throughout the Quaternary in the Australian Wet Tropics (AWT), rainforest was the
dominant vegetation type with large tracts of dry rainforest fringing areas of complex
rainforest in wetter areas (Kershaw et al., 2005) similar in type to present-day dry rainforest
communities typified by Araucarian emergents. Information from the fossil record indicates
these dry Araucarian forests were the major habitat type of Podocarpus species. These
transitional communities fringed floristically complex rainforest core areas, and where
reduced angiosperm competition allowed for slower growing rainforest gymnosperms to
establish, and in some circumstances thrive.
Australian vegetation is very diverse and reflective of the heterogeneous landscape and
diversity of ecosystems that occur across the continent. This diversity is primarily due to the
huge variation in rainfall across the landscape which over time has changed considerably and
promoted rapid adaptation and extinction of a variety of plant taxa.
Increasing aridity during the Neogene (33.7–1.8 Ma) into the Quaternary is responsible
for the transformation of the Australian landscape from one dominated by broad-leaf
rainforest communities to one composed predominantly of open vegetation communities
(sclerophyllous-type) with wetter rainforest restricted to present day locally moist areas
(Kershaw et al., 1994; Hill, 2004; Martin, 2006). Detailed information of the Australian
climate throughout the Cretaceous and Cenozoic (145.5 Ma to present) has emerged over the
last few decades but there is limited data to document short term climatic cycles (Kershaw et
al., 2007a), particularly for the Quaternary from eastern Australia where fossil evidence is
sporadic and poorly dated (Quilty, 1994).
The change in distribution of major forest types provides a good assessment of abiotic
change (e.g. climate, soil and fire). Biotic conditions (e.g. competition, pathogens, symbionts
and people) also influence the expansion/contraction of plant communities. A plant taxon
requires a suitable abiotic environment for growth yet biotic interactions are varied.
Adaptability governs response to change so migration out of a residing area can be viewed as
an inability to adapt to that area over time.
Past climatic change is inferred from evidence incorporated into deposits and especially
from contained fossils (Hill, 1994; Quilty, 1994). If palaeoclimate is reconstructed solely on
that indicated by fossil plants, it is susceptible to false interpretation. It is ideal to reach the
same conclusion from a number of sources of evidence that are independent. Australia is
deprived of palaeoclimatic data sources, especially ice cores that provide unique archives of
past climate and environmental changes. Environmental niche modeling, used in this study, is
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reliant on known global fluctuations of climate, which for the large part has been sourced
from Antarctic ice cores.
Australia is a continent where continuous onshore sedimentary records, particularly of
those deposits that accumulated in a non-marine environment, are uncommon, and research
often depends on the offshore marine sequences, themselves incomplete, around the continent
margins, supplemented by other diverse convoluted records (Quilty, 1994). While carbonate
deposition has characterized the offshore history during the Cretaceous to Cenozoic, they are
gallingly incomplete in so far as records of onshore conditions (Quilty, 1994). The Australian
paucity of reliable chronostratigraphic records emphasizes the need for exploration of further
palaeo-data sources and techniques for inferring Quaternary community structure.

3. THE HISTORY OF PODOCARPACEAE
Extant lineages are only a minutiae of past coniferous diversity - when angiosperms were
rare and conifers covered Gondwana (~65 million years ago; Ma). Gymnosperms were once
dominant in the Australian landscape, now, Podocarpaceae are one of only a few
gymnosperm families to still occur in angiosperm dominated tropical rainforests (Hill, 1994).
Historically they were a major component of the Gondwanan flora, but a changing physical
environment, a mass extinction event (Creataceous-Paleogene boundary ~ 65 Ma), and rapid
diversification of the angiosperms, resulted in the displacement and consequential extinction
of many coniferous lineages. In comparison to the flowering plants, which when all taxonomy
is finally done may add up to 300 000 species, conifers are currently a diminutive group of
woody seed plants, with only 630 species (Hill, 1994).
Extant Podocarpaceae in particular are only a very small representation of a once highly
diverse group (Hill, 1994). The family-wide morphology has stayed conserved through
evolutionary time (Biffin et al., 2012), yet recent radiations of the family suggest Podocarpus
is more dynamic and adaptive than other podocarp genera (Biffin et al., 2011). Over time the
lack of landmass in the Southern Hemisphere and the inability to migrate in response to
pressure may have resulted in varied adaptive response and past diversification in the group.
The community associations of the podocarps have also stayed conserved (e.g. Araucariaceae,
Nothofagaceae and Cunoniaceae); even in peripheral ranges such as Central America they
continue co-occurring with their palaeo-counterparts (Brodribb and Hill, 2003).
The ecological and environmental requirements of Podocarpaceae are specific, with
almost all species restricted to wet montane and rainforest environments (Brodribb and Hill,
2003). Regeneration is usually continual recruitment of shade-tolerant seedlings, or in less
shade tolerant species it is reliant on small-scale disturbances or topographic features such as
ecotones, rivers and ridgelines to open the canopy (Brodribb and Hill, 2003).

3.1. Taxonomy of Podocarpaceae
Podocarpaceae is comprised mainly of Southern Hemisphere conifers and is a large
family of 18 genera and 173 species (Hill, 1994; Quinn et al., 2003). Podocarpus is by far the
largest genus with 110 species, with the next largest genus being Dacrydium with 16. Of the
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18 genera of Podocarpaceae only seven are represented in Australia, with most species
restricted to northeast Queensland and Tasmania (Hill, 1994). The family was endemic to the
ancient super continent of Gondwana and is a classic member of Antarctic flora (Quinn et al.,
2003). The main centre of diversity is Australasia, mainly New Caledonia, Tasmania and
New Zealand, and to a smaller extent, Malesia and South America.
Podocarpus has a lancolate leaf with a prominent mid-vein with no secondary venation
(Fig 1). Retrophyllum has opposing leaflets arranged so the abaxial surface on one side is up
and on the other is down (Hill and Pole, 1992). This possibly is a light-harvesting trait left
over from its high-latitude origin, where the sun remains low in the sky (Ed Biffin, University
of Adelaide, pers. comm.).

Figure 1. Variation in leaf morphology of shade-tolerant genera from the family Podocarpaceae
(Modified from source: Tim Brodribb, University of Tasmania).

Podocarpaceae members are evergreen shrubs or trees usually with a straight trunk and
mostly horizontal branches. The leaves are usually spirally arranged and are sometimes
opposite. The leaves are scale-like, needle-like or flat and leaf-like, and are linear to
lanceolate. Members are dioecious or rarely monoecious trees or shrubs with spirally inserted
(opposite in Microcachrys) oblong to scale-like leaves (functionally replaced by flattened
branches in Phyllocladus). Pollen cones are catkin-like and have many stamens. Male cones
are terminal on axillary shoots including numerous spirally arranged sporophylls every one
with two abaxial microsporangia (Mcarthy, 1998; http://www.ibiblio.org/pic/GymnospKey
/gymnosperm_key_glossary.html).
Pollen grains are winged (saccate or bisaccate). Female cones are pendant and mature in
one year. They are terminal on branches or terminal on short axillary shoots. Scales are
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persistent or deciduous and including axes are fleshy or dry and not woody at maturity. The
seeds are completely covered by a fleshy structure referred to as an epimatium and are
wingless (Mcarthy, 1998). Epimatium and integument sometimes connate and form a leathery
testa. Germination is phanerocotular with two cotyledons and two parallel vascular bundles
(Van Royen, 1979; Pocknall, 1981; Silba, 1984).

3.2. The Origin of Podocarpaceae
Podocarpaceae originated in the Southern Hemisphere about 242 million years ago (Ma)
and later migrated north of the equator probably during the last 15 million years (My) when
the Australian plate contacted the Southeast Asian plate (Quilty 1994; Hill and Brodribb
1999). They also migrated further north through Central America to Mexico during the same
period. The podocarps appeared in the fossil record at the beginning of the Triassic when the
great super continent Pangaea broke up. They grew alongside araucarians, ginkophytes,
cycads, tree ferns, giant club mosses and horsetails (Quilty, 1994; Hill and Brodribb, 1999),
and were likely to be browsed and dispersed by dinosaurs (Bartholomai and Molnar, 1981;
Molnar, 1996).
The Cenozoic macrofossil record of the Podocarpaceae is extensive, especially in
southeastern Australia, where the majority of the extant genera have been recorded (Hill and
Brodribb, 1999). A few extinct genera (i.e. Podosporites, Willungia and perhaps Coronelia)
have also been reported from across high southern latitudes, confirming an extremely diverse
and widespread suite of Podocarpaceae during the Cenozoic in the region (Hill and Brodribb,
1999). The origins and relationships of the Podocarpaceae are unclear (Hill 1994) but
attempts to explain the phylogeny have improved over time (Kelch, 1997; Conran et al.,
2000; Biffin et al., 2011). Essentially the Podocarpaceae are a Southern Hemisphere family
though macrofossils are found in the Northern Hemisphere (Hill and Brodribb, 1999; Hill,
1994) suggesting a northern expansion. The earlier Mesozoic and Tertiary floras of the
Northern Hemisphere contain no Nothofagus or Podocarpaceae (Couper, 1960).
By the onset of the Mesozoic, the evolution of the Podocarpaceae is shown by the genus
Rissikia, evident from the Triassic (248-206 Ma) of Madagascar, South Africa, Australia and
Antarctica (Hill, 1994). Other early southern conifers, such as the Jurassic Nothodacrium and
Mataia (Townrow, 1967a; 1967b) are most probably podocarps, although, their relationship
to extant genera warrants classification (Stockey, 1990). Podocarps were still prominent in the
Cretaceous, albeit in Australia they were members of extinct genera (Hill, 1994), e.g.
Bellarinea barklyi from the Early Cretaceous of Victoria (Drinnan and Chambers, 1986). Mill
(2003) discusses the biogeography of Podocarpaceae pertaining to extant/fossil taxa and the
palaeogeography of areas presently occupied by podocarps.
Molecular systematic studies using the locus rbcL for the Podocarpaceae show they are
monophyletic but with low overall main branch support, although most genera in the
phylogeny hold together as clades (Conran et al., 2000). Phyllocladaceae are nested inside
Podocarpaceae and Podocarpus is one genus with both subgenera positioned as clades
(Conran et al., 2000).
Podocarpus were abundant in Antarctic/Australian rift valley during the Cretaceous
(Dettmann and Jarzen, 1990; Hill, 1994). A number of extant podocarpaceous genera are
recorded as macrofossils in Australia during the early Tertiary (Hill, 1994). The majority of
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those genera, e.g. Podocarpus, Falcatifolium, Acmopyle, Dacrycarpus, Dacrydium,
Lepidothamnus and Phyllocladus, occur in southeastern Australia, but Retrophyllum has been
found in the southwest of Australia (Hill, 1994).
There are some shrubby species of Podocarpus that do presently occur within opencanopied communities, particularly heath (i.e. P. spinulosus, P. drouynianus and P.
lawrencei), but like a number of taxa whose affinities are with rainforests, opinion is divided
as to whether these are regarded as particularly tolerant and adaptable remnants of rainforests
or are true components of open communities (Kershaw et al., 1994; Hill, 1994). Australasia
and Malaysia have the greatest diversity of living podocarps, where South America,
Antarctica and New Zealand have the greatest diversities of fossil podocarps. The fossil
podocarp flora of New Zealand is more recent and probably derived from that of Australia,
which has fewer living or endemic fossil genera (Hill, 1994; Mill, 2003; Wagstaff, 2004,
Jordan et al., 2011).

3.3. Podocarpaceae, Pinaceae and Pangaea
In the Southern Hemisphere today conifers achieve greatest abundance in wet forests,
where there ability to compete successfully with broad-leaved angiosperms is due in part to
their production of broad, flat photosynthetic shoots (Hill and Brodribb, 1999; Brodribb and
Hill, 2003). The Podocarpaceae produce large leaves (Fig 1) and they have superior light
harvesting ability than the Pinaceae. The tall closed canopy forests of the equatorial region
have remained accessible due to this leaf morphology. The Pinaceae (with the exception of
Pinus krempfii) are shade-intolerant and have not been able to colonize south of the equator
(Hill and Brodribb, 1999; Brodribb and Hill, 2003).
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Figure 2. The unsuccessful colonization of Pinaceae into Southeast Asia (red), and the successful
colonization of Podocarpaceae (black) (Modified from source: Tim Brodribb, University of Tasmania).

The colonization of Southeast Asia and subsequently Australia by Pinaceae has been
blocked by the equatorial evergreen rainforests (Fig 2). Pines are physiologically incapable of
traversing this region due to shade-intolerance (Brodribb and Hill, 2003). In contrast, the
Podocarpaceae are shade-tolerant and can propagate under a canopy making them capable of
colonizing the equatorial zone and beyond (Hill and Brodribb, 1999; Brodribb and Hill,
2003).

3.4. Migration, Adaptation or Extinction
Shade tolerance, and the ability to propagate under a canopy, is a common character of
the Southern Hemisphere conifers. Possibly, high-latitude rainforest origin and the ability to
senesce over seasonal periods of darkness, is associated with the evolution of shade-tolerance
in the present members of Podocarpaceae. Relative to the southern supercontinent Gondwana,
the northern Laurasian supercontinent stayed together and allowed range shift across the
landmass in response to a changing environment (McLoughlin, 2001).
It has been shown from fossil and molecular systematic studies that conifers are a
monophyletic group and a common ancestor between the Northern and Southern Hemisphere
conifers occurred (Chaw et al., 1997: Stephanovic et al., 1998). The Northern Hemisphere
family Pinaceae is shade-intolerant, possibly a result of the ability to migrate in latitude,
where the relative lack of restriction did not necessitate significant adaptation to a changing
environment. While, the Southern Hemisphere conifers were restricted in distribution and
needed to adapt to the changing environment or, as many did, become extinct (Enright and
Hill, 1995).
Palynological records show that Northern Hemisphere tree populations are capable of
rapid migration in response to a warming climate. The Northern Hemisphere fossil pollen
record has revealed rapid migration rates of many temperate tree species of 100–1000 m/yr
during the early Holocene (McLachlan et al., 2005). The migration rates you would imagine
would be comparable to Southern Hemisphere tree populations, but detailed palynology to
record past migrations is absent, or of poor quality to record such events here in Australia.
Possibly, the relative lack of land mass in the Southern Hemisphere has necessitated
adaptation rather than migration in response to competitive exclusion. The high latitude
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circumpolar Taiga Forests of the Northern Hemisphere are devoid of arboreal angiosperms.
The distribution illustrates the ancestral retreat of gymnosperms away from increased
angiosperm competition at lower latitudes (Enright and Hill, 1995). While in the Southern
Hemisphere, the lack of migration routes south toward the pole may have caused the
remarkable adaptation of the southern conifers in response to increased angiosperm
competition (Fig 1: broad leaves and shade tolerance; Enright and Hill, 1995; Brodribb and
Hill, 2003; Biffin, et al. 2011). Strong selection may account for the extinction of many
coniferous genera in the Southern Hemisphere, as recorded in the Mesozoic fossil record
(Hill, 1994; 2004).

3.5. Podocarpus
Podocarpus was first described in 1807 by L‟Heritier. The genus comprises 110 species
the majority of which are restricted to lowland and montane forests of warm temperate to
tropical areas in the Southern Hemisphere. Seven species are endemic to Australia: P.
dispermus, P. drouynianus, P. elatus, P. grayae, P. lawrencei, P. smithii, and P. spinulosus.
Podocarpus has two subgenera, subgenus Podocarpus and subgenus Foliolatus. The
subgenus Podocarpus have cones that are not subtended by lanceolate bracts and the seed
usually has an apical ridge, and a florin ring around stomata. While Foliolatus has a cone
subtended by two lanceolate bracts and the seed usually is without an apical ridge (Mcarthy,
1998).
Distribution of the subgenus Podocarpus is in the temperate forests of Tasmania, New
Zealand, southern Chile, with some species extending into the tropical highlands of Africa
and the Americas (Mcarthy, 1998). While Foliolatus, generally has a tropical and subtropical
distribution, concentrated in east and Southeast Asia and Malesia, overlapping with subgenus
Podocarpus in northeastern Australia and New Caledonia (Van Royen, 1979; Silba, 1984;
Harden, 1990).

3.5.1. Podocarpus: A Climatic Indicator
Podocarps are important to the study of the effect of long-term climatic change on, leaf
morphology (Sporne, 1965; Biffin, et al. 2011; Hill and Pole, 1992), physiology (Brodribb
and Hill, 2003), taxonomic make-up during the Cenozoic (Hill, 1994), distribution (Ledru et
al., 2007) and diversity (Quiroga and Premoli, 2007; Quiroga and Premoli, 2010). The
concentration of conifers in wet forest habitats left them vulnerable to Cenozoic climate
change and decreases in diversity have occurred since the Paleogene in all areas where fossil
records are available (Hill and Brodribb, 1999).
Podocarpus fossils have been used by palynologists and palaeo-climatologists to
reconstruct Quaternary climate in tropical South America even though the factors involved in
their modern distribution are not well understood (Enright and Hill, 1995). The moist
ecosystems where the vast majority of the genus grow are well defined climatically and their
bisaccate pollen grain are unmistakable. Pollen analysis using light microscopy has not yet
been able to identify to the species level reliably, so palynological interpretations are the
subject to several hypotheses (Enright and Hill, 1995).
For decades, palynologists working in tropical South America have been using the genus
Podocarpus as a climate indicator (Ledru et al., 2007). The combination of botany, pollen and
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molecular analysis has proved to be reliable for determining population groups and their
regional evolution within tropical ecosystems. The refugia of rainforest communities
identified as crucial hotspots has allowed the Atlantic forests to survive under unfavorable
climatic conditions and are likely to offer the opportunity for this type of forest to expand in
the event of future climate change (Ledru et al., 2007).
Investigation of the long-term responses to climate changes in Podocarpus parlatorei, a
cold-tolerant tree species from the subtropics in South America, using distribution patterns of
isozyme variation has inferred northern expansion of the species during glacial periods
(Quiroga and Premoli, 2007). Podocarpus parlatorei is restricted to montane forests within
the Yungas, a cloud forest of the subtropics of northwestern Argentina and southern Bolivia.
It consists of disjunct population groups that are ecologically subdivided according to
latitude. These groups were expected to be genetically divergent from one another as a result
of historical isolation. The effective number of alleles and observed heterozygosity increased
with latitude, with the southern populations tending to be more variable and genetically
distinct. A positive association between genetic and geographic distances was detected and
reduction in diversity towards the north and high-elevation mountains are consistent with
evidence of patterns of forest migration resulting from climate change during the Late
Quaternary (Quiroga and Premoli, 2007).

3.5.2. Stand Dynamics
Stand dynamic studies on Podocarpus species have revealed that on poorly-drained,
nutrient-poor and high altitude sites where most of associated species were fairly shade
intolerant and light crowned, dense all-aged populations and the presence of numerous
saplings beneath the canopy suggested continuous regeneration (Lusk, 1996). Conversely, on
more favorable sites, were several of the associated angiosperms were highly shade-tolerant
and dense crowned, Podocarpus species were less abundant, and there regeneration from seed
appeared to be sporadic (Lusk, 1996).
Great longevity of shade tolerant conifers is probably crucial to their persistence strategy
in competition with shade-tolerant broad leaved species in undisturbed stands on favorable
sites (Lusk, 1996). A review of literature on southern temperate forests (Enright and Hill,
1995; Enright and Ogden, 1995; Lusk, 1996) disputes the hypothesis that heavily shaded,
infrequently disturbed habitats are an evolutionary refuge for conifers (Bond, 1989).
Sites likely to have high leaf area indices and infrequent disturbance are more
successfully exploited by shade-tolerant angiosperms (Lusk, 1996). Regeneration can take the
form of continual recruitment of shade-tolerant seedlings, or in less shade tolerant species it is
reliant on small-scale disturbances or topographic features such as rivers and ridgelines to
open the canopy (Brodribb and Hill, 2003).
The Myall Lakes and Jervis Bay populations of P. elatus are regularly burnt and
considerable recruitment is observed post-burning (Chris Quinn, The Royal Botanic Gardens
and Domain Trust, Sydney, pers. comm.). Podocarpus drouynianus and P. spinulosus are
probably fire adaptable remnants of rainforest. They resprout from lignotubers and are fire
tolerant. It is also shown for P. lawrencei that recruitment is favored after fire (Macdonald,
2004).

224

Rohan Mellick

3.6. Podocarpus elatus R.Br. Ex Endl
Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; Spermatophyta;
Coniferopsida; Pinales; Podocarpaceae; Podocarpus; Foliolatus; elatus.
Podocarpus elatus is an evergreen conifer that was abundant across the warmer wetter
parts of present day Australia before the arrival of Europeans. Indigenous people possibly
referred to P. elatus as „Djerren Djerren‟ in the Eora dialect of the Gadigal nation but there is
no known dreaming or song lines associated with the species (Clarence Slockee, The Royal
Botanic Gardens and Domain Trust, Sydney, pers. comm.). Podocarpus is derived from two
Greek words pous (foot) and karpos (fruit), referring to the fleshy fruit stems. The species
name elatus, is Latin for 'tall', refers to how tall the trees grow (http://www.
anbg.gov.au/anbg/conifers/Podocarpus-elatus.html).

Figure 3. The distribution of Podocarpus elatus based on a compilation of collections made for all major
herbaria in Australia since 1818. The Clarence River Corridor is a regional genetic boundary between
northern and southern populations (indicated by bar) (Source: Mellick et al. 2011). Photos: Podocarpus
elatus fruiting and mature tree.
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The species ranges from New South Wales to Queensland and prefers habitat in and
around rainforest north of the Beecroft Peninsula, Jervis Bay, NSW (Harden, 1990), in the
south, to Cape York Peninsula, QLD, in the north (Fig 3). It prefers subtropical, gallery and
littoral rainforest habitats, with rich, moist, non-alkaline soils but the species is usually more
successfully established on poorer sites where competition is less vigorous. Plants will
tolerate salt spray and frosts to -7oC so long as they have adequate moisture levels and
humidity. Maturing in 8-10 years, P. elatus is fast growing once established (Harden, 1990).
Populations observed along the East Coast of NSW exhibited little recruitment with most
populations being composed of a few mature trees with no seedlings or saplings present.
It is commonly referred to as the Plum Pine, Illawarra Plum or Pine, Brown Pine
(Harden, 1990) and Turpentine Pine in the timber industry. Growing to 40m with brown bark
(fibrous) that is often fissured and scaly on old trees. It is a dioecious species having separate
male and female trees. The fruits are a purple black color and composed of two segments. The
edible portion is a grape-like (10mm diameter), sweet with a juniper-like flavor but
mucilaginous that ripens from March to July (Harden, 1990). The inedible part of the fruit is
the hard dark seed that is situated externally on top of the swollen stalk. The fruit has a high
ascorbic acid content (vitamin C), contains minerals, fat, protein, and are high in energy. The
leaves are lanceolate, oblong to linear (6-18mm wide, 5-14cm long) and the midvein is
prominent (Harden, 1990). Leaves can grow to 25cm long on young trees. The male cones are
narrow-cylindrical, catkin-like, to 3cm long, and are in sessile clusters (Harden, 1990).
Female cones are stalked, and solitary; scales are few, fleshy, uniting with the stalk to form a
fleshy receptacle (Harden, 1990).

3.6.1. Reproductive Biology of Podocarpus elatus
Podocarpus elatus has a reproductive cycle of one year and is a dioecious species with
separate male and female plants. Information specific to P. elatus is limited. The closest
phylogenetic species with information available is P. neriifolius, which exhibits
underdeveloped embryos at time of dispersal, although germination is usually rapid with seed
quickly losing viability (i.e. 20-60 days) so that there is no persistent soil-stored seed bank
(Enright and Jaffr, 2011). Podocarpus totara is a large tree of New Zealand and is a member
of the sub-genus Podocarpus, while P. elatus is a member of Foliolatus. Podocarpus totara
in New Zealand has a reproductive cycle of two years, and strobilus initiation is in
September, followed by a nine-month period of winter dormancy until emergence during the
growth flush in July-August of the following year (Wilson, 1999). Pollination in P. totara
occurs in mid-October to mid-November at the megaspore tetrad stage, where female strobili
bear only one or two ovules. During December pollen germination and fertilization occur
quickly and the pollen tube carries the body cell which branches out after reaching the
archegonia. Embryo maturation is complete by February (Wilson, 1999).
3.6.2. Podocarpus elatus Timber and Cultivation
The early loggers targeted Podocarpus elatus extensively for it is a useful timber that has
wide applications from boat building to cabinet making. The wood has a very fine, even
texture and a straight grain with faint growth rings, making it desirable for tabletops,
furniture, musical instruments (piano keys and violin bellies) and wood turning. Commonly
referred to as Brown Pine, the yellow wood turns brown in color shortly after being exposed

226

Rohan Mellick

(Barker et al., 2004). It has not been widely planted as a timber tree due to not being as light
and strong as its relative Araucaria cunninghamii. It has however been widely clonally
cultivated for roadside plantings (David Bateman, Waverly Council, Sydney, pers. comm.), as
an ornamental shade tree and now more commonly for the native bush food market. There is
horticultural development research published on P. elatus (Ahmed and Johnson, 2000)
although the majority of cultivation of the species is now clonal with preference for male
ramets due to not dropping fruit. This practice may be homogenizing the P. elatus pollen
cloud.

3.7. Fire and Ecotonal Specialization
Bowman‟s book (Bowman, 2000), titled „Australian Rainforests: islands of green in a
land of fire‟ emphasizes the existence of Australian rainforests is largely owed to the patterns
and processes responsible for the sharp boundaries between drier rainforest-types and fire
promoting communities. The capacity of the fragmented East Australian rainforests to resist
destruction by fire is partially a consequence of the species composition and structure of the
surrounding, frequently disturbed drier rainforest communities.
Podocarpus elatus exhibits a comparative advantage in drier communities, fringing more
floristically complex core communities. Larger dense populations are usually found on the
southern side of a break in the rainforest canopy with a northern aspect. This drier more
frequently burnt rainforest boundary would seemingly select against longer-lived species,
though for P. elatus, thick bark and waxy leaf cuticle, gravity seed dispersal, shade-tolerance
(i.e. rapid and dense propagation under female trees), the ability to senesce as a sapling for
long periods and possibly leaf chemistry may aid it in occupying these fire prone areas where
other rainforest trees are less able.
Podocarpus elatus is known as Turpentine Pine, due to the high concentration of
turpentinol compounds in the foliage, as are found in Pinus species. The evolution of these
compounds is likely a response to increased herbivory. Turpentinols increase flammability
and possibly these compounds in the species may also be a result of frequent burning. It
would be interesting to know if P. spinulosus, a co-occurring fire adapted podocarp, has
similar leaf chemistry to P. elatus. Understanding the past expansion/contraction of dry
rainforest communities will aid in understanding the seemingly precarious existence of these
relatively fragile-wet communities in such a harsh-dry landscape.
Evidence suggests large herbivorous dinosaurs browsed on, and subsequently dispersed,
the Australian podocarps (Bartholomai and Molnar, 1981; Molnar, 1996), which may have
contributed to the podocarps ecotonal habitat preference (Hill and Brodribb, 1999), as heavily
forested areas would restrict the movement and dispersal from such browsers. It is worth
briefly mentioning that the rapid extinction of mega fauna possibly increased fire frequency
due to biomass gain from reduced browsing (Rule et al., 2012), indicating that extinct mega
fauna may have had a considerable influence on rainforest fragmentation.
Drier rainforest communities, typified by Araucarian emergents and Podocarpus species,
are sensitive to effects of fire. Kershaw et al. (2005) postulated that dry rainforest
communities fringed wetter core rainforest communities in the Australian Wet Tropics
(AWT), and expansion and contraction of these communities are seasonal and climate driven.

Climate Change and an Australian Rainforest Conifer

227

Precipitation gradients are largely responsible for successional community turnover from wet
rainforest to dry rainforest and eventually to sclerophyllous forest during dry periods.
During wet periods, wetter rainforest would encroach into previously dry rainforest and
the lack of fire would allow dry rainforest to expand into areas previously occupied by
sclerophyllous forest. Evidence for the latter can be found throughout the rainforests of
northern NSW (central range of P. elatus) where old Eucalyptus grandis trees tower over wet
rainforest communities far from fire prone boundaries.
These boundaries are an important parameter of climate change. With increasing
fragmentation (associated with aridification), the abundance of plant communities associated
with these boundaries may also increase, because of increasing surface area. Past changes in
species composition and extent of these communities have been showed to be correlated to
the glacial cycles of the Quaternary period (Kershaw et al., 2007a).
Podocarpus species are known to senesce for periods up to a decade with very little
growth (Brodribb and Hill, 2003). The species exhibits remarkable traits to survive in such a
highly diverse, dynamic and competitive environment. Possibly, high-latitude rainforest
origin of Podocarpaceae and the need to senesce over seasonal periods of darkness is
associated with the evolution of shade-tolerance in the present members of the family.

CASE STUDY ONE: CONSEQUENCES OF LONG- AND SHORT-TERM
FRAGMENTATION ON THE GENETIC DIVERSITY AND
DIFFERENTIATION OF A LATE SUCCESSIONAL RAINFOREST CONIFER
The east Australian rainforests provide an informative system with which to study
historic climate-driven habitat fragmentation. The long life cycle of rainforest conifers and
consequent lag effects on genetic variation, offer insights into demographic stochasticity in
small populations and persistence in increasingly fragmented systems. Microsatellite markers
were used to investigate the genetic diversity and structure of Podocarpus elatus
(Podocarpaceae), a long-lived rainforest conifer endemic to Australia (Mellick et al., 2011).
The markers used in the study were developed and characterized in Almany et al. (2009) and
assessed in Mellick et al. (2011). Twenty-seven populations throughout the east Australian
rainforests were screened and two divergent regions separated by the dry Clarence River
valley (New South Wales) were found (Fig 4).
This new biogeographic barrier may be called the Clarence River Corridor (CRC). Niche
modeling techniques were employed to verify the incidence of habitat divergence between the
two population groups (Fig 5).
Significantly high inbreeding was detected throughout the species range with no evidence
of contemporary bottlenecks. Most of the diversity in the species resides between individuals
within populations that suggest the species would be sensitive to the adverse effects of
inbreeding, though evidence suggests that these populations have been small for several
generations (Mellick et al., 2011). Higher diversity estimates were found in the southern
region, yet it is likely that the species survived historic population contraction in dispersed
refugia within each of these genetically differentiated regions.
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Figure 4. Results based on K= 2 using the Bayesian framework implemented by STRUCTURE across
individuals from the 27 populations of Podocarpus elatus.(ordered according to latitude). (a) All
individuals were used in the analysis that clustered them into two regions representing: Southern Region
(NSW) and Northern Region (Northern NSW/Qld). (b) Results based on K= 2 using the same Bayesian
framework on juvenile individuals and (c) on the mature individuals (Source: Mellick et al., 2011).

Figure 5. The regional climatic models for Podocarpus elatus based on collection data (National
Herbaria, YETI database and ATLAS database) and environmental data (WORLDCLIM). Darker areas
indicate a higher probability of occurrence (white indicates 0–20% and black indicates 80–100%). The
black bar shows the Clarence River Corridor (Source: Mellick et al., 2011).

Mellick et al. (2011) is the first study reporting regional genetic structure either side of
the Clarence River Corridor in a plant. Environmental niche modeling of the separate regions
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has shown distinct differences between the climatic niches of each region. Primarily, the
southern model is associated with winter (uniform) rainfall patterns and northern with
summer rainfall patterns (Mellick et al., 2011). Some overlap between the two distinct niches
coincides geographically with the Macleay McPherson Overlap Zone that allowed for
validation of each regional model (i.e. each model predicted small areas of high probability of
occurrence in the neighboring region in the absence of occurrence data). These climatic
differences may underline long-term divergent processes between the two regional groups. In
the shorter term and at a regional scale, anthropogenic habitat clearing (i.e. Big Scrub
rainforest, Nth NSW) is also likely to contribute to the differences measured between regions
and among generational cohorts (Mellick et al., 2011).
The lower diversity and distributional pattern of the northern populations could suggest
that the current distribution is the result of an earlier northern expansion from a narrower
genetic pool (Mellick et al., 2011). This theory has been investigated in a phylogeographic
study combining genetic and palynological data that will helped identify migration routes and
date expansion/contraction events (case study two; Mellick et al. 2012). The projection of the
spatial distribution models generated for the northern and southern population groups onto
past climatic conditions provides support to adaptive divergence between the regions, and
elucidates the contrasting expansion/contraction climatic response of the species in relation to
early successional rainforest taxa (Mellick et al., 2011).

4. VEGETATION CHANGE IN AUSTRALIA DURING THE CENOZOIC
The Australian landscape has not always been arid, and the central desert was once wellvegetated (McLoughlin, 2001; Martin, 2006). At the start of the Cenozoic (65 Ma), Australia
had a warm/humid climate and the vegetation was predominantly warm to cool temperate
rainforest (Martin, 2006). The history shaping the eastern Australian rainforest communities
involved, high southern latitude of the continent at the end of the Cretaceous period (65 Ma)
and its gradual movement north toward the equator; general global aridification over the last
65 My amidst short term fluctuations and the evolution from ancestral Gondwanan lineages
of most taxa, but also immigration onto the continent by both plant and animal lineages from
different geographic sources at several times (Martin, 1982; Greenwood and Christophel,
2005; Sniderman and Jordan, 2011).
Separation of Australia from Antarctica started at the end of the Paleocene (54.8 Ma)
with the formation of a narrow strait, but it was the mid-Oligocene (31.1 Ma) when the first
channel was formed between the continents (McLoughlin, 2001). This allowed for the
Antarctic Circumpolar Current (ACC) to be created due to the removal of the block caused by
the South Tasman Rise, which cooled the continent and increased the size of the west
Antarctic ice cap, which removed the available atmospheric moisture and reduced
precipitation globally (Martin, 1982). The magnitude of the ACC as we know it today was
established about 18 Ma. This started the rapid cooling of Antarctic and the eventual demise
of the rich Antarctic flora.
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4.1. Cenozoic Summary
In the Palaeocene (65–54.8 Ma), the Australian continent was warm/wet, and the
vegetation was mostly rainforest, except the northwest where there was limited aridity and
central Australia where aridity would have been seasonal (Martin, 2006). Gymnosperms were
the predominant vegetation type of south-eastern Australia but angiosperms were dominant in
central Australia (Martin, 2006). Podocarpaceous gymnosperms dominated the Palaeocene
vegetation due to the cool temperate climate similar to Tasmania and New Zealand today.
The early Eocene (54.8 Ma) was hot/humid ensuing angiosperm diversification and
dominance, and the increase of mega-thermal taxa in south-eastern Australia (Martin, 2006).
Rainforest gymnosperms were less abundant than the Palaeocene.
In the mid-late Eocene (49–41 Ma) there was a decrease in temperature – the vegetation
was mainly rainforest, but in central Australia there were some open vegetation and
sclerophyllous taxa (Martin, 2006). Sclerophylly developed as a response to infertile soils,
long before the climate became dry (Martin, 2006). Nothofagus became the dominant pollen
type, especially in the southeast, and Lauraceae the dominant leaf type (Martin, 2006).
There was a rapid cooling during the early Oligocene (33.7 Ma), the result of opening of
the seaway between Australia and Antarctica and strengthening of the Antarctic Circumpolar
Current (Martin, 2006; Quilty, 1994) Angiosperm diversity decreased and Nothofagus pollen
became more prominent (Martin, 2006).
During the Oligocene (33.7–23.7 Ma) temperature and angiosperm diversity increased,
and the occurrence of swamps in south-eastern Australia were more common, indicating that
rainfall was particularly high at this time (Martin, 2006).
The early Miocene (23.7 Ma) saw an increase in temperatures and the vegetation became
more variable in south-eastern Australia and in central Australia, rainforest was limited to
small pockets. The Miocene remains the warmest and most humid period during the Cenozoic
(Martin, 2006).
The mid-Miocene (16.4 Ma) is when regular flows in palaeo-drainage systems over much
of western and central Australia ceased, and alkaline lakes of inland basins in central
Australia deposited dolomite indicating high rates of evaporation and a well-marked dry
season (Martin, 2006).
The climate became colder and drier during the late Miocene (11.2 Ma), reducing the
abundance of rainforest in Australia and increasing the fire tolerant Myrtaceae flora especially
Eucalyptus (Martin, 2006).
A brief warming period and increased precipitation in the early Pliocene (5.3 Ma) caused
an expansion of rainforest in river valleys of the western slopes and south-eastern Australia
(Martin, 2006).
The climate increasingly became drier during the late Pliocene (3.6 Ma) (Fig 6) and
rainforest taxa contracted further to the wetter coastal and highland regions. Grasslands
became more prevalent in inland areas and the modern climate was established, but it still was
considerably wetter than today (Martin, 2006).
The Pleistocene (1.8–0.01 Ma) fluctuated between drier glacial and wetter interglacial
periods. About 0.5 Ma, there was a marked shift to a dry climate (Martin 2006). The present
interglacial is drier than the previous interglacial (130 ka), with the last glacial maximum
(LGM: 21 ka) being particularly adverse. Although conditions have improved, precipitation
has not returned to the levels of the previous interglacial period (Martin, 2006).
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Figure 6. The build-up of arid cycles during the last 5–6 million years (Source: Bowler 1982).

The earth's climate has become cooler through the Tertiary (65-1.8 Ma) with frequent
oscillations that increased in amplitude (Fig 6) and lead to the series of major ice ages of the
Quaternary (Hewitt, 2000).
The surviving rainforest taxa have had to migrate into areas (refuges) that have conserved
favorable environmental conditions for survival, and the ranges of many Gondwanan lineages
has decreased dramatically. The present genetic structure of populations, species and
communities has been primarily formed by the Quaternary ice ages, and genetic, fossil and
environmental data combined can greatly help our understanding of how organisms were
affected (Bennett, 1997; Hewitt, 2000).

4.2. Quaternary Vegetation
The Quaternary is a period in which modern life as we know it have evolved, or have
persisted from the Tertiary largely unaffected by environmental change (Hope, 1994; Hewitt,
2000). The Quaternary chronology is not based on widespread evolutionary changes, as are
older periods, but instead uses climatic changes, such as the growth of ice sheets and the
spread of cold surface water (Hope, 1994; Wright Jr, 1984). Fluctuations of heavy isotope
oxygen (18O) from marine sediments and ice cores, records a series of cyclic changes of
periods of 100 ky, being glacial maximums alternating with inter-glacial periods. This record
shows in the last 600 ky there have been six glacials periods (Fig 6).
The two divisions of the Quaternary are the Pleistocene from 1.8 Ma to 10 ka, and the
Holocene, which includes the present inter-glacial. The Pleistocene represents the period of
establishment of our current landscapes, climatic patterns and diversity, and the adaptation of
the Tertiary biota to these new environments (Hope, 1994). Vegetation history of the
Quaternary is of particular importance when comparing extant flora, or recent extinctions, to
fossil flora (Hill, 1994; Hill, 2004; Hope, 1994; Wright Jr, 1984).
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4.3. East Australian Rainforests
World Heritage Listing of the east Australian rainforests (isolated sub-tropical and
tropical forests that occur above 300m) was awarded largely due to the rare assemblage of
Lepidozamia hopei, Agathis robusta, Prumnopitys ladei, Podocarpus grayae and Podocarpus
elatus which includes the closest living counterparts of Jurassic-age fossils. The members of
Podocarpaceae in the rainforests of tropical Australia are Podocarpus dispermus, Podocarpus
elatus, Podocarpus grayae, Podocarpus smithii, Prumnopitys ladei and Sundacarpus amara.
All occur in the Wet Tropics, although P. elatus is very rare in the Wet Tropics. It should
however be included, as it is more typical of somewhat drier (Araucarian) rainforest
(Greenwood and Christophel, 2005).
Tenuous persistence of the Australia Wet Tropics (AWT) rainforest communities under
increasing aridification can be attributed to orographic uplift and subsequent increase in
precipitation in those areas as a result of the Great Dividing Range (GDR). The vast tracts of
rainforest that once occurred throughout Australia contracted to these areas of high
precipitation (Kershaw et al., 2007b). Floristic interchange with Southeast Asian rainforests
may have occurred (Sniderman and Jordan 2011) but possibly was prevented by a dry
corridor in the northern Australian-Sahul Shelf region (Kershaw et al., 2005).
The aridification of the continent, decline of mega fauna and advent of indigenous
burning increased the exposure of the relatively fire susceptible drier rainforest communities.
“Araucarian forest appears to have remained intact until it was progressively replaced by
sclerophyllous vegetation as a result of increased burning over the last 200,000 years”
(Kershaw et al., 2005). Kershaw et al., (2005, 2007a) provides excellent evidence of
community turnover in the Australian Wet Tropics (AWT) in response to recent glacial cycles
of the Quaternary. His extensive work has provided invaluable records of fossil pollen over
the last 230 ky (Fig 7).
During interglacial periods in the AWT the occurrence of Podocarpus pollen is
dramatically reduced when compared to glacial periods, indicating a preference for cooler
drier environments, and/or susceptibility to angiosperm competition. Possibly, the genus
persists during periods of angiosperm dominance (interglacials), due to association with drier
fringing communities around core rainforest communities, where angiosperms are present yet
are not as competitive (Lusk, 1996).
On another front it can be observed that during glacial periods the sclerophyllous taxa
become more abundant. This fire promoting vegetation could be encroaching on drier
rainforest, and accordingly drier rainforests communities may infringe wetter rainforests
during glacial periods.
Kershaw et al. (2007a) on completion of the Lynch‟s crater sequence (Fig 7), maintains
the pattern of complex rainforest expansion during wetter interglacial periods is replaced by
drier rainforest and sclerophyll vegetation during drier glacials. Araucaria and Podocarpus
(drier rainforest) incur cyclic changes in abundance coinciding with the last two glacial
cycles. During the last glacial period, these genera are replaced by more fire-tolerant
elements, as is understood from the recorded increase in fire frequency during this period.
The decline in a more fire sensitive sclerophyll taxon Callitris, may suggest an earlier,
more regional increase in burning, a feature not inconsistent with the evidence in the offshore
fossil record, that regionally Araucariaceae had an initial decline about 130 ka, after some 10
My of near dominance in the landscape (Kershaw et al., 2007a).
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Figure 7. A pollen record of the last 230 ka from Lynch's Crater (AWT), north-eastern Australia
(modified from Kershaw et al., 2007a), showing the relative proportions of the major groups of arboreal
forest taxa and percentages of major contributors to these groups. All percentages of individual taxa are
based on the arboreal forest taxon sum for individual spectra. Corresponding change in temperature (two
glacial cycles) according to Vostok (Antarctica) ice core data (modified from Petit et al., 1999) is
provided on the left (Source: Kershaw et al., 2007a; Petit et al., 1999).

The impact of these changes on the current landscape is that Araucaria (dry rainforest) is
now restricted to small isolated patches that are unlikely to regain their previous dominance
(Kershaw et al., 2005).
The extinction of Dacrydium from the continent, whose closest morphological type
occurs as in New Caledonia, is clearly related but its presence in the AWT record may
suggest it was associated with a different community – a peat land or swamp forest that is
now extinct in Australia (Kershaw et al., 2007a).
In AWT there are four occurring Podocarpus species (Fig 7) associated with different
mesic habitats and this poses a problem when assessing species-level dynamics because the
pollen record is recorded at the generic-level, and does not account for differences in habitat
preference among the species.
Podocarpus elatus is very rare in AWT and only occurs in dry rainforest at high
elevations, where it co-occurs with Podocarpus grayae, which also expands in to lowland
areas. Podocarpus dispermus occurs in wet rainforest at lower elevations and Podocarpus
smithii occurs in wet rainforest at high elevations.
So there is a problem assessing species-level dynamics and community turn-over from a
generic profile, the signatures of four Podocarpus species are compounded within Fig 7.
Shimeld (1995, 2004) provides evidence of long-term decline of Podocarpus elatus since
the previous interglacial (130 ka) from central areas of the species‟ current range (Fig 8). Two
adjacent deposits were used and chronology was replicated. The only other co-occurring
podocarp is Podocarpus spinulosus, which is expected to contribute little to the pollen profile
because it is a dry adapted shrub with different community associations.
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Figure 8. Fossil observations at Moffat‟s Swamp/Creek, Port Stephens, NSW (130 ka to present)
showing an overall decline of Podocarpus elatus pollen since the previous interglacial (130 ka) (Source:
Shimeld 1995).

4.4. Palynology
Pollen analysis has been well-established as a means for reconstructing vegetation history
(Brewer et al., 2002; Hill, 1994, 2004; Kershaw et al. 2007b, 2007a, 2005, 1994; Shimeld
1995, 2004, Woods and Davis, 1989). The pollen grains and spores produced by plants are
preserved well in anoxic environments (e.g. lake deposits, forest hollows, peat bogs) and may
be extracted from these deposits by sampling exposed sections or by taking sediment cores
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(Brewer et al., 2002). The variation in the pollen assemblage are normally presented in the
form of a pollen diagram (Fig 7) with the changes in pollen percentages of each taxon plotted
against depth, enables the temporal changes in the representation of individual taxa and the
type of surrounding vegetation communities to be determined.
Kershaw et al. (1994) indicates that it is not always possible to separate different genera
on their pollen morphology. Ledru et al. (2007) has found it impossible to classify
Podocarpus pollen grains at the species-level using light microscopy. Techniques used in
forensic palynology (Lynn Milne, University of Western Australia, Perth, pers. comm.) made
need to be incorporated into current methodology, if species-level identification using light
microscopy is important in reconstructing past community structure.
Fossil pollen sampled from sediment cores taken from the bottom of Lake Euramoo
(AWT) has revealed that there has been a gradual change in the surrounding vegetation from
dry adaptive species to rainforest species (Haberle, 2005). This vegetation change peaked at
about 7300 years ago during the Holocene Climatic Optimum and has since been in decline.
This is consistent with the habitat becoming wetter until the shift towards competitive
dominance of taxa adapted to drought and fire, which may be a response to the intensification
of El Nino-related climatic cycles (Haberle, 2005).
In north-eastern Australia, recent pollen spectra from the Ocean Drilling Program (ODP)
have sufficient in common with the riverine samples to suggest that rivers are contributing a
major pollen component to the offshore sediments (Moss et al., 2005). This would suggest
riparian vegetation (gallery forest) and associated taxa would be well-represented in the
offshore fossil record. Recent pollen samples from core tops taken from the Grafton Passage
on the continental shelf, that was thought to be the major passage for pollen transport to ODP
Site 820 (16°38′S, 146°18′E), show significant differences to both riverine/ODP samples and
suggest that pollen is dispersed across the continental shelf and through the outer Great
Barrier Reef system in an unanticipated fashion (Moss et al., 2005).

4.4.1. Podocarpus Pollen Morphology
Species-level taxonomic resolution is limited for Podocarpus pollen and understanding of
past community structure and relative abundance of species from the fossil pollen record is
not reliable (M. K. Macphail, Australian National University, Canberra, pers. comm.).
Podocarpus pollen grains are monads, heteropolar, bilateral; vesiculate and bisaccate
(Pocknall, 1981). Podocarpaceae pollen mostly have sacci (Wodehouse, 1935), small bladder
like structures flanking the corpus (Fig 9). Their likely function is to increase buoyancy to
facilitate migration of the pollen grain through the pollination fluid in the micropylar canal,
tending to orientate the grain so that the germinal furrow contacts the female gamete (Doyle,
1945). Sacci structures may also be involved with flight, increasing the dispersal distance of
pollen and aiding pollination (Proctor et al., 1996). Sacci are always associated anatomically
with the furrow and may function in protecting it in periods of water stress (Pocknall, 1981).
Podocarpus pollen is easily identifiable due to distinctive bi-saccate grains (Fig 9).
Although bi-sacci is a synapomorphic trait shared with other coniferous flora, it is unique to
Podocarpus in Australian fossil deposits. The mesic ecosystems where the trees grow are
climatically well defined, so the broad distribution patterns can be extrapolated from point
locations of fossil remains, due to distinct climatological requirements.
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Figure 9. Bilateral cross-section of Podocarpus elatus bi-saccate pollen.

5. PHYLOGEOGRAPHY AND POPULATION GENETICS
Phylogeography is a term coined by Avise et al. (1987) to illustrate the spatial
distributions of phylogenies. Phylogeography is used to determine common responses of
organisms to historical biogeography so to understand divergence and speciation, and to
comprehend geographic distributions of genealogical lineages including those at the
intraspecific level (Avise, 2000). Phylogeography interprets current genetic structure,
phylogenetic relatedness of alleles and their spatial arrangement among and within
populations to reveal historical components of gene flow (Avise, 2000).
Individual species phylogeography provides identification of geographic areas containing
high genetic diversity or distinct evolutionary units for that species (Byrne, 2007). These
areas are usually inferred as refugia, although past migration of diversity may have an
influence. Phylogeographic data collected from wide-ranging species allows for phylogenetic
estimates of gene flow to be made (Lowe et al., 2004). Phylogeography is a critical juncture
between established fields and effectively weights the influences of dispersal versus
vicariance in shaping the geographic distributions of genetic traits (Avise, 2000).
The field takes a population genetics and phylogenetic perspective on biogeography. An
explicit focus on a species biogeographical past sets phylogeography apart from classical
population genetics and phylogenetics (Knowles and Maddison, 2002). Past events including
population expansion/contraction, bottlenecks, vicariance and migration can be identified.
Recently developed approaches integrating coalescent theory, environmental niche modeling
and genealogical history of alleles can accurately address the relative roles of these historical
events in shaping current patterns (Cruzan and Templeton, 2000).
The field can inform conservation strategies through the assessment of genetic diversity
that incorporates an evolutionary perspective, and allows evaluation within a geographical
context, so providing integration with other biogeographical information (Byrne et al., 2011).
A number of studies have been interested in the spatial and temporal response of organisms to
climate driven distributional fluctuation (e.g. Bell et al., 2007; Mellick, et al. 20011, 2012,
2013a, 2013b; Pease et al., 2009; Petit, 2002, Petit et al. 2002, 2003; Richards et al., 2007;
Rissler et al., 2006; Scoble and Lowe, 2010).
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5.1. Population Genetics
Population genetics is the study of the allele frequency distribution and change under the
influence of the four evolutionary forces: natural selection, genetic drift, mutation and gene
flow (Hartl and Clark, 1997; Lowe et al., 2004). It takes account of population subdivision
and population structure in space, and attempts to explain such phenomena as adaptation and
speciation. Population genetics was a vital ingredient in the modern evolutionary synthesis;
its primary founders were Sewall Wright (Wright, 1921,1931), J. B. S. Haldane and R. A.
Fisher (1930), who also laid the foundations for the related discipline of quantitative genetics
(Falconer and Mackay, 1996; Hartl and Clark, 1997).

5.1.1. Hardy-Weinberg Principal
The Hardy–Weinberg principle or equilibrium (HWE) states that the genotype
frequencies in a population remain constant or are in equilibrium from generation to
generation unless specific influences are introduced (Lowe et al., 2004). For example in a
random mating diploid organism, AA + 2Aa + aa = 1 genotype proportions are expected.
Those influences include non-random mating, mutations, natural selection, limited
population size, random genetic drift and gene flow. Genetic equilibrium is a basic principle
of population genetics (Emigh, 1980); it is achieved in one generation, and requires the
assumption of random mating with an infinite population size (Hartl and Clark, 1997).
5.1.2. Genetic Distance
Genetic distance is a measure of the dissimilarity of genetic material between different
species or individuals of the same species (Pollock and Goldstein, 1995). It is a degree of
similarity between a pair of individuals, populations or species were values range between
zero (identical) and one (completely different) (Lowe et al., 2004). By comparing the
percentage difference between the same genes or neutral loci of different species, a figure can
be obtained, which is a measure of genetic distance. Depending upon the difference and
correcting for known rates of evolution, genetic distance can be used as a cladistic tool.
5.1.3. Heterozygosity
Quantification of within population genetic variation is central in the interpretation of
genetic differentiation between populations. Heterozygosity (Ho) is a measure of genetic
diversity, being the frequency of heterozygotes for one locus within a population (Page and
Holmes, 1998). A heterozygote is an individual with two (diploid) or more (polyploidy)
alleles at a locus. In understanding how genetic diversity is partitioned within a population, it
is important to determine how many alleles are present at a single locus. Usually the observed
(Ho) and expected (He) heterozygosities are compared through the determination of allelic
frequencies. Deviation away from the expected HWE frequencies indicates that the
population is not randomly breeding and some degree of assortative mating is occurring
(Lowe et al., 2004).
5.1.4. The Fixation Index
In 1921 what is known as the fixation index was defined (Wright, 1921). The purpose of
which is to quantify the inbreeding effect of population sub-structure (Lowe et al., 2004). The
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index equals the reduction in heterozygosity expected with random mating at anyone level of
a population hierarchy relative to another (Hartl and Clark, 1997). It quantifies genetic
differentiation and proves useful because it allows for an objective comparison of the overall
effect of population substructure among different organisms (Lowe et al., 2004). F-statistics
describe genetic differentiation by partitioning variation into three levels: total population,
sub-population and individual (Lowe et al., 2004). FST and RST statistics refer to analysis of
variance in allele frequencies and in repeat numbers respectively and are used to illustrate
quantitatively the degree of genetic structure (Pérez et al., 2002).

5.1.5. Inbreeding Depression and Heterosis
Inbreeding depression is a term indicating reduced fitness in a given population as a
result of breeding of related individuals (Lowe et al., 2004). Although inbreeding to some
degree accounts for all the diversity that we see today, it is a double edged sword and
breeding between closely related individuals, called inbreeding, results in more recessive
deleterious traits manifesting themselves. The more related the breeding pair the more
deleterious genes the offspring will have (i.e. increased genetic load), resulting in unfit
individuals. Genetic load is a term widely used in domestication and one that will become
more familiar to conservation efforts as natural populations become smaller and more
fragmented.
The effects of inbreeding depression can be dramatic between selfed and out-crossed
families (Fig 10) depending on the genetic load. In a population where inbreeding occurs
frequently, fatal recessives alleles would be rare, due to promptly being eliminated from a
population. With infrequent inbreeding, recessive deleterious alleles will be masked by
heterozygosity, and so heterozygotes will not be selected against (assuming dominance).
Obligate outcrossers, such as trees, are more susceptible to inbreeding depression.
Heterosis is the advantageous effects of hybridization (introgression), and to some
degree, admixture, between two inbred lines with different deleterious genes. By crossing
such lines in a diploid species, the genetic load is dramatically decreased and the fitness of the
offspring increases in comparison to the parents. Many domestication efforts have utilized
this phenomenon (Fig 10: Shepherd et al. 2005). If an offspring of two highly inbreed lines is
selfed, the offspring produced (assuming sufficient fecundity) will largely exhibit genotypic
proportions expected under Hardy–Weinberg equilibrium.

5.2. Coalescent Theory
The application of coalescence theory to genealogical relationships within species
provides information into the process of diversification and the influence of biogeography on
distributional patterns (Cruzan and Templeton, 2000). The coalescent theory is a retrospective
model of population genetics that traces all alleles of a gene from a population to a single
ancestral copy shared by all members of the population, known as the Most Recent Common
Ancestor (MRCA) (Donnelly and Tavaré, 1995). Under conditions of genetic drift alone,
every finite set of genes or alleles has a coalescent point at which all descendants converge to
a single ancestor (Cannings, 1974; Donnelly and Tavaré, 1995).
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Figure 10. The effect of inbreeding depression (left) and heterosis (right) on the vegetative propagation
of the Pinus elliottii x P. caribaea hybrid (Study and photo: R. Mellick).

Some properties of the coalescent theory are: the larger the number of samples (genes)
the greater the rate of coalescence (the more lineages there are the greater the probability that
two will coalesce), the larger the population size the slower the rate of coalescence, time to
coalescence gets longer as the process moves toward the MRCA, smaller sample sizes have a
high probability of including the MRCA of the population, and time cannot be measured
directly with genetic data but genetic divergence can. Considering the assumption of selective
neutrality (Kimura, 1968) it is possible to model the history of a sample, that is, without
regard to the rest of the population. Selection can be accommodated easily if it is strong,
while coalescent models of weak selection are more complicated. Chloroplast and nuclear
genes will coalesce at different rates due to the difference in inheritance between chloroplast
and nuclear DNA as a result of recombination.
The coalescent, as it is typically presented in population genetics, makes all the usual
assumptions of the Wright-Fisher model of a population (Donnelly and Tavaré, 1995; Fisher,
1930; Wright, 1931). As coalescent theory was developed, so were the within-species
molecular data sets resulting from the development and availability of molecular techniques
(Crandall and Templeton, 1993; Kingman, 2000).
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We now have access to Second Generation Sequencing or Next Generation Sequencing,
where potential exists to develop 1000s of informative markers from a single sequencing run.
Recently the resolution and sheer number of molecular markers available has increased
confidence of inferred molecular history through coalescent-based analyses. Coupled with
environmental models that can be projected onto historical climatic estimates an
interdisciplinary evolutionary history can be acquired for a species (Mellick et al., 2012,
2013b).

CASE STUDY TWO: PALAEODISTRIBUTION MODELING AND GENETIC
EVIDENCE HIGHLIGHT DIFFERENTIAL POST-GLACIAL RANGE
SHIFTS OF A RAINFOREST CONIFER DISTRIBUTED ACROSS
A LATITUDINAL GRADIENT
We examined range dynamics during the last glacial cycle of the late-successional
tropical rainforest conifer Podocarpus elatus using a combination of modeling and molecular
marker analyses. In particular, we tested whether distributional changes predicted by
environmental niche modeling are in agreement with the glacial maximum contractions
inferred from the southern fossil record, and population genetic-based estimates of range
disjunctions and demographic dynamics. Also, we tested whether northern and southern
ranges are likely to have experienced similar expansion/contraction dynamics. The study
location is the Eastern Australian tropical and subtropical rainforests (Mellick et al., 2012).
Environmental niche modeling was completed for three time periods during the last
glacial cycle and was interpreted in light of the available fossil record (Fig 11; Mellick et al.,
2012). We collected 109 samples from 32 populations across the entire range of P. elatus. Six
microsatellite loci and Bayesian coalescence analysis were used to infer population
expansion/contraction dynamics, and five sequenced loci (one plastid and four nuclear) were
used to quantify genetic structure/diversity (Fig 12; Mellick et al., 2012). Environmental
niche modeling showed that the northern and southern ranges of P. elatus experienced
different expansion/contraction dynamics. In the northern range, after persisting in a small
refugial area during the Last Glacial Maximum (LGM; 21 ka), the habitat suitable for P.
elatus expanded during the post-glacial period. Conversely in the south, suitable habitat was
widespread during the LGM but since has contracted. These differential dynamics were
supported by coalescent-based analysis of the population genetic data (northern dispersal) and
are consistent with the higher genetic diversity in the south compared to the north. A contact
zone between the two genetically divergent groups (corresponding to the Macleay Overlap
Zone) was supported by environmental niche modeling and molecular analyses (Fig 11 and
12; Mellick et al., 2012).
The climatic changes of the Quaternary have differentially impacted the northern and
southern ranges of this broadly distributed rainforest tree in Australia. Recurrent
contraction/expansion cycles contributed to the genetic distinction between northern and
southern distributions of P. elatus (Mellick et al., 2012). By combining molecular and
environmental niche modeling evidence, this study questions the general assumption that
broadly distributed species respond in a uniform way to climate change.
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Figure 11. Environmental niche models for Podocarpus elatus north (a, b and c), and south (d, e and f),
of the Clarence River Corridor biogeographic barrier in eastern Australia based on the Model for
Interdisciplinary Research on Climate (MIROC) global climatic model for 21 ka Last Glacial Maximum
(a and d), 6 ka Holocene Climatic Optimum (b and e) and the 0 ka pre-industrial (c and f) time periods.
Dark blue indicates low probability of occurrence and warmer colours indicate high probability of
occurrence (Source: Mellick et al., 2012).

Niche-modeling indicated (Fig 11) that at the Last Glacial Maximum (21 ka), the habitats
suiting the two genetically differentiated regions of P. elatus were geographically disjunct
(Mellick et al., 2012). The northern distributional region persisted through the LGM in a
small refugial area, which during post-glacial periods has expanded. Conversely, the southern
range followed the opposite trend and has contracted since the LGM, but overall had higher
genetic diversity (Fig 12). Coalescent-based analysis supported these differential dynamics
across the distribution of the species (Mellick et al., 2012).
In this study we coupled molecular (cpDNA and nDNA) and environmental niche
modeling (ENM) data to compare the distribution histories of two genetically differentiated
groups of the widespread Australian rainforest tree Podocarpus elatus. Molecular and ENM
results were congruent in suggesting that north/south divergence can be explained by
differential range-shift responses between these two genetic clusters separated by the
Clarence River Corridor. The differential range shift response of the species in northern
versus southern distributions is likely to be illustrative of differing climatic drivers between
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the southern subtropical and northern tropical rainforests. Stronger seasonality in the south
might have contributed in maintaining this divergence, and while the species occupies such a
broad environmental envelope, the degree of gene flow between the population groups has
been sufficient to maintain the species‟ integrity (Mellick et al., 2012).
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Figure 12. Podocarpus elatus sequence haplotype distribution and haplotype networks for each of the
five loci (a–e) used in the study. The Clarence River Corridor (CRC: curved line) is a microsatellite
genetic boundary (K = 2), where the north includes both Macleay Overlap Zone and northern
populations. Pie charts are coloured according to the haplotypes present in each population, and are
proportional to the sample size, were the smallest circles represent n = 1 and the largest n = 7. The
networks are shaded according to region and are sized relative to abundance of each haplotype. The
proportion of each haplotype present in the southern populations (1–12) is white, the Macleay Overlap
Zone (13–25) is grey and in the northern populations (26–32) is black. Only two haplotypes were found
at locus A45 (b) and therefore no network was generated. Locus B37 (c) is a chloroplast locus and the
remaining loci are nuclear (Source: Mellick et al., 2012).

6. MOLECULAR ANALYSIS
6.1. Nucleic Markers Including Microsatellites
The flanking sequence of nuclear microsatellites (SSRs) has proved informative to
evolutionary studies (Rossetto et al., 2008, 2009). Inferring genealogical relationships from
SSR allelic size data alone is weak due to the mutational mechanisms involved (Estoup et al.,
2002) but the regions flanking the repeat itself provide a tractable source of phylogenetic
information that is well suited to cross-population and phylogeographic studies (Rossetto et
al. 2002; Hey et al., 2004). The fact that these flanking regions are conserved to a degree
necessary to allow for primer annealing and Polymerase Chain Reaction (PCR), yet more
variable as the sequence approaches the SSR (within the amplicon), give these markers an
advantage over other co-dominant marker systems. This is due to being able to score
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haplotypes from the flanking sequence, and in some circumstances link to repeat length
variation, i.e. HapSTR (Haplotype Short Tandem Repeat; Hey et al., 2004, Mellick et al.,
2013b).
Microsatellites, or Simple Sequence Repeats (SSRs), are polymorphic loci present in
nuclear DNA and organelle DNA that consist of repeating units of one to four base pairs in
length (Turnpenny and Ellard, 2005). They are co-dominant molecular markers that have
wide-ranging applications in the field of genetics, including kinship and population studies.
These markers often show high levels of inter- and intra-specific polymorphism, particularly
when tandem repeats number ten or greater (Queller et al., 1993). Microsatellites owe their
variability to an increased rate of mutation compared to other neutral regions of DNA. These
high rates of mutation can be explained most frequently by slipped strand mispairing
(slippage) during DNA replication on a single DNA strand. Mutation may also occur during
recombination during meiosis (Blouin et al., 1996). Some errors in slippage are rectified by
biomolecular proofreading mechanisms within the nucleus, but some mutations can escape
repair.
Commonly it is found that a number of nucleic microsatellite loci distinguish between
individuals of a rare or threatened organism. Microsatellite library construction is problematic
in conifers due to their large genome size and the high proportion of duplicated DNA (Elsik
and Williams, 2001; Scott et al., 1999; Scott et al., 2003). Nucleic microsatellite libraries
were developed for Podocarpus elatus (Almany et al., 2009) and P. lawrencii.

6.2. Plastid DNA Markers
Plastid analysis provides a deeper historical observation than nucleic DNA, due to not
undergoing recombination and being of a more conserved nature (Powell et al., 1995). This
conservation allows for historical events to be recorded as signatures in the DNA sequence.
Chloroplast genomes are predominantly maternally inherited in angiosperms and paternally
inherited in gymnosperms. They are powerful in determining gene flow from seed versus
pollen movement and reconstructing phylogeographic colonization (Petit et al., 2003).
Intergenic spacers and introns of chloroplast DNA are commonly used as markers in
phylogenetic studies focusing on species-level relationships in plants. In order to attain
informative variation at this low taxonomic level, a large number of nucleotide bases and,
therefore, a great many regions must be investigated. The great majority of loci investigated
for this project were plastid, and only one polymorphic locus was found (PeB37BGT:
Almany et al., 2009).

6.3. Cytoplasmic Inheritance in Podocarpus
The pattern of cytoplasmic inheritance in Podocarpus totara confirms a predominantly
paternal inheritance of plastids, common in all conifer families, and inheritance of
mitochondria is dependant on the mechanism of fertilization and the structure of male and
female gametes found in each family (Owens and Morris, 1990; Wilson and Owens, 2003).
Wilson and Owen (2003) inform that Podocarpaceae display a cytoplasmic inheritance
mechanism similar to that of the Pinaceae and Taxaceae. Bi-parental inheritance in
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Podocarpus elatus is therefore likely, with cpDNA being paternally inherited and mtDNA
being maternally inherited. An extensive search for polymorphic mtDNA loci in the P. elatus
was warranted due to populations being clumped and maternal structure being likely but none
were found. Discovery of polymorphic plastid loci has improved since the advent of Next
Generation Sequencing and will serve gene discovery in organisms with large sized genomes
where paraology is likely.

6.4. Interdisciplinary Studies
Interdisciplinary studies that use multiple sources of information to infer past genetic
structure, such as molecular and palynological data, are commonly used (Petit et al., 2002,
2003). The methods are complementary, so that the limitations from one method are often
compensated for by evidence from the other method. For instance, the taxonomic resolution
using palynological tools is limited, whereas some insights on the dynamics within species
can only be obtained using molecular tools. Furthermore, genetic surveys can have a greater
spatial resolution yet fossil data provide greater temporal resolution (Petit et al., 2002, 2003).
Macro-fossil data in most taxa provides more taxonomic certainty, while palynology provides
much more fossil data but is subject to scrutiny when it comes to reliable species
identification.
Petit et al. (2002) identified refugia and post-glacial colonization routes of European
White Oaks (Quercus spp.) based on both chloroplast DNA (cpDNA) and fossil pollen
evidence. Geographic distribution of 32 cpDNA variants belonging to eight Quercus species
sampled from 2613 populations is presented by Petit et al. (2002). Clear-cut geographic
patterns were revealed in the distribution of cpDNA haplotypes. Combined with
palynological data, colonization routes out of glacial period refugia were able to be identified.
Integration of genetic and climatic data (Pease et al., 2009; Scoble and Lowe, 2010, Mellick
et al., 2011, 2012, 2013a, 2013b) with fossil data will further improve our understanding of
the underlying environmental factors that maintain genetic structure.

7. ENVIRONMENTAL NICHE MODELING
Environmental Niche Modeling (ENM) techniques endeavor to define a conceptual
envelope that best describes the limits to a species actual distribution by correlating
occurrence records to environmental variables. It is a process using computer algorithms to
predict the geographic distribution of species on the basis of a mathematical representation of
their known distribution in environmental space (Beaumont and Hughes, 2002; Heikkinen et
al., 2006). Environmental suitability is largely governed by climate in particular temperature
and precipitation gradients. Variables can be relatively constant, such as soil type, or dynamic
like climate and land use, so a prior knowledge of the study area and study system need to be
considered for reliable predictions.
The development of Geographic Information Systems (GIS) has allowed researchers to
investigate these environmental factors through ENM in detail. This has made it possible to
model the spatial patterns of climatic suitability for organisms based on their current
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distributions and to project these conditions onto mapped estimates of historical and future
climates. Allowing for inference of refugial areas based solely on environmental data alone.

Figure 13. Climate-based prediction and constraints on species distributions (Modified from source:
Cunningham, 2004).

Prediction of species‟ distributions is integral to various ecological, evolutionary and
conservation applications in science (Elith et al., 2006, Elith and Leathwick, 2009).
Applications include field collection, predicting demographic history and forecasting future
threats. Environmental Niche Modeling is now a common tool for assessing the potential
impact of climate change on species‟ ranges (Beaumont et al., 2008).
Many of the questions in phylogeographic studies pertain to how environmental variation
over space and time shape patterns of genetic divergence (Pease et al., 2009; Scoble and
Lowe, 2010). One of these questions is the identification of environmental barriers to
dispersal and gene flow. Environmental niche modeling can answer the question: Is
environmental variation causing range disjunction and reproductive isolation of fragmented
populations? This can be tested by determining genetic connectivity between populations
located in different environmental envelopes.
Modelers are often faced with a problem when the „fundamental niche‟ (potential
distribution) of a species does not correspond with a „realized niche‟ (actual distribution) and
for this reason either an error in the construction of the fundamental niche (the abiotic
thresholds for a species) has been made or that there are genuine factors affecting the actual
distribution of the species, such as competition, predation and pathogens (Fig 13). This
discrepancy between the two often provides the basis of the more interesting hypotheses.
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7.1. Landscape Genetics
Environmental and historical data are now being combined to understand geographic
patterns of genetic diversity in the emerging discipline „landscape genetics‟ (Scoble and
Lowe, 2010). It integrates population genetics, spatial statistics and landscape ecology. Just
coming into existence and beginning to display signs of future potential, landscape genetics
research explicitly quantifies the effects of landscape composition, configuration and matrix
quality on gene flow and spatial genetic variation (Storfer et al., 2007). The „matrix‟ can be
perceived as the hostile are between areas of increased habitat suitability and associated
fragmented habitats. Niche modeling has contributed to such efforts by allowing species–
environmental associations to be projected into the past so that hypotheses about historical
vicariance can be generated and tested independently with genetic data (Pease et al., 2009).
Recent episodes of environmentally mediated divergence are unlikely to be shown as a
molecular signature, however, utilizing environmental models associated with divergent
population groups reveals the history of genetic disjunctions and how climate and the
landscape drives evolution.
Speculation has been made that rainforest communities (Hilbert, et al., 2007;
VanDerWal, et al., 2009) and alliances (Mellick et al., 2013a) fluctuate independently in
response to climate depending on their species‟ specific ecology in the context of their abiotic
environment. Byrne et al. (2011) suggests that plants respond to Quaternary climatic change
as species, not as associations or biomes. Population isolation/migration and
vicariance/admixture processes over time, brought about by enduring glacial periods to the
brief interglacials like the present, add to the evolutionary complexity in fragmented highly
biodiverse areas.

Figure 14. Environmental niche models (altitudinal range shift) for Nothofagus moorei (blue) and
Elaeocarpus grandis (yellow) in far-eastern Australia (Mt Warning Caldera) for 21 thousand years ago
(fossil record support) during the Last Glacial Maximum (LGM) time period based on the Model for
Interdisciplinary Research on Climate (MIROC 3.2.2) global climatic model, the current time period
based on WorldClim data (1966–present) and an average of 13 global climatic models for 2050 (Mellick
et al., 2013a; Mellick et al., 2013b ). Darker shading indicates areas of higher elevation and lighter
shading indicates areas of lower elevation (Source: Mellick et al., 2013a).
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Figure 15. a. Boxplots of area of overlap at each time for 10 paired replicate models. Area of overlap was
measured as number of overlapping grid cells marked as core climate conditions for each species. b.
Histograms of frequency of altitude values in the core climate condition grid cells for each species.
Elaeocarpus grandis data is to the left and Nothofagus moorei to the right in each panel. Histograms of
altitude in 100 m bands were based on the core climate suitability grid cells for each species pooled
across the 10 replicates at each time. The dashed line on each plot indicates the mean altitude for each
species. c. The entire (northern and southern) Nothofagus moorei occurrences (YETI and Atlas of NSW
Wildlife), including genetic structure and diversity across whole range that comprises four major
highland population groups. Darker shading indicates areas of higher elevation and lighter shading
indicates areas of lower elevation (Source: Mellick et al., 2013a).

7.2. Past-Current-Future Distribution
Distributional changes facilitate adaptation and forge the evolutionary trends responsible
for incipient speciation. Palaeodistribution modeling projects the envelope created from
current occurrence records onto historical climatic estimates (Mellick et al., 2012). Used in
conjunction with molecular data the method combines independent data to locate glacial and
interglacial refugia (Hilbert et al., 2007). Recently research on the turnover along altitudinal
gradients from cool-temperate (Nothofagus spp.) to warm subtropical rainforest (Elaeocarpus
spp.) in far-eastern Australia has revealed post-glacial trends (Mellick et al., 2013a).
The potential distributions of the two species closely associated with different rainforest
types were modeled to infer the potential contribution of post-glacial warming on spatial
distribution and altitudinal range shift (Mellick et al., 2013a: Fig 14 and 15). Environmental
niche models were used to infer range shift differences between the two species in the past
(21 thousand years ago), current and future (2050) scenarios, and to provide a framework to
explain observed genetic diversity/structure (Fig 15a, b and c). The models suggest
continuing contraction of the highland cool temperate climatic envelope and expansion of the
lowland warm subtropical envelope, with both showing a core average increase in elevation
in response to post-glacial warming (Figure 15b).
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7.3. Predicting Future Distribution of Genetic Diversity
Modeling and monitoring studies over the last 20 years have provided considerable
evidence that global climate change is already affecting and will continue to affect many
species and ecosystems, resulting in declines and extinctions of many species (Dunlop and
Brown, 2008). It is usually the most threatened species and habitats that are going to respond
first to these climatic changes. Nonetheless, because of the interacting nature of ecological
systems the impacts on biodiversity to future environmental change are not clear.
We know that adaptive potential is associated with genetic diversity and that distributions
follow environmental gradients. Through modeling both molecular and environmental data,
we can anticipate future spatial changes in genetic diversity. Recently the resolution and sheer
number of molecular markers available has increased confidence of inferred molecular
history through coalescent-based analyses. Coupled with environmental models that can be
projected onto future climatic estimates an interdisciplinary forecast can be acquired for a
species. Next Generation Sequencing will provide additional tools to reliably predict future
changes in genetic diversity and therefore the adaptive potential of species to the rapid
environmental changes anticipated this century.
Table 1. Details of the 13 atmospheric oceanic global circulation models (AOGCMs)
used to create an ensemble (average) for projecting MaxEnt models onto 2050 future
climate conditions (Source: Mellick et al., 2013b)
Climate Model Inter-comparison
Project 3(CMIP3) identifier

Originating institution or collective

BCCR-BCM2.0
CGCM3.1(T63)

Bjerknes Centre for Climate Research, Norway
Canadian Centre for Climate Modeling and Analysis, Canada

CNRM-CM3

Météo-France / Centre National de Recherches
Météorologiques, France
CSIRO Atmospheric Research, Australia
Max Planck Institute for Meteorology, Germany
Meteorological Institute of the University of Bonn,
Germany; Meteorological
Research Institute of the Korean Meteorological Agency,
Korea
Geophysical Fluid Dynamics Laboratory, NOAA, Dept. of
Commerce USA
Goddard Institute for Space Studies NASA USA
Instituto Nazionale di Geofisica e Vulcanologia, Italy
Institute for Numerical Mathematics, Russia
Institut Pierre Simon Laplace, France
Center for Climate System Research (The University of
Tokyo), National Institute for Environmental Studies, and
Frontier Research Center for Global Change (JAMSTEC),
Japan
Meteorological Research Institute, Japan

CSIRO-Mk3.5
ECHAM5/MPI-OM
ECHO-G

GFDL-CM2.1
GISS-ER
INGV-SXG
INM-CM3.0
IPSL-CM4
MIROC3.2(medres)

MRI-CGCM2.3.2
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Studies have supported the prediction that species with narrower climatic niches will be
more sensitive to climate-induced range contraction (Sexton et al., 2009; Bell, 2007).
Potential impacts of projected climate change on biodiversity are often assessed using singlespecies Environmental Niche Models (ENM) (Heikkinen et al., 2006). Predicting the
probability of successful establishment of plant species by correlating distribution to
climatic/environmental variables, has considerable potential as supporting methodology to
reinforce palynological and phylogeographic studies. In the future, deeper ecological and
physiological understanding may allow competition effects to be quantified and included in
species distribution modeling. Future biogeographical ranges of species are constructed by
applying the models based on climatic variables that best describe the current equilibrium
distributions to simulate future distributions under selected climate changes scenarios
(Bakkenes et al., 2002; Solomon et al., 2007). Bakkenes (2002) suggests that in reviewing
possible future trends, it was found that European plant species, in general, would find their
current climate envelopes further northeast by 2050, implying maximum temperature
threshold may restrict species‟ lower latitude range limits.
Araujo and New (2007) suggests added confidence in ENM output can be achieved
through projection of the trained environmental envelope onto an ensemble of different
atmospheric oceanic global circulation models (AOGCMs). The selection of climate
scenarios for impact assessments should not be undertaken arbitrarily - strengths and
weakness of different climate models should be considered (Beaumont et al., 2008). To
account for uncertainties in predictions of future climate data, we derived data from 13 global
climate models (Table 1: Mellick et al., 2013a, 2013b) used in the Fourth Assessment Report
of the Inter-governmental Panel on Climate Change (IPCC).

7.4. Correlative and Mechanistic Modeling
Environmental niche models are correlative (statistical) models. They relate observed
presences of a species to values of environmental variables across the geographic extent of
the species‟ range. Some models use absence data, which is very hard and expensive to
collect but the most commonly used models use presence-only data, perhaps together with
random background data. In contrast, mechanistic (or process-based) models assess the biophysiological aspects of a species to generate the conditions in which the species can ideally
survive, based on a species‟ traits and observations made in laboratory or controlled field
studies (Bresson et al., 2011). Mechanistic modeling defines the abiotic limits of a species
range through the physiological tolerances of the species, e.g. Podocarpus auxiliary xylem
tissue collapses at certain water-stress thresholds and therefore the species distribution is
limited by a trade-off between water use and photosynthetic efficiency (Brodribb and Hill,
1999).
It may be possible to combine mechanistic and correlative approaches to alleviate the
expense required for mechanistic data collection and gain the convenience of correlative
modeling. The development of phenotype-genotype correlation between the physiological
traits associated with climatic tolerance and a marker suite linked to such characters may
allow this. Possibly, selective genotyping (i.e. genotyping the best and worse individuals of
physiological quantitative traits), candidate gene analysis and/or quantitative trait loci
analysis could achieve the phenotype-genotype correlation required. Then the correlative
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modeling approach could be applied to the geographic distribution of markers associated with
such traits.

Figure 16. The distribution of Podocarpus elatus showing genetically differentiated population groups;
southern group is red and northern is green (Mellick et al., 2011). The Clarence River Corridor dividing
the groups is shown. The three populations used for the coalescent-based analysis are shown and the
sizes of their representative circles are relative to allelic richness (Rs) x unbiased heterozygosity (uh)
(Source: Mellick et al., 2013b).
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CASE STUDY THREE: INTRASPECIFIC DIVERGENCE ASSOCIATED
WITH A BIOGEOGRAPHIC BARRIER AND CLIMATIC MODELS SHOW
FUTURE THREATS AND LONG-TERM DECLINE OF
A RAINFOREST CONIFER
A capacity to foresee the shift in species‟ range and the demographic response to future
climate change is integral to effective conservation planning (Mellick et al., 2013b). Here we
model the future climate-driven range shift, and compare it with past range shift, along a
latitudinal gradient in two population groups of a late-successional rainforest conifer
(Podocarpus elatus), genetically differentiated over the Clarence River Corridor
biogeographic barrier (Northern NSW, East Australian Rainforests). Environmental niche
modeling of the past-current-future distributions of the two groups and a coalescent-based
isolation-with-migration model investigated divergence times and effective population sizes
among the current genetic disjunctions in the species. This suggests differential range shift
(i.e. expansion in the north and contraction in the south) will continue in the future, with a
southern range shift also occurring in both climatic models. The origin of the Clarence River
Corridor (Fig 16) dividing the two population groups was inferred by molecular analysis to be
prior to the last glacial maximum (Table 2). Another divergence in the south (19 ka) is
indicative of slow consistent habitat contractions since the last glacial maximum (LGM: 21
ka). We recommend the southern and Macleay Overlap Zone (far-eastern Australia)
populations as priority areas for protection based upon intraspecific diversity and pastcurrent-future habitat suitability. The integrated approach shows that this widely distributed
species is more at risk than expected from current climate change and other anthropogenic
effects (Mellick et al., 2013b).
Past-current-future modeling (Table 2 and Fig 17) suggests that the two population
groups respond differently to climate change, and that both are subjected to
expansion/contractions cycles indicative of community turnover (Mellick et al., 2013a;
Kershaw et al., 2007a). This emphasizes the sensitivity of this species to climatic fluctuation
and, when considering its fragmented distribution along a broad latitudinal range, the
likelihood that this species may survive climatic cycles within dispersed refugia and
microhabitats (e.g. ecotones, ridgelines, rainforest remnants; Mellick et al., 2013b; Brodribb
and Hill, 2003).
Although the species has long generation periods, possibly of 600 years or more,
successful recruitment and establishment are reliant on abiotic factors (e.g. fire frequency and
climate) as well as biotic factors (e.g. competition and light availability). Observed spatial
displacement to boundary communities (Mellick et al., 2011, Harden et al., 2006) away from
the increased competition of core communities (Lusk, 1996) may have facilitated the survival
of populations in the past, yet may now expose P. elatus to increased anthropogenic
disturbance, such as more frequent burning and non-indigenous invasive species (Mellick et
al., 2013b).
The nature of these ecotonal communities (e.g. nutrient poor areas, fire prone, less
competition) affords Podocarpus an advantage (Brodribb and Hill, 2003; Lusk, 1996). The
micro-environmental character and the sheltered ecology of ecotonal micro-habitats may have
facilitated survival in areas of low climatic suitability (Mellick et al., 2013b). These
fragmented habitats considering the outcrossing nature of the tree are especially vulnerable to
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the effects of isolation, genetic drift and inbreeding (Mellick et al., 2011) as shown in other
Australian rainforest conifers (Peakall et al., 2003, Shapcott, 1997). Although Podocarpus
elatus is common to the East Australian rainforests, its existence is closely allied to habitats
that are threatened by future climate change. Seeing localized extinction and population
decline has been documented in other rainforest podocarps (Shapcott, 1997) and drier
rainforest conifers (Peakall et al., 2003; Pye and Gadek, 2004), we should consider P. elatus
as potentially at future risk (Mellick et al., 2013b).
Table 2. The inferred genetic history of three Podocarpus elatus populations
representing the southern [1. southern New South Wales (Sth NSW) and 2. northern
New South Wales (Nth NSW)] and northern [3. southern Queensland (Sth QLD)] ranges
either side of the Clarence River Corridor (CRC) biogeographic barrier. The 95%
highest posterior density intervals (HPD95 low – HPD95 high) are tabulated for
effective population sizes (θ1- θ5) and splitting times (t1; first split either side of the
CRC between Sth QLD and NSW ancestral populations: t2; second split between Sth
and Nth NSW). The maximum likelihood estimate (MLE) is the curve height (i.e. mode)
of marginal posterior probability for each parameter. The difference between the
original parameter values (i.e. curve height of marginal posterior probability) and the
rescaled population size and time parameter values are that the latter use marginal
distribution values in demographic units. None of the migration parameters converged
and were left out of the table accordingly (Source: Mellick et al., 2013b)
DATA SET
Sth NSW ζ1 Nth NSW ζ2Sth QLD ζ3NSW ancestral ζ4All ancestral ζ5t1
MLE
0.1825
0.1673
0.5655
0.888
34.04
0.0475
HPD95 Low
0.0075
0.01425
0.1905
0
21.8
0.0175
HPD95 High
2.918
0.7748
1.556
12.11
54.44
0.1475
rescaled population size (ζ: individuals) and time (t:1000 years) parameter units
MLE
938.6
837.3
2831
4443
170406
105.127
HPD95 Low
37.55
71.34
953.7
0
109132
35.042
HPD95 High
14605
3878
7787
60636
272530
295.357

t2
0.0095
0.0015
0.0435
19.023
3.004
87.105

CONCLUSION
The case studies underpinning this chapter aim to understand how the distribution of
Podocarpus elatus has responded to recent climatic change of the Quaternary and the likely
response to future climate change. Using the fossil record, molecular observation/inference
and Environmental Niche Modeling (ENM), an interdisciplinary signal has been obtained of
how past climate change has affected distribution and diversity of this rainforest conifer.
Seeing a common genetic and environmental boundary has been observed (Fig 5), future
changes in the distribution of genetic diversity have been predicted (Fig 16).
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Figure 17. Environmental niche models for Podocarpus elatus north (a, b, c and d) and south (e, f, g and
h) of the Clarence River Corridor biogeographic barrier in eastern Australia for 21 ka Last Glacial
Maximum (a and e), 6 ka Holocene Climatic Optimum (b and f), 0 ka Pre-industrial (c and g), including
the location of the three populations under study, and A2 2050 future time periods (d and h). Red borders
around projected distributions do not reflect probability of occurrence (Source: Mellick et al., 2013b).

Agreement between the climatic data (i.e. ENMs: Fig 5, 11 and 16) and regional
distribution either side of the Clarence River Corridor (CRC) suggests genetic divergence is
climate-driven, as the decline in the observed fossil record suggests (Black et al., 2006; Black
and Mooney, 2007; Kershaw et al., 2007; Shimeld, 1995, 2004; Williams et al., 2006).
Rainforest herpetofauna (Burns et al., 2007; Schauble and Moritz 2001) show genetic
divergences over the CRC that suggest the differential climatic drivers identified in P. elatus
may support broader rainforest associations.
Due to the study being based on separate independent sources of evidence, the
conclusions made are reliable and will provide a basis to interpret the environmental drivers
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and biological processes that have led to present-day genetic diversity and structure. The
method used here to reconstruct community turnover has been tailored to the inadequacies of
the east Australia Quaternary fossil record (i.e. abundance, chronology and taxonomy).
Interdisciplinarity will improve our theoretical understanding of the response of threatened
communities to climate change as well as informing future conservation strategies.
The majority of the genetic diversity (microsatellite, nDNA and cpDNA sequence) in P.
elatus is found in the southern and central ranges. The northern distribution is impoverished
and very fragmented. The species is rare in the Australian Wet Tropics (Fig 16). The lower
diversity and distributional pattern of the northern populations could suggest that the current
distribution is the result of an earlier northern expansion from a narrower genetic pool (case
study one).
Podocarpus have traits that originated in extreme seasonality (Brodribb and Hill, 1999,
2003; Quinn and Price, 2003; Hill, 1994) and since have served expansion into equatorial
regions (Fig 2). The surviving podocarps are remnants of a world dramatically different from
the one they occupy today. Although past Antarctic climates were seasonally hot and wet, the
change in day length for the genus over time has been dramatic.
The current wide latitudinal range of the species is linked to the availability of rainforest
boundary communities. This has given P. elatus a continental wide range yet a narrow
microhabitat requirement. Over time population expansion and contraction cycles have been
influence by climate. Differential range shift response is shown between the northern and
southern population groups (Fig 11 and 17) illustrative of differing climatic drivers between
the southern subtropical and northern tropical rainforests. These differing climatic conditions
may underline long-term divergent processes between the two regional groups. In the shorter
term and at a regional scale, anthropogenic habitat clearing (i.e. Big scrub Rainforest) is also
likely to contribute to the differences measured between regions and among generational
cohorts (Fig 4).
The location and aridity of the Clarence River Corridor would have restricted dispersal
during expansion phases of each latitudinally distributed region. These successional waves of
diversity in opposing directions resulted in the populations flanking the barrier to be
genetically distinct and of high diversity, with the majority of unique allele genotypes found
close to the barrier (Fig 12). Due to the huge climatic variation across its current range,
periods of admixture (expansion) and vicariance (contraction) between populations have been
different between southern and northern ranges. Differential range shift response shown in P.
elatus may be caused by stronger seasonality in the south. Although the species occupies such
a broad environmental envelope, the degree of gene flow between the population groups has
been sufficient to maintain the species‟ integrity (case study two).
The future climate-induced range shift (Fig 16 d and h) of the two genetically
differentiated regions were shown to follow a similar pattern to that observed during the
Holocene Climatic Optimum (6 ka: Fig 11b and e, Fig 17 b and f) when the climate was
hotter and wetter. Expansion/contraction dynamics suggest the southern diverse region is
under threat of future climate change and sea-level rises expected this century (case study
three).
Locally adapted genetic variants may be harbored by threatened populations and these
variants may offer genetic variation that may reduce the genetic load of other inbreed
populations (Mellick et al., 2011). Conservation strategies may involve the extension of
habitat corridors to accommodate future range-shift and assisted migration of genetically rich
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stock under threat of localized extinction into areas of high habitat suitability (Mellick et al.,
2013b).
Climatic change has made naturally disjunct populations of Podocarpus elatus
genetically inbreed and divergent from one another, suggesting local genetic seed should be
used in the restoration of degraded habitats. The approach of using locally sourced seed to
revegetate areas may be appropriate for areas of relatively high diversity but where
genetically impoverished, success will depend on seed viability and, once established, on
resilience to forecasted changes and further disturbance. We need to promote admixture
between divergent population groups to reduce genetic load and reduce the adverse effects of
inbreeding. If natural selective gradients are in place then this local increase in diversity will
not hinder selective filtering and the natural processes present in the species, rather it would
aid it through survival.
It was found that P. elatus is considerably more threatened than shown by its current
distribution, and I suggest the use, and extension, of habitat corridors to accommodate future
climate-induced range shift of fragmented rainforest habitats along the east coast of Australia.
The future design of habitat corridors could take on a broader evolutionary application by
linking fragmented habitats along predicted avenues of range shift, and understanding natural
gene flow patterns will allow for genotype selection and assisted migration along these
avenues. Range shift is part of the natural adaptive process (Moritz, 2002) but during previous
climate fluctuations, range shift has been unhindered by human land-use. In order to conserve
the natural genetic constitution and adaptive potential of species in general, protected avenues
along which migration is assisted will need to be integrated into the human land-use matrix.
Our data suggest that conservation and management should be focused around the
southern populations and Macleay Overlap Zone; where most of the species‟ diversity resides
and where sustained habitat suitability in response to post-glacial warming and future
scenarios occurs (Fig 17 d and h). The southern populations (Fig 17h) are under threat of
localized extinction, and therefore should be a target of conservation strategies. The general
decline of rainforest conifers from the fossil record is a consequence of a changing
environment and has occurred since the previous interglacial (130 ka: Kershaw, 2005; et al.,
2007a; Shimeld, 1995, 2004).
Predictive distributional modeling and the understanding of gene flow dynamics provide
a method to interpret current distribution patterns and potentially anticipate, and
accommodate, rapid migration rates as a result of projected anthropogenic-induced climate
change.
Species worldwide are a result of natural evolution that has afforded them a genetic
constitution and an ability to survive natural climatic cycles and environmental extremes. The
consequences of our interference (artificial selection through anthropogenic effects) may be a
reduction in the adaptive potential and natural genetic constitution to deal with natural
climatic cycles and environmental pressures.
Complex evolutionary processes occur in the World Heritage listed central east
Australian Rainforests, the majority of which are surrounded by a human land use matrix with
little means of altitudinal or latitudinal range shifts in response to anthropogenic-induced
climate change. Understanding the manner of intraspecific divergence and adaptation along
latitudinal temperature/precipitation gradients within these confined rainforests is integral to
their conservation.

Climate Change and an Australian Rainforest Conifer

257

ACKNOWLEDGMENTS
Thank you to Tim Brodribb, Robert S. Hill, Andrew Lowe, Ed Biffin, Chris Allen, Peter
D. Wilson and Maurizio Rossetto. I acknowledge the University of Adelaide, Faculty of
Science, for funding the research (Divisional Scholarship). This research was also funded by
the Australian Research Council Discovery Grant (DP0665859). Thank you to the National
Herbarium of NSW, The Royal Botanic Gardens and Domain Trust, Sydney. I particularly
thank Andrew Ford (CSIRO, Atherton), Rebecca Johnson, Bob Coveny, David Bateman,
Phillip Greenwood, NSW National Parks and Wildlife and Robert Kooyman for their
assistance in undertaking collections and observations; Simon Ho (The University of Sydney)
and Paul Rymer (The University of Western Sydney) for their support with regard to multilocus coalescence-based analysis; Peter Kershaw, Peter Shimeld, Sandy Harrison, Scott
Mooney and Nicole Williams for providing palynological data.

REFERENCES
Ahmed AK, Johnson KA (2000) TURNER REVIEW No. 3. Horticultural development of
Australian native edible plants. Australian Journal of Botany 48, 417-426.
Almany GR, De Arruda MP, Arthofer W (2009). Permanent Genetic Resources added to
Molecular Ecology Resources Database 1 May 2009-31 July 2009. Molecular Ecology
Resources 9, 1460-1466.
Araujo MB, New M (2007). Ensemble forecasting of species distributions. Trends in Ecology
and Evolution 22(1): 42-47.
Avise JC (2000). 'Phylogeography: the history and formation of species.' (Harvard University
Press)
Avise JC, Arnold J, Ball RM Jr., Bermingham E, Lamb T, Neigel JE, Reed CA, Saunders NC
(1987). Intraspecific phylogeography: the mitochondrial DNA bridge between population
genetics and systematics. Annual Review of Ecology and Systematics 18, 489–522.
Bakkenes M, Alkemade JRM, Ihle F, Leemans R, Latour JB (2002). Assessing effects of
forecasted climate change on the diversity and distribution of
European higher plants for 2050. Global Change Biology 8, 390-407.
Barker NP, Muller EM, Mill RR (2004). A yellowwood by any other name: molecular
systematics and the taxonomy of Podocarpus and the Podocarpaceae in southern Africa.
South African Journal of Science 100, 629-632.
Barker PF, Thomas E (2004). Origin, signature and palaeoclimatic influence of the Antarctic
Circumpolar Current. Earth-Science Reviews 66, 143-162.
Bartholomai A, Molnar RE (1981). Muttaburrasaurus, a new iguanodontid (Ornithischia:
Ornithopoda) dinosaur from the Lower Cretaceous of Queensland. Memoirs of the
Queensland Museum 20, 319-349.
Beaumont LJ, Hughes L (2002). Potential changes in the distributions of latitudinally
restricted Australian butterfly species in response to climate change. Global Change
Biology 8, 954-971.
Beaumont LJ, Hughes L, Pitman AJ (2008). Why is the choice of future climate scenarios for
species distribution modeling important? Ecology Letters 11, 1135-1146.

258

Rohan Mellick

Bell KL, Moritz, C., Moussalli, A. and Yeates, D.K. (2007). Comparative phylogeography
and speciation of dung beetles from the Australian Wet Tropics rainforest. Molecular
Ecology 16, 4984 -4998.
Bennett KD (1997). 'Evolution and Ecology: The pace of life.' (Cambridge University Press:
Cambridge, U.K.)
Biffin E, Brodribb TJ, Hill RS, Thomas P, Lowe AJ (2012). Leaf evolution in Southern
Hemisphere conifers tracks the angiosperm ecological radiation. Proceedings of the
Royal Society B: Biological Sciences.
Biffin E, Conran J, Lowe A (2011). Podocarp Evolution: A Molecular Phylogenetic
Perspective. In „Ecology of the Podocarpaceae in Tropical Forests‟. (Eds BL Turner and
LA Cernusak) pp. 1–20. Smithsonian Contributions to Botany, No. 95. (Smithsonian
Institution Scholarly Press: Washington D.C.)
Black MP, Mooney SD (2007). The response of aboriginal burning practices to population
levels and El Nino-Southern oscillation events during the mid- to late-Holocene: a case
study from the Sydney basin using charcoal and pollen analysis. Austral. Geo. 38, 37-52
Black, M.P., Mooney, S.D., Martin, H.A. 2006. A >43,000-year vegetation and fire history
from Lake Baraba, New South Wales, Australia. Quaternary Science Review 25, 30033016.
Blouin MS, Parsons M, Lacaille V, Lotz S (1996). Use of microsatellite loci to classify
individuals by relatedness. Molecular Ecology 5, 393-401.
Bond WJ (1989). The tortoise and the hare - ecology of angiosperm dominance and
gymnosperm persistence. Biological Journal of the Linnean Society 36, 227-249.
Bowler JM, (1982). Aridity in the late tertiary and quaternary of Australia. In: „Evolution of
the flora and fauna of arid Australia‟. Barker WR and Greenslade PJM (eds) (Peacock
Publications, South Australia).
Bowman D (2000) 'Australian Rainforests: Islands of Green in the Land of Fire.' Cambridge
University Press, Cambridge.
Bresson, CC, Vitasse Y, Kremer A, Delzon S (2011). To what extent is altitudinal variation
of functional traits driven by genetic adaptation in European oak and beech? Tree
Physiology 31, 1164-1174.
Brewer S, Cheddadi R, de Beaulieu JL, Reille M (2002). The spread of deciduous Quercus
throughout Europe since the last glacial period. Forest ecology and management 156, 2748.
Brodribb T, Hill RS (1999). The importance of xylem constraints in the distribution of conifer
species. New Phytologist 143, 365-372.
Brodribb TJ, Hill RS (2003). The rise and fall of the Podocarpaceae in Australia: a
physiological explanation. In 'Evolution of plant physiology'. (Eds A Hemsley and I
Poole) pp. 381-399. (Academic: London)
Burns EL, Eldridge MDB, Crayn DM, Houlden BA (2007). Low phylogeographic structure
in a wide spread endangered Australian frog Litoria aurea (Anura : Hylidae).
Conservation Genetics 8, 17-32.
Byrne M (2007). Phylogeography provides an evolutionary context for the conservation of a
diverse and ancient flora. Australian Journal of Botany 55, 316-325.
Byrne M, Steane DA, Joseph L, Yeates DK, Jordan GJ, Crayn D, Aplin K, Cantrill DJ, Cook
LG, Crisp MD, Scott Keogh J, Melville J, Moritz C, Porch N, Sniderman K, Sunnacks P,

Climate Change and an Australian Rainforest Conifer

259

Weston PH (2011) Decline of a biome: evolution, contraction, fragmentation, extinction
and invasion of the Australian mesic zone biota. Journal of Biogeography 38, 1635-1656.
Cannings C (1974). The Latent Roots of Certain Markov Chains Arising in Genetics: A New
Approach, I. Haploid Models. Advances in Applied Probability 6, 260-290.
Chambers TC, Drinnan AN, McLoughlin S (1998). Some morphological features of Wollemi
Pine (Wollemia nobilis: Araucariaceae) and their comparison to cretaceous plant fossils.
International Journal of Plant Sciences 159, 160-171.
Chaw SM, Zharkikh A, Sung HM, Lau TC, Li WH (1997). Molecular phylogeny of extant
Gymnosprems and seed plant evolution: analyisi of nuclear 18s rRNA sequences.
Molecular Biology and Evolution 14, 56-68.
Conran JG, Wood GM, Martin PG, Dowd JM, Quinn CJ, Gadek PA, Price RA (2000).
Generic relationships within and between the gymnosperm families Podocarpaceae and
Phyllocladaceae based on an analysis of the chloroplast gene rbcL. Australian Journal of
Botany 48, 715-724.
Couper RA (1960). Southern Hemisphere Mesozoic and Tertiary Podocarpaceae and
Fagaceae and their palaeogeographic significance. Proceedings of the Royal Society of
London. Series B, Biological Sciences 152, 491-500.
Crandall KA, Templeton AR (1993). Empirical tests of some predictions from the Coalescent
Theory with applications to intraspecific Phylogeny reconstruction. Genetics 134, 959969.
Cruzan MB, Templeton AR (2000). Paleoecology and coalescence: phylogeographic analysis
of hypotheses from the fossil record. Trends in Ecology and Evolution 15, 491-496.
Cunningham S (2004). Climatic impacts on biodiversity: how useful are current predictions.
CSIRO entomology presentation.
Demesure B, Sodzi N, Petit RJ (1995). A set of universal primers for amplification of
polymorphic noncoding regions of mitochondrial and chloroplast DNA in plants
Molecular Ecology 4, 129-131.
Dettmann ME, Jarzen DM (1990). The Antarctic/Australian rift valley: Late cretaceous cradle
of nortteastern Australasian relicts? Review of Palaeobotany and Palynology 65: 131144.
Donnelly P, Tavaré S (1995). Coalescents and genealogical structure under neutrality. Annual
Review of Genetics 29, 401-421.
Doyle J (1945). Development lines in pollination mechanisms in the Coniferales. Scientific
proceedings of the Royal Dublin Society 24, 43-62.
Drinnan AN, Chambers TC (1986). Flora of the Lower Cretaceous Koonwarra Fossil Bed
(korumburra Group) south Gippsland. T. C. Mem. Ass. Australas. Palaeontols 3, 1−77.
Dunlop M, Brown PR (2008). ' Implications of climate change for Australia's National
Reserve System: a preliminary assessment. Technical Report.' Department of Climate
Change, Canberra.
Elith J, Graham CH, et al. (2006) Novel methods improve prediction of species' distributions
from occurrence data. Ecography 29, 129-151.
Elith J, Leathwick JR (2009). Species Distribution Models: ecological explanation and
prediction across space and time. In 'Annual Review of Ecology Evolution and
Systematics' pp. 677-697. (Annual Reviews: Palo Alto)
Elsik CG, Williams CG (2001). Low-copy microsatellite recovery from a conifer genome.
TAG Theoretical and Applied Genetics 103, 1189-1195.

260

Rohan Mellick

Emigh TH (1980). A comparison of tests for Hardy-Weinberg Equilibrium. Biometrics 36,
627-642.
Enright NJ, Hill RS (1995). 'Ecology of the southern conifers.' (Melbourne University Press.:
Melbourne)
Enright NJ, Jaffr T (2011). Ecology and Distribution of the Malesian Podocarps. In „Ecology
of the Podocarpaceae in Tropical Forests‟. (Eds BL Turner and LA
Cernusak) pp. 57–77. Smithsonian Contributions to Botany, No. 95. (Smithsonian Institution
Scholarly Press: Washington D.C.)
Enright NJ, Ogden J (1995). The southern conifers- a synthesis. In 'Ecology of the southern
conifers'. (Eds NJ Enright and RS Hill) pp. 271-287. (Melbourne University Press:
Melbourne )
Estoup A, Jarne P, Cornuet JM (2002). Homoplasy and mutation model at microsatellite loci
and their consequences for population genetics analysis. Molecular Ecology 11, 15911604.
Ewens W (1990). Population genetics theory - the past and the future. In 'Mathematical and
Statistical developments of Evolutionary Theory'. (Ed. S Lessard) pp. 177-227. (Kluwer
Academic Publishers: New York)
Falconer DS, Mackay TFC (1996). 'Introduction to quantitative genetics.' (Addison Wesley
Longman Limitied: Harlow)
Fisher RA (1930). 'The genetical theory of natural selection.' (Clarendon Press: Oxford)
Greenwood DR. Christophel DC (2005). The origins and tertiary history of Australian
Tropical Rainforests. Tropical Rainforests: past, present and future. D. a. M.
Bermingham.
Haberle SG (2005). A 23,000-yr pollen record from Lake Euramoo, Wet Tropics of NE
Queensland, Australia. Quaternary Research 64, 343-356.
Harden GJ (1990). 'Flora of New South Wales.' (University of NSW press: Sydney)
Hartl DL, Clark AG (1997). 'Principals of Population Genetics (3rd ed).' (Sinauer Associates,
Inc: MA)
Heikkinen RK, Luoto M, Araujo MB, Virkkala R, Thuiller W, Sykes MT (2006). Methods
and uncertainties in bioclimatic envelope modeling under climate change. Progress in
Physical Geography 30, 751-777.
Hewitt G (2000). The genetic legacy of the Quaternary ice ages. Nature 405, 907-913.
Hey J, Won YJ, Sivasundar A, Nielsen R, Markert JA (2004). Using nuclear haplotypes with
microsatellites to study gene flow between recently separated Cichlid species. Molecular
Ecology 13, 909-919.
Hilbert D, Graham A, Hopkins M (2007). Glacial and interglacial refugia within a long-term
rainforest refugium: The wet tropics bioregion of NE Queensland, Australia.
Palaeogeography Palaeoclimatology Palaeoecology 251(1): 104-118.
Hill RS (1994). The history of selected Australian taxa. In 'History of the Australian
Vegetation: Cretaceous to Recent '. (Ed. RS Hill) pp. 390-419. (Cambridge University
Press: Cambridge)
Hill RS (2004). Origins of the southeastern Australian vegetation. Philosophical Transactions
of the Royal Society of London Series B-Biological Sciences 359, 1537-1549.
Hill RS, Brodribb TJ (1999). Turner Review No. 2 - Southern conifers in time and space.
Australian Journal of Botany 47, 639-696.

Climate Change and an Australian Rainforest Conifer

261

Hill RS, Pole MS (1992). Leaf and shoot morphology of extant Afrocarpus, Nageia and
Retrophyllum (Podocarpaceae) species, and species with similar leaf arrangement, from
tertiary sediments in Australia. Australian Systematic Botany 5, 337-358.
Hope GS, Kershaw P, Kenyon C, McKenzie M, Williams N (2010). Late Quaternary fire
regimes of Australasia. Quaternary Science Reviews 30, 28-46.
Hope GS (1994). Quaternary vegetation. In 'History of the Australian Vegetation: Cretaceous
to Recent'. (Ed. RS Hill). (Cambridge University Press: Cambridge)
Jordan GJ, Carpenter RJ, Bannister JM, Lee DE, Mildenhall DC, Hill RS (2011). High
conifer diversity in Oligo-Miocene New Zealand. Australian Systematic Botany 24, 121136.
Kelch DG (1997). The phylogeny of the podocarpaceae based on morphological evidence.
Systematic Botany 22, 113-131.
Kershaw AP, van der Kaars S, Flenley JF (2007b). The Quaternary history of far eastern
rainforests. In 'Tropical Rainforest Responses to Climate Change'. (Eds MB Bush and JF
Flenley) pp. 77-115. (Springer-Praxis: Berlin)
Kershaw AP, Bretherton SC, van der Kaars S (2007a). A complete pollen record of the last
230 Ka from Lynch's Crater, north-eastern Australia. Palaeogeography
Palaeoclimatology Palaeoecology 251, 23-45.
Kershaw AP, Moss PT, Wild R (2005). Patterns and Causes of Vegetation Change in the
Australian Wet Tropics Region over the last 10 Million Years. In 'Tropical Rainforests:
past, present and future'. (Ed. DaM Bermingham))
Kershaw AP, Martin HA, McEwen Mason JRC (1994). The Neogene: a period of transition.
In 'History of the Australian Vegetation: Cretaceous to Recent'. (Ed. RS Hill) pp. 299328. Cambridge University Press, Cambridge.
Kimura M (1968). Evolutionary Rate at the Molecular Level. Nature 217, 624-626.
Kingman JFC (2000). Origins of the Coalescent: 1974Â–1982. Genetics 156, 1461-1463.
Knowles LL, Maddison WP (2002). Statistical phylogeography. Molecular Ecology 11(12):
2623-2635.
Ledru MP, Salatino MLF, Ceccantini G, Salatino A, Pinheiro F, Pintaud JC (2007). Regional
assessment of the impact of climatic change on the distribution of a tropical conifer in the
lowlands of South America. Diversity and Distributions 13, 761-771.
Lowe A, Harris S, Ashton P (2004). Ecological genetics: design, analysis and application.
(Blackwell Science Ltd.)
Lusk CH (1996). Stand dynamics of the shade-tolerant conifers Podocarpus nubigena and
Saxegothaea conspicua in Chilean temperate rainforest. Journal of Vegetation Science 7,
549-558.
Macdonald T (2004). Fire biodiversity in the Australian Alps Workshop proceedings, Albury
NSW.
Martin HA (2006). Cenozoic climatic change and the development of the arid vegetation in
Australia. Journal of Arid Environments 66, 533-563.
Martin HA (1982). Changing Cenozoic Barriers and the Australian Paleobotanical Record.
Annals of the Missouri Botanical Garden 69, 625-667.
McLachlan JS, Clark JS, Manos PS (2005). Molecular Indicators of Tree Migration Capacity
under Rapid Climate Change. Ecology 86(8): 2088-2098.
McLoughlin S (2001). The breakup history of Gondwana and its impact on pre-Cenozoic
floristic provincialism. Australian Journal of Botany 49, 271-300.

262

Rohan Mellick

Mellick R, Rossetto M, Allen C, Wilson PD, Hill RS, Lowe A (2013b) Intraspecific
divergence associated with a biogeographic barrier and climatic models show future
threats and long-term decline of a rainforest conifer. The Open Conservation Biology
Journal 7, 1-10.
Mellick R, Wilson PD, Rossetto M (2013a). Post-glacial spatial dynamics in a rainforest
biodiversity hot spot. Diversity 5: 124-138.
Mellick R, Lowe A, Allen CD, Hill RS, Rossetto M (2012). Palaeodistribution modeling and
genetic evidence highlight differential post-glacial range shifts of a rainforest conifer
distributed across a latitudinal gradient. Journal of Biogeography 39(12): 2292-2302.
Mellick R, Lowe A, Rossetto M (2011) Consequences of long- and short-term fragmentation
on the genetic diversity and differentiation of a late successional rainforest conifer.
Australian Journal of Botany 59, 351-362.
Mill RR (2003). Towards a biogeography of Podocarpaceae. In 'Acta Hort. (ISHS)' pp.
615:137-147.
Molnar RE (1996). Observations on the Australian ornithopod dinosaur Muttaburrasaurus.
Memoirs of the Queensland Museum 39, 639-652.
Mooney SD, Harrison SP, Bartlein PJ, Daniau AL, Stevenson J, Brownlie KC, Buckman S,
Cupper M, Luly J, Black M, Colhoun E, Costa D, Dodson J, Haberle S, Hope GS,
Kershaw P, Kenyon C, McKenzie M, Williams N (2010). Late Quaternary fire regimes of
Australasia. Quaternary Science Reviews 30, 28-46.
Moritz C (2002). Strategies to protect biological diversity and the evolutionary processes that
sustain it. Syst Biol 51: 238-54.
Moss PT, Kershaw AP, Grindrod J (2005). Pollen transport and deposition in riverine and
marine environments within the humid tropics of northeastern Australia. Review of
Palaeobotany and Palynology 134, 55-69.
Nix HA (1991). Biogeography: Patterns and process. In ' Rainforest animals. Atlas of
vertebrates endemic to Australia‟s Wet Tropics'. (Eds HA Nix and M Switzer) pp. 11-39.
(ANPWS: Canberra, Australia.)
Owens JN, Morris SJ (1990). Cytological Basis for Cytoplasmic Inheritance in Pseudotsuga
menziesii. I. Pollen Tube and Archegonial Development. American Journal of Botany 77,
433-445.
Page RDM, Holmes EC (1998). 'Molecular evolution: A phylogentic approach.' (Blackwell
Science: Cambridge)
Peakall, R, Ebert, D, Scott, L.J, Meagher, P.F, Offord, C.A. (2003). Comparative genetic
study confirms exceptionally low genetic variation in the ancient and endangered
relictual conifer, Wollemia nobilis (Araucariaceae). Molecular Ecology 12, 23-31.
Pease KM, Freedman AH, Pollinger JP, McCormack JE, Buermann W, Rodzen J, Banks J,
Meredith E, Bleich VC, Schaefer RJ, Jones K, Wayne RK (2009). Landscape genetics of
California mule deer (Odocoileus hemionus): the roles of ecological and historical factors
in generating differentiation. Molecular Ecology 18, 1848-1862.
Pérez T, Albornoz J, Dominguez A (2002). Phylogeography of chamois (Rupicapra spp.)
inferred from microsatellites. Molecular Phylogenetics and Evolution 25, 524-534.
Petit JR, Jouzel J, et al. (1999). Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. Nature 399, 429-436.

Climate Change and an Australian Rainforest Conifer

263

Petit RJ (2002). Chloroplast DNA variation in European white oaks Phylogeography and
patterns of diversity based on data form over 2600 populations. Forest Ecology and
Management 156, 5-26.
Petit RJ, Brewer S, et al. (2002). Identification of refugia and post-glacial colonisation routes
of European white oaks based on chloroplast DNA and fossil pollen evidence. Forest
Ecology and Management 156, 49-74.
Petit RJ, Csaikl UM, et al. (2003). Chloroplast DNA variation in European white oaks
phylogeography and patterns of diversity based on data from over 2600 populations (vol
156, pg 5, 2002). Forest Ecology and Management 176, 595-599.
Pocknall DT (1981). Pollen morphology of the New Zealand species of Dacrydium Solander,
Podocarpus L'Heritier, and Dacrycarpus Endlicher (Podocarpaceae). New Zealand
Journal of Botany 19: 67.
Pollock DD, Goldstein DB (1995). A comparison of two methods for constructing
evolutionary distances from a weighted contribution of transition and transversion
differences. Molecular Biology and Evolution 12, 713-717.
Powell W, Morgante M, Andre C, McNicol JW, Machray GC, Doyle JJ, Tingey SV, Rafalski
JA (1995). Hypervariable microsateliites provide a general source of polymorphic DNA
markers for the chloroplast genome Current Biology 5, 1023-1029.
Proctor M, Yeo P, Lack A (1996). 'The natural history of pollination'. Timber Press, Portland.
Pye MG, Gadek PA (2004). Genetic diversity, differentiation and conservation in Araucaria
bidwillii (Araucariaceae), Australia's Bunya pine. Conservation Genetics 5, 619-629.
Queller DC, Strassmann JE, Hughes CR (1993). Microsatellites and kinship. Trends in
Ecology and Evolution 8, 285-288.
Quilty PG (1994). The background: 144 million years of Australian palaeoclimate and
palaeogeography. In ' History of Australian Vegetation: cretaceous to recent'. (Ed. RS
Hill))
Quinn CJ, Price RA (2003) Phylogeny of the Southern Hemisphere Conifers. In Proc. Fourth
International Conifer Conference 129-136.
Quiroga MP, Premoli AC (2007). Genetic patterns in Podocarpus parlatorei reveal the longterm persistence of cold-tolerant elements in the southern Yungas. Journal of
Biogeography 34, 447-455.
Quiroga MP, Premoli AC (2010). Genetic structure of Podocarpus nubigena (Podocarpaceae)
provides evidence of Quaternary and ancient historical events. Palaeogeography,
Palaeoclimatology, Palaeoecology 285, 186-193.
Rahmstorf S (2007). A semi-empirical approach to projecting future sea-level rise. Science
315, 368-370.
Richards CL, Carstens, BC, Knowles, LL (2007). Distribution modeling and statistical
phylogeography: an integrative frame work for generating and testing alternative
biogeographical hypotheses. Journal of Biogeography 34, 1833-1845.
Rissler L, Hijmans, R.J., Graham, C.H., Moritz, C., Wake, D.B. (2006). Phylogeographic
lineages and species comparisons in conservation analyses: A case study of California
herpetofauna. The American Naturalist 167 (5), p. 655.
Rossetto M, Crayn D, Ford A, Mellick R, Sommerville K (2009). The influence of
environment and life-history traits on the distribution of genes and individuals: a
comparative study of 11 rainforest trees. Molecular Ecology 18, 1422–1438.

264

Rohan Mellick

Rossetto M, Kooyman R, Sherwin W, Jones R (2008). Dispersal limitations, rather than
bottlenecks or habitat specificity, can restrict the distribution of rare and endemic
rainforest trees. American Journal of Botany 95, 321-329.
Rossetto M, Jones RS, McNally J (2002). Isolation of microsatellite loci from a rainforest
tree, Elaeocarpus grandis (Elaeocarpaceae), and amplification across closely related taxa.
Molecular Ecology Notes 2(2): 179-181.
Rule S, Brook BW, Haberle SG, Turney CSM, Kershaw AP, Johnson CN (2012) The
Aftermath of Megafaunal Extinction: Ecosystem Transformation in Pleistocene Australia.
Science 335, 1483-1486.
Schauble CS, Moritz C (2001) Comparative phylogeography of two open forest frogs from
eastern Australia. Biological Journal of the Linnean Society 74, 157-170.
Scoble J, Lowe AJ (2010). A case for incorporating phylogeography and landscape genetics
into species distribution modeling approaches to improve climate adaptation and
conservation planning. Diversity and Distributions 16, 343-353.
Scott LJ, Shepherd M, Henry RJ (2003). Characterization of highly conserved microsatellite
loci in Araucaria cunninghamii and related species. Plant Systematics and Evolution 236,
115-123.
Scott LJ, Cross M, Shepherd M, Maguire T, Henry RJ (1999). Increasing the efficiency of
microsatellite discovery from poorly enriched libraries in coniferous forest species. Plant
Molecular Biology Reporter 17, 351-354.
Sexton JP, McIntyre PJ, Angert AL, Rice KJ (2009). Evolution and Ecology of Species
Range Limits. In 'Annual Review of Ecology Evolution and Systematics' pp. 415-436.
(Annual Reviews: Palo Alto)
Shapcott A (1997) Population genetics of the long-lived Huon pine Lagarostrobos franklinii:
An endemic Tasmanian temperate rainforest tree. Biological Conservation 80, 169-179.
Shepherd M, Mellick R, Toon P, Dale G, Dieters M (2005). Genetic control of adventitious
rooting on stem cuttings in two Pinus elliottii x Pinus caribaea hybrid families. Annals of
Forest Science 62, 403-412
Shimeld P (2004). The Last Interglacial at Port Stephens, New South Wales. In 'Australasian
Quaternary Association Biennial Conference'. Cradle Mountain Tasmania. (Eds S
Haberle and J Stevenson). (AQUA 2004 Program and Abstracts)
Shimeld P (1995) A late Quaternary vegetation and climate history of Port Stephens and the
lower Hunter Valley, N.S.W. Thesis, University of Tasmania, Hobart.
Silba J (1984). An international census of Coniferae. Phytologia memoir 7, 1-79.
Sniderman JMK, Jordan GJ (2011). Extent and timing of floristic exchange between
Australian and Asian rainforests. Journal of Biogeography 38, 1445-1455.
Solomon S, Qin D, Manning M, Marquis M, Averyt K, Tignor MMB, Miller Jr HL, Chen Z
(2007). Climate change 2007: The physical science basis. Cambridge University Press,
Cambridge, U.K.
Sporne KR (1965). 'The morphology of gymnosperms. ' (Hutchinson and Co. Ltd.: London)
Stockey RA (1990). Antarctic and Gondwana conifers. In 'Antarctic Paleobiology: Its Role in
the Recontruction of Gondwana' (Ed. T Taylor). 179-191. (Springer-Verlag: New York).
Storfer A, Murphy MA, Evans JS, Goldberg CS, Robinson S, Spear SF, Dezzani R, Delmelle
E, Vierling L, Waits LP (2007) Putting „landscape‟ in landscape genetics. Heredity 98,
128–142

Climate Change and an Australian Rainforest Conifer

265

Townrow JA (1967b). On Rissikia and Mataia podocarpaceous conifers from the Lower
Mesozoic of southern lands. Pap. Proc. Roy. Soc. Tasmania 101, 103-36.
Townrow JA (1967a). The Brachyphyllum crassum complex of fossil conifers. Pap. Proc.
roy. Soc. Tasmania 101, 149-72.
Turnpenny P, Ellard S (2005). 'Emery's Elements of Medical Genetics.' (Elsevier: London)
Van Royen P (1979). 'The alpine flora of New Guinea ' (J. Kramer: Berlin)
VanDerWal J, Shoo LP, Williams SE (2009). New approaches to understanding late
Quaternary climate fluctuations and refugial dynamics in Australian wet tropical
rainforests. Journal of Biogeography 36, 291-301.
Wagstaff SJ (2004). Evolution and biogeography of the austral genus Phyllocladus
(Podocarpaceae). Journal of Biogeography 31, 1569-1577.
Williams NJ, Harle KJ, Gale SJ, Heijnis H (2006) The vegetation history of the last glacialinterglacial cycle in eastern New South Wales, Australia. Journal of Quaternary Science
21, 735-750.
Wilson VR, Owens JN (2003). Cytoplasmic inheritance in Podocarpus totara
(Podocarpaceae). Proceedings of the Fourth International Conifer Conference - Conifers
for the Future? R. R. Mill: 171-172.
Wilson VR, Owens JN (2003). Cytoplasmic inheritance in Podocarpus totara
(Podocarpaceae). Acta Hort. (ISHS).
Wilson VR, Owens JN (1999). The reproductive biology of totara (Podocarpus totara)
(Podocarpaceae). Annals of Botany 83(4): 401-411.
Wodehouse R (1935). 'Pollen Grains. Their Structure, Identification and Significance in
Science and Medicine.' (McGraw-Hill: New York)
Woods KD, Davis MB (1989). Paleoecology of range limits-Beech in the Upper Peninsula of
Michigan Ecology 70, 681-696.
Wright Jr HE (1984). Sensitivity and response time of natural systems to climate change in
the Late Quaternary. Quat. Sei. Rev. 3, 91-131.
Wright S (1931). Evolution in Mendelian populations. Genetics 16, 97-159.
Wright S (1921). Systems of mating. Genetics 6, 111-178

