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Introduction
Given the uncertain impacts of global climate change, it is becoming increasingly important
to understand the factors controlling vegetation change, species distributions and vagility.
The fossil record provides the only real source of long-term data for changes in distributions
and characteristics of species and vegetation types. However, while making an enormous
contribution to our knowledge of vegetation history, interpretation is limited by the incomplete
fossil record, understanding of the biology of fossil species, and insufficient precision regarding
the timing of key environmental events.
One advantage of the macrofossil record, particularly that relating to leaves, is that
better indications can be obtained about the biology of fossil species than from microfossils
alone, allowing clearer insights into possible controls of vegetation change in the distant
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past. For example, trends in leaf shape, size, margins, texture and anatomical features such
as stomatal density have been described or modelled in relation to a range of environmental
factors (Givnish 1979; Beerling and Kelly 1996; McElwain and Chaloner 1996; Wilf
et al. 1998; Beerling et al. 2002; Royer and Wilf 2006). Some leaf traits also allow the
systematic affinities of leaf fossils to be determined with greater rigour than for most
microfossils. Nearest Living Relative (NLR) analysis is the most compelling approach to
the reconstruction of past environments from botanical evidence, especially for the time
since angiosperms assumed dominance (Hill and Scriven 1997). However, this approach
relies on a detailed understanding of the biology of living relatives, for which data are often
lacking. Here, we use studies of extant Nothofagus (Nothofagaceae) species to explore effects
of changing climate on the distribution of evergreen Nothofagus during the Cenozoic in
southeast Australia, focusing on the Palaeocene to Pliocene as a case study to explore effects
of climate change on rainforest. We focus in particular on the changing composition of the
rainforest, rather than on its extent.

Nothofagus ≤ key genus in time and space1
Nothofagus is a key genus in the fossil record of the Southern Hemisphere, represented
through an 80 Myr record across much of Gondwana (southern South America, Antarctica,
New Zealand and Australia) in the form of pollen, leaves and reproductive organs (Hill and
Dettmann 1996; Hill 2001). This evidence, together with the broad geographic range of living
species, provides the opportunity of interpreting the distribution and ecology of different
Nothofagus taxa in response to environmental changes over time. Nothofagus is now most
often found in rainforests, but some deciduous species extend into mediterranean climates
in central Chile (Donoso 1996) and into cool, dry climates of the eastern Andes (Veblen et
al. 1996). Within rainforests, habitats range from equatorial montane forests in New Guinea
(here taken to comprise the West Papuan region of Indonesia and Papua New Guinea), to
the cold southernmost forests of Tierra del Fuego, with deciduous species extending to the
treeline in Tasmania and southern South America. Nothofagus even occurs across a wide range
of soils, including relatively fertile soils, as well as old, leached, nutrient-poor (e.g. Read and
Brown 1996) and ultramafic soils (Read and Hope 1996). Moreover, the pollen and often the
macrofossils of Nothofagus allow distinction between tropical and temperate taxa, and among
some temperate taxa (Hill 1991; Hill and Read 1991), although some caution is necessary in
interpreting fossils as belonging to extant clades (Jordan and Hill 1999; Sauquet et al. 2009).
Species typically show relatively localised seed dispersal, with most seed-fall occurring close
to parent trees (e.g. Ogden et al. 1996), but long-distance dispersal does seem to occur (e.g.
Ogden et al. 1996) and may have contributed significantly to migration in the past (Hill and
Dettmann 1996). A better knowledge of the biology of these species and the factors limiting
their distribution should allow better interpretation of the fossil record, and hence of factors
limiting tree distributions and vagility.
The fossil record of Nothofagus is unquestionably one of the best of any plant group
worldwide. However, one problem with using Nothofagus as a case study of species distribution
and diversity through time is that the genus is apparently well past its time of maximum
diversity (Hill 2001). This means that extant species might not represent the full range of
ecological responses that Nothofagus has exhibited throughout its history. Hence, it may be
difficult to fully reconstruct the environmental changes to which members of this genus have
responded in the past. Furthermore, this approach rests on the assumption that key features
of the biology of fossil species that have influenced their distribution have been retained,
at least in part, in living relatives (discussed in Read et al. 1990a). Leaves of some fossil
van Steenis (1971)
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Nothofagus species are morphologically very similar to those of living species (Hill 2001),
suggesting that aspects of their biology have been conserved to some degree. In addition,
some Nothofagus taxa that once coexisted diverged greatly in their distribution after the early
Miocene, suggesting there was already ecophysiological differentiation in place. Nevertheless,
caution must be applied in use of this approach.

Historical changes in climate and vegetation responses, focusing on Nothofagus
The first pollen grains attributed to Nothofagus appear at very high latitudes at about 80 Ma
(Hill and Dettmann 1996). We know little about the palaeoecology of these early species in
part because the records are predominantly from microfossils and confidence in the NLR
approach decreases with the age of the fossils. Nothofagus species were present in the region
through the cooling of the late Cretaceous, and during the mild, wet Palaeocene (with periods
of winter darkness at high latitudes) (Truswell 1993; McGowran et al. 2000). During the
non-seasonal/megathermal early Eocene, Nothofagus may have been common only in the
Tasmanian highlands, becoming more widespread across Australia during the middle to
late Eocene when conditions were cooler (mesothermal) with little or no seasonal variation
(McGowran et al. 2000). Some assemblages recorded at that time, such as suggested deciduous
Nothofagus species in diverse angiosperm forests in the middle Eocene (Scriven et al. 1995),
have no modern analogues.
The development of what appear to be modern climatic responses in the genus begins
with its rise to dominance at high southern latitudes from about the late Eocene (~40
Ma) onwards (Hill 2001). This was more or less coincident with the end of the early
Palaeogene ‘Greenhouse’ interval of global warmth, high atmospheric CO2 levels (Pagani
et al. 2005) and high water availability, and the initiation of the major Cenozoic cooling
trend, as Australia, and later South America, separated from Antarctica, resulting in the
development of the circum-Antarctic ocean current. Nothofagus then assumed dominance
over much of Australia, Antarctica, southern South America and New Zealand, probably
reaching its greatest diversity and widest distribution during the Oligocene (Hill 2001).
Some extraordinary coexistence of Nothofagus taxa occurred at this time, most notably at
Little Rapid River in northwest Tasmania, where several species from three of the four
extant subgenera (Brassospora, Nothofagus and Lophozonia), and possibly even the remaining
subgenus (Fuscospora), coexisted within a small catchment area (Hill 1991, 1994, 2001).
Today, subgenus Brassospora occurs only in New Guinea and New Caledonia, subgenus
Nothofagus occurs only in southern South America, and the other subgenera occur in
each of Australia, New Zealand and South America (Hill and Dettmann 1996). Given
the considerable latitudinal and longitudinal separation of some subgenera today, their
coexistence at any time in the past is remarkable. This poses two related questions that we
will focus on here: What conditions allowed these subgenera to coexist in the past? And,
in particular, which environmental changes forced the wide separation of some subgenera
today? The most obvious environmental changes to explore are as follows: photoperiod
regime and sunlight angle; atmospheric CO2 levels; water availability, seasonality of
rainfall and drought frequency; mean annual temperature, seasonality of temperature and
temperature extremes (both high and low); and disturbance regimes, including fire. This
paper does not focus on disturbance, but, for example, increased charcoal levels from the
middle Miocene in southeast Australia are indicative of increased burning, which must have
affected rainforest composition and distribution (Kershaw et al. 2002).
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The differing biology of tropical vs temperate Nothofagus species
There are relatively few data that allow clear interpretations of evolved physiological traits
associated with latitudinal position. To avoid confounding influences of contrasting growth
conditions eliciting plastic responses, the plants must be grown in common conditions,
usually requiring study of seedlings in pot trials. Even the simplest comparisons can
sometimes indicate susceptibilities of genotypes to particular conditions, which may at least
allow hypotheses to be refined, and at best signal key traits (Grime 1965). Unfortunately,
mature plants, including reproductive traits, cannot easily be examined in this way in slowgrowing trees such as Nothofagus. Field-based studies provide valuable adjuncts in this regard.
Here, we review data that may be informative for interpreting past changes in distribution
and abundance of evergreen Nothofagus taxa, focusing on the comparative biology of species
from Australia and New Guinea, for which we have most information.

Current distributions and climate range
Nothofagus has a wide latitudinal distribution through the Australasian region, from northwest
New Guinea to southeast New Caledonia, and from southeast Queensland along the eastern
highlands to southernmost Tasmania and New Zealand (i.e. c. 0-46° S). The tropical group
(subgenus Brassospora) of 19 species is confined to New Guinea (14 species, c. 600-3100 m
asl) and New Caledonia (five species, 160-1350 m asl). Just three Nothofagus species occur in
Australia, the evergreen species N. moorei in the eastern highlands of mid-NSW to southeast
Queensland (c. 500-1550 m asl) and N. cunninghamii in Victoria and Tasmania (0-1450 m
asl) (subgenus Lophozonia), and Australia’s only winter (cold) deciduous species, N. gunnii
(subgenus Fuscospora), restricted to the Tasmanian highlands (550-1500 m asl). The main
climate differences between the tropical and temperate species relate to winter minimum
temperatures, seasonality of temperature, summer precipitation and precipitation of the
wettest period (Table 1, Figure 1). The Australian species separate along a gradient influenced
most strongly by temperature of the warmest month, temperature of the wettest period, and
winter rainfall (Table 1, Figure 1). In particular, N. moorei experiences high rainfall through
the warmest time of the year. The New Guinea species experience little seasonal variation
in temperature, and although rainfall is seasonal, monthly rainfall is usually high even in
the ‘dry’ season (Table 1). Hence, these species effectively experience an ever-wet climate
(New Caledonian species experience a more seasonal climate that includes a short, warm
dry season: Read et al. 2005). In contrast, for N. cunninghamii, the warmest time of the year
is on average the driest (Table 1).

Comparative responses of tropical vs temperate Nothofagus species to light regimes
Variation in rainfall regime and cloudiness, together with latitudinal position, influence
the light regimes experienced by Nothofagus species. Two components of light regimes are
relevant in this context: irradiance and photoperiod. The limited data available suggest that
the Australian evergreen species have higher light requirements than some of the New Guinea
species, as judged by slightly higher light compensation points, dark respiration rates and
light saturation points (Figure 2). However, the tropical species are quite variable: N. resinosa
shows similar photosynthetic light-response curves to those of the temperate species, but some
tropical species appear to be a little more shade-tolerant (Figure 2). Other factors such as
biomass allocation patterns will also influence whole-plant shade tolerance. Shade tolerance
can influence population dynamics and the degree of dependence on exogenous disturbance
(e.g. Read et al. 1990b). It is likely that Palaeogene forests in southeast Australia had a high
leaf area index (total leaf area per unit ground area), higher than in the current Nothofagus
forests of southeast Australia, given the suggested high year-round rainfall and warm to mild
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Table 1. Climate variables derived by BIOCLIM (Nix 1986) for evergreen Nothofagus species from New Guinea (all species
combined) and Australia. Temperature variables (ºC) and precipitation (mm) are given as mean ± standard deviation (5-95
percentile in brackets) for n location records. The data for New Guinea species are updated from Read et al. (2005). The data
for Australian species are updated from Read et al. (2010). Seasonal temperature range is calculated as the hottest-month mean
temperature minus the coldest-month mean temperature. Precipitation seasonality is calculated as the coefficient of variation
across monthly values
Climate variable

New Guinea species
(n = 301)

N. moorei
(n = 139)

N. cunninghamii
(n = 318)

Annual mean temperature

16.1 ± 2.9
(12.0-21.5)

12.2 ± 1.4
(10.1-14.6)

9.5 ± 2.0
(5.8-12.4)

Hottest-month mean temp.

16.6 ± 3.0
(12.5-22.1)

17.5 ± 1.6
(15.3-19.9)

15.1 ± 2.3
(11.0-18.4)

Coldest-month mean temp.

15.3 ± 2.8
(11.2-20.2)

5.2 ± 2.1
(2.6-9.1)

4.8 ± 2.1
(1.2-7.8)

Hottest-month max. temp.

21.4 ± 3.1
(16.5-27.2)

23.2 ± 1.4
(21.0-25.7)

20.8 ± 2.8
(15.9-25.3)

Coldest-month min. temp.

10.7 ± 3.0
(6.9-16.4)

0.9 ± 1.6
(-0.9-5.1)

1.6 ± 1.8
(-1.5-4.2)

Diurnal temperature range

10.4 ± 1.6
(7.1-12.1)

11.1 ± 1.1
(8.1-12.5)

11.9 ± 1.5
(10.0-14.6)

Seasonal temperature range

1.3 ± 0.8
(0.8-1.9)

12.4 ± 0.8
(10.8-13.4)

10.3 ± 1.6
(7.9-12.8)

Annual precipitation

2891 ± 743
(2073-4439)

1633 ± 325
(1229-2282)

1816 ± 523
(1127-2950)

Precipitation of hottest quarter

888 ± 249
(666-1159)

564 ± 142
(390-844)

304 ± 92
(191-516)

Precipitation of coldest quarter

526 ± 254
(301-1069)

315 ± 49
(232-388)

551 ± 158
(351-887)

Precipitation of wettest quarter

955 ± 348
(689-1491)

611 ± 179
(396-959)

570 ± 160
(364-899)

Precipitation of driest quarter

474 ± 166
(301-869)

249 ± 35
(194-302)

304 ± 95
(191-516)

28 ± 11
(14-44)

34 ± 11
(18-46)

25 ± 5
(18-35)

Precipitation seasonality

Figure 1. Ordination (PCA) of site climate
variables for Nothofagus species from New
Guinea and Australia. A subset of c. 50
locations was selected randomly for each
Australian species and for the New Guinea
species as a whole, to avoid bias towards
well-surveyed species. The percentage
contribution of the first two components
to the total variation is indicated, and the
variables contributing most strongly to each
axis (component loadings × 0.80) are listed.
Climate data are from Read et al. (2005) and
Read and Brown (1996), using 20 of the 24
BIOCLIM-derived variables (excluding some
temperature variables)
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temperatures. If so, opportunities for regeneration of some shade-intolerant species may have
been relatively limited, possibly associated with exogenous disturbance, as found in many
Nothofagus species in both tropical (Read and Hope 1996) and temperate (Ogden et al. 1996;
Veblen et al. 1996) regions today. Under these conditions, some Nothofagus species may have
been confined to disturbance-prone sites, such as ridge tops, or to suboptimal sites.

Figure 2. Instantaneous light-dependence curves of net
photosynthesis of shade-grown evergreen Nothofagus
species from New Guinea and Australia. Nothofagus
cunninghamii is shown by a solid line, N. moorei by long
dashes, and tropical species (N. pullei, N. resinosa (Nr),
N. crenata var. sapei, N. grandis and N. brassii) by short
dashes. Plants were grown at a photosynthetic photon flux
density (PPFD) of 50-60 µmol m-2 s-1 in a growth chamber
at 20ºC with 12 h days. The average dark respiration rate
(DRR, µmol CO2 m-2 s-1), light compensation point (LCP, µmol
m-2 s-1) and light saturation point (LSP µmol m-2 s-1) are given
for tropical (n = 5 species) and temperate (n = 2) species

Nothofagus at high latitudes – the constraints of polar winters
Nothofagus has a long history at high latitudes. It currently extends south to c. 56º on the
islands of Cape Horn, but during the late Cretaceous and early Palaeogene, occurred even
further south in the Antarctic region (Hill 2001). Exchange of many taxa between Australia and
South America, including Nothofagus, is likely to have occurred across latitudes of at least 80º
S during this time. Today, high-latitude forests experience severe conditions – extremely low
minimum temperatures, short and cool growing seasons and low availability of soil nutrients
and water – with growth and survival potentially limited by factors including frost damage,
physiological drought and carbon balance (Woodward 1987; Givnish 2002). However, a range
of evidence, including plant fossils, suggests that milder temperatures prevailed at southern
high latitudes during the Cretaceous and Palaeogene. Cool winters, rather than severe freezing
conditions, occurred along the coastal margins of Antarctica (Otto-Bliesner and Upchurch
1997; Hayes et al. 2006; Poole and Cantrill 2006), and there was even an abundance of now
mostly tropical taxa (e.g. cycads, Nypa, Lauraceae) at a coastal early Eocene site in Tasmania
estimated to have been at 65º S (Pole and Macphail 1996; Carpenter et al. 2007).
While milder winters may have allowed species without highly developed cold-adaptation
to occupy polar forests, the dark and mild winters may have constrained tree growth and
survival (by primary means or via competition) through negative effects on carbon balance.
In addition, the low angle of light may have reduced rates of carbon assimilation during
summer, particularly for species of the understorey and lower canopy (Specht et al. 1992).
No modern analogue exists for these high-latitude environments, especially given the likely
high atmospheric CO2 concentrations, but interacting effects of temperature and light regime
on modern vegetation limits and species mixtures have been reported at high latitudes in
Scotland and Ireland (Bannister 1976). The typically thin leaves of deciduous plants often do
not fossilise well, but there is abundant evidence that deciduous taxa were common in some
parts of southern Australia during the Palaeogene (Hill 2001). The deciduous habit may have
been advantageous for canopy species at high latitudes (e.g. Axelrod 1984; Spicer 1987), for
example in terms of carbon balance, although the role of the latter has been questioned (Royer
et al. 2003). It is anyway likely that these unusual high-latitude conditions acted as a sieve to
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species movements between and within land masses during the Cretaceous and Palaeogene
(Read and Francis 1992). They may also have contributed to the sometimes greater than
expected abundance of gymnosperms and Nothofagus in mild-to-warm climates and to the
abundance of deciduous species at this time in southeast Australia, where only one winterdeciduous species occurs today.

Responses to freezing temperatures
As temperatures decreased and seasonality increased during the middle Miocene-Pliocene in
southeast Australia, plants would have been exposed to lower minimum temperatures, with
temperatures continuing to decline into the Pleistocene. In addition, the drying climate with
increasingly seasonal rainfall may have led to a higher incidence of frosts as the cooler season
became drier. There is certainly some correspondence of changes in species distribution with
the levels of foliar frost resistance recorded in extant relatives: tropical Nothofagus species have
a lower frost resistance than southern evergreen species (Figure 3), and Tasmanian rainforest
species of several other genera are typically more frost resistant than related species native to
NSW and Queensland (Read and Hill 1989). However, the frost resistance of New Guinea
Nothofagus species native to cool climates is close to that of N. moorei, despite the estimated
higher (by 8-11ºC) mean minimum temperature of the coldest month (MTCM) experienced
by the tropical species (Read and Hope 1989, 1996) (Figure 3). This comparison suggests
there is no fundamental difference in capacity to develop frost resistance between the New
Guinea species and N. moorei, i.e. the genetic difference is potentially small.

Figure 3. The relationship between frost resistance
(T50, the temperature producing 50% damage) and
the minimum temperature of the coldest month
(5-percentile values of species profiles) across
evergreen Nothofagus species from New Guinea and
Australia (updated from Read and Hope 1989). Climate
data were estimated by BIOCLIM (Nix 1986), updated
from Read et al. (2005). Tropical species are indicated
by triangles, temperate species by circles. The result
of Spearman correlation is given, using average T50
values for species sampled from multiple populations
(N. pullei, N. moorei and N. cunninghamii)

Like some of the New Guinea species, N. cunninghamii has a higher frost resistance than
expected from the relationship with estimated MTCM values, relative to N. moorei (Figure 3).
These suggested anomalies in frost resistance may reflect the importance of key climate variables
not derived by the climate estimation model, including annual minima, number of frost days,
or rare (e.g. decadal) severe frost events. However, they may also reflect the retention of traits
resulting from greater exposure to colder conditions during the Pleistocene glacial periods
in N. cunninghamii (Read and Hope 1989) and possibly some of the New Guinea species.
Nothofagus was more common near the treeline in the late Pleistocene in New Guinea, in
cooler (although possibly cloudier and so less exposed to frost) conditions (Walker and Hope
1982; Hope 2009). The particularly high frost resistance recorded in N. cunninghamii may
reflect substantial increases in frost resistance that evolved during glacial periods, particularly
if refugia were colder and drier than is currently experienced (McKenzie 1995, 2002; Worth
et al. 2009), and might involve more complex genetic change. However, frost resistance is the
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outcome of a range of physiological and morphological traits (Larcher 2003, 2005), and these
traits have multiple functions. For example, osmotic adjustment can contribute to resistance
to both freezing and drought; tissues providing densely lignified or cutinized barriers (as in
scleromorphic leaves of species such as N. cunninghamii) can potentially contribute to frost
resistance (Larcher 2005) as well as drought resistance, and to protection from herbivores
(Turner 1994) and possibly from damaging levels of light (Jordan et al. 2005). Hence, some
leaf traits of N. cunninghamii may reflect efficient simultaneous resistance to the multiple
stresses that prevail in seasonal cool temperate climates.

Photosynthesis and growth responses to temperature
Little information is available about growth responses to temperature for tropical and
temperate Nothofagus species. Leaf flushes in the New Guinea species can occur throughout
the year (Ash 1982), consistent with the low seasonal temperature range experienced by the
species, together with high year-round rainfall. In contrast, both photosynthesis and growth
are constrained by low winter temperatures in the southern species, with flushes of shoot
growth largely confined to spring, sometimes with a second flush in summer (Howard 1973;
Lowman 1992). However, the temperate evergreen species have a high acclimatory capacity,
at least for photosynthesis. Under experimental conditions, leaves developed at 20ºC adjusted
to changing growth temperatures so that they maintained 80% of their maximum rate of net
photosynthesis over a span of 14-17ºC; the tropical species showed an acclimatory capacity
of only 8-11ºC (Read 1990). Notably, no difference was recorded between tropical and
temperate evergreen species in the acclimation temperature at which the maximum rate of
photosynthesis was reached (Figure 4). These trends are consistent with the occurrence of
tropical Nothofagus species in a climate that experiences relatively little daily and seasonal
variation in maximum temperatures, and the restriction of temperate species to climates
with higher daily and seasonal variability in temperature, but with similar hottest-month
maximum temperatures (on average) (Table 1). The trends are also consistent with the
changes in distribution recorded from the mid-Miocene, with subgenus Brassospora declining
in abundance in southern Australia as temperature seasonality increased.

Figure 4. The relationship between the optimum
acclimation temperature for photosynthesis and
the maximum temperature of the warmest month
(mean values of species profiles) across evergreen
Nothofagus species from New Guinea and Australia
(updated from Read and Hope 1996). Photosynthesis
data were taken from Read (1990) and climate data
were estimated by BIOCLIM (Nix 1986), updated from
Read et al. (2005). Tropical species are indicated by
triangles, temperate species by circles. The result of
Pearson correlation is given, using average values of
the optimum temperature for species sampled from
multiple populations (N. pullei, N. moorei and N.
cunninghamii)

Similar trends have been recorded among other Australian rainforest species, with
temperate species better able to maintain maximum rates of photosynthesis across a greater
range of acclimation and growth temperatures than tropical species (Cunningham and Read
2002, 2003a), but with a lower optimum temperature for photosynthesis (Cunningham and
Read 2002). Hence, the ‘strategy’ of the temperate species appears to be to produce a growth
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flush in spring, the leaves then having a high capacity to adjust to the changing daily and
seasonal temperatures, while the tropical species rely less on acclimation since they experience
less variation in daily maxima across the year and potentially produce new leaves across a
longer period (Read 1990; Cunningham and Read 2002, 2003a).
Whole-plant responses (e.g. carbon balance and growth rate) are likely to influence
competitive success and contribute most to distributional changes. Little is known about
comparative growth responses of tropical and temperate Nothofagus species to temperature. A
study of some Australian tropical lowland rainforest trees showed higher temperature optima
for growth than in temperate species, as expected from their occurrence in climates with higher
mean annual maximum temperatures; however, the capacity to explain finer-scale latitudinal
patterns of rainforest zonation based on growth responses was limited (Cunningham and
Read 2003b). Much more research is needed in this area.

Responses to water deficits
In New Guinea, Nothofagus is typically associated with high rainfall and cloudiness in montane
rainforests, where even the dry season seems to have relatively high and predictable rainfall
(Ash 1982; Read et al. 2005). The responses of the New Guinea species to water deficits
reflect this humid environment in which any water deficits are likely to be generally relatively
short lived. Rates of leaf water loss tend to be low in the tropical Nothofagus species under
experimental conditions of water deficit (Figure 5a), and higher long-term water-use efficiency
has been recorded than in temperate species grown under common conditions (Read and
Farquhar 1991), possibly due in part to higher stomatal sensitivity to water deficits. While
this response seems paradoxical given the wet environment in which New Guinea species
occur (and appears to contrast with some data from southern conifers: Brodribb and Hill
1998), stomatal sensitivity may be a relatively low-cost response to infrequent or short-lived
water deficits. The main opportunity cost of foliar water conservation by reduced stomatal
conductance is the potential reduction in photosynthetic rates. In ever-wet environments,
this conservative response to water deficits may impose a relatively small opportunity cost.
Nothofagus moorei, native to a summer-wet climate at mid-latitudes in Australia, shows a
somewhat similar response (Figure 5a), but has better-developed mechanisms for enhancing
water uptake than the New Guinea species (Read et al. 2010).
The very different response of N. cunninghamii, growing in southernmost Australia where
the warmest time of the year is on average the driest (Table 1), indicates a more complex ‘strategy’.
Assimilation rates are limited in the cool-cold winters, so traits may be selected that maximise
assimilation when temperatures are higher, in spring through to autumn. This may include
mechanisms that enhance uptake of soil water, allowing high rates of stomatal conductance
and thereby CO2 uptake and assimilation through drier periods. Nothofagus cunninghamii
maintains higher rates of stomatal conductance, but develops low water potentials for a given
decrease in tissue water content (Figure 5b) and a high root mass:leaf mass ratio (Read et
al. 2010), traits that potentially enhance water supply to photosynthetic tissues. Hence, it
seems to have a suite of traits that together should enhance assimilation and growth in a
winter-dominated rainfall regime in which some degree of water deficit may be experienced in
summer. However, such a strategy would limit growth in a summer-wet or ever-wet climate.
That is, the water-spending habit when paired with costly diversion of resources to roots at the
expense of leaves would probably only be competitively advantageous to plants occurring in
climates in which photosynthesis is limited to a period that may experience dry conditions.
This difference in behaviour compared with N. moorei and the tropical species is consistent
with the late appearance of N. cunninghamii (early Pleistocene, perhaps c. 1 Ma) (Jordan
1997) in the fossil record of southeast Australia. However, small-leafed forms of Nothofagus
appear earlier in the fossil record, including during periods in which rainfall is likely to be high
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year-round (Hill 1983), and may reflect evolved responses to other environmental conditions.
The traits shown by N. cunninghamii would be particularly advantageous when conditions
deteriorated in the Neogene, with temperatures becoming more seasonal and rainfall decreasing
(potentially with higher evaporative loads in summer), with the later development of a winterhigh rainfall regime.

Figure 5. Comparisons of water relations traits between
tropical and temperate evergreen Nothofagus species.
(a) The relationship between leaf tissue damage (I, index
of injury, calculated from leaching of solutes in damaged
tissues) and relative water content in Nothofagus leaves
2 h after detachment (after Read et al. 2010). Tropical
species and N. moorei maintain high water content and
suffer little injury. Tropical species, triangles; temperate
evergreen species from Australia, New Zealand and
South America, circles. (b) The relationship between
leaf relative water content and shoot water potential in
detached leaves of evergreen species from New Guinea
and Australia (from data in Read et al. 2010)

Discussion
There is still much to be learned in relation to distributional changes of key taxa such as
Nothofagus, and the factors eliciting these changes and contributing to the evolution of the
traits that today distinguish the temperate and tropical taxa. We note that other rainforest
taxa, by having other ancestral traits and different phylogenetic constraints, may have been
influenced by environmental changes in different ways from Nothofagus. In addition, species
adapted to warmer conditions (e.g. tropical lowlands) or to different microenvironments,
such as the rainforest understorey or lower canopy, may differ in a broad range of traits from
Nothofagus species, which today typically dominate the uppermost canopy of montane or
temperate lowland forests. Hence, the history and comparative biology of Nothofagus taxa may
illustrate only part of the ecological history of rainforest in the region.
For Nothofagus, the palaeoecological history of this period appears to be as follows. During
the wet and mild Palaeocene and warmer early Eocene, Nothofagus may have been present
only in localised highland areas (Truswell 1993; McGowran et al. 2000). This is consistent
with the current occurrence of evergreen Nothofagus in generally cool to mild conditions,
even in the tropics (Read et al. 2005), with relatively low photosynthetic temperature optima
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(Read 1990). Given the ever-wet conditions thought to occur at this time, upland areas of
even low elevation may have been exposed to frequent cloud-lie, as commonly experienced
in New Guinea, and often associated with suboptimal conditions for plant growth (Grubb
1977; Read et al. 2005). In New Guinea, Nothofagus typically extends to lower altitudes (c.
600-1200 m asl) only on suboptimal sites, although current distribution patterns are likely
to be moderated by the highly diverse flora of this region, particularly in the warmer lowland
climates (Read et al. 2005). It is possible that ‘megathermal’ Nothofagus species existed in
the Palaeogene that were lost in later cooling episodes, but there is little evidence to date. It
is not clear to what extent declining CO2 levels contributed to the increasing abundance of
Nothofagus in the late Eocene and the loss of some megathermal taxa.
Conditions were still cool in the Oligocene (but with more intense climatic gradients and
so more variation in vegetation: McGowran et al. 2000) when Nothofagus diversity, including
subgenus Brassospora, appeared to reach its maximum. At this time, ‘tropical’ (subgenus
Brassospora) and ‘temperate’ (other subgenera) species were commonly contemporaneous, even
within single fossil deposits (Hill 2001). There may have been some altitudinal separation of
species, with subgenus Brassospora growing at lower elevations (Specht 1981), but macrofossil
evidence suggests that diverse Nothofagus taxa coexisted at a finer scale (Hill 2001). This
may have been possible because of the extremely wet and mild climate of the time, allowing
coexistence of groups that may not be able to coexist in current climate regimes of this region
(Hill 2001). Differential changes in distribution since that time suggest that differentiation
in ecophysiology (and possibly in responses to disturbance) occurred among these groups
of species. If that is the case, habitat segregation may have allowed landscape-level (or finerscale) coexistence – for example, with ‘tropical’ taxa occurring in habitats that experienced less
variability and extremes of climate than ‘temperate’ taxa (Read et al. 1990a; Hill 2001).
By the early-middle Miocene, Nothofagus was less abundant in inland than coastal
regions (Kershaw et al. 1994), and by the late Miocene to Pliocene, rainforest had declined
in abundance across Australia and subgenus Brassospora had generally declined in abundance
relative to subgenus Lophozonia (McGowran et al. 2000). The apparent decrease in suitable
habitat, together with the decrease in the extent of rainforest per se (given that rainforest
provides ameliorated microenvironments), is likely to have reduced refugial opportunities
in both extent and environmental heterogeneity. Hence, there is likely to have been reduced
capacity for effective plant migration through periods of environmental change, particularly for
rainforest species that were more sensitive to changing conditions and/or had less-dispersible
seeds – i.e. loss of some species may have been caused more by failure to keep pace with
environmental change, than to regional loss of suitable environments. The reduction in the
extent of rainforest is likely to have been strongly related to the decrease in annual precipitation
(e.g. Brodribb and Hill 1998). However, conditions were also becoming cooler, with increased
seasonality of both temperature and rainfall. Moreover, during the Plio-Pleistocene, there was
a shift to winter-high rainfall in southeast Australia (Bowler 1982; Macphail et al. 1995).
Hence, the contraction in rainforest may have been influenced by a broader suite of factors
that influenced growth, reproduction and survival of the component species. By contrast, the
Pliocene saw an expansion in montane habitat for Nothofagus in New Guinea and it expanded
to maximum extent during glaciations in the Pleistocene (Hope 1996).
The apparent loss of diversity of Nothofagus in southeast Australia by the mid-ate Miocene,
and the differential changes in distribution shown by the various taxa, were probably strongly
influenced by cumulative effects of declining rainfall and temperature combined with
increasing seasonality of both temperature and rainfall. Many of these species appear to have
been lost from southern Australia before the severe deterioration associated with the glaciations
of the late Neogene, judging from the reduced diversity of some Miocene fossil deposits, but
timing of losses is very uncertain. In particular, the pairing of a seasonal temperature regime
with drying summers may have contributed most to the loss of some evergreen Nothofagus
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taxa and the evolution of N. cunninghamii. The later shift to a winter-high rainfall regime
would further contribute to the seasonal contrasts in conditions. To be successful in the
altered climate regime of the southern rainforests, it appears to have been important (based
on the biology of extant species) to optimise photosynthesis towards the growing season,
part of which (summer) became drier than in the past. This could be achieved by (a) a high
acclimatory capacity of photosynthesis, allowing high rates of photosynthesis through the
wetter but cooler parts of spring and autumn, plus (b) strategies that enhance water uptake so
that photosynthesis is not heavily limited during the warmer but drier months. These are the
characteristics of N. cunninghamii, whose leaf type does not appear until relatively late in the
fossil record (Jordan 1997), or at least is infrequent until that time. Nothofagus moorei, which
also has the high acclimatory capacity of photosynthesis in relation to temperature of N.
cunninghamii, appears to have higher stomatal sensitivity than its southern relative, consistent
with the warmest time of the year being wet through its current range. This strategy reduces
the requirement for alternative and less appropriate (in this climate) expenditure on means of
increasing water uptake, e.g. increased allocation to root biomass, and is consistent with the
loss of large-leafed species similar to N. moorei from southernmost Australia during the period
when summers were becoming drier. That is, a N. moorei-like species may have had sufficiently
broad temperature tolerance to persist for longer in the cooler and more seasonal climate, but
would be predicted to have reduced growth rates (leading to reduced competitive ability) in
climates with drier summers. It would be predicted to survive longest in climates with wetter
summers, such as western Tasmania, and in oceanic rather than continental climates.
The climate deterioration in southeast Australia would particularly constrain growth and
competitiveness of fossil species of subgenus Brassospora, if similar in biology to their extant
relatives. Climatic deterioration may have at first just restricted species to wetter sites, since
rainfall seasonality per se is not the problem, just its potential consequence of low-rainfall
periods, particularly when these are associated with the summer of a seasonal temperature
regime. This is consistent with the apparent loss of subgenus Brassospora and some other taxa
with tropical affinities from all but the wettest areas during the Pliocene (Macphail et al. 1995;
McGowran et al. 2000). At the same time, a drying climate before the switch to winter-high
rainfall may have exacerbated the effects of climatic cooling and increased the likelihood of
frosts. Some species of subgenus Brassospora may have persisted in southeast Australia longer
than others, depending on differences in sensitivities to particular environmental factors.
The loss of subgenus Brassospora from the wet highlands of northeast Australia during the
Plio-Pleistocene (Kershaw and Sluiter 1982) might also have been influenced by increasing
temperature seasonality and drier conditions, in addition to constraints imposed by the
reduced areal extent of rainforest in response to drier conditions (Kershaw and Sluiter 1982).
It is not clear what limited the evolution of traits that enhanced tolerance of seasonality in
the Brassospora group. A better knowledge of the biology of the New Caledonian Nothofagus
species may help in this regard, since they occur in a more seasonal climate. At this stage,
we can only note that evolution of tolerance of this climate regime in N. cunninghamii
appears to have involved a coordinated suite of traits (even just for tolerance of summer-low
rainfall), and that if its ancestor was more ecophysiologically similar to N. moorei, it was
probably pre-adapted by some traits to the onset of the more severe conditions of the PlioPleistocene. A N. moorei-like ancestor has been suggested previously for N. cunninghamii
(Hill 2001), but recent molecular evidence (Worth et al. 2009) casts some doubt on this
hypothesis. There is also some recent evidence from fossil beetle remains that high annual
rainfall and a summer-high rainfall climate persisted until c. 1.5 Ma in southern Australia
(Sniderman et al. 2009). This suggests a lesser role for the switch to winter-high rainfall for
those rainforest taxa that had already declined in abundance in the region, and may provide
further evidence of multiple and interacting factors in the loss of taxa that are restricted today
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to low latitudes, with probable variation among species in their sensitivity and responses to
particular environmental changes.
One final trait of note in N. cunninghamii is its phenotypic variability, with considerable
variation in leaf form and some physiological traits across its range. Data from juveniles
grown in common environments suggest considerable genetic variation among populations
in traits ranging from leaf form (Hovenden and Vander Schoor 2004) to ecophysiology (Read
1990; Hovenden and Brodribb 2000), possibly enhanced by the suggested multiple glacial
refugia occupied during the Pleistocene (Worth et al. 2009). Genetic variability may be a
key to the success of this species, and possibly of other geographically widespread species of
Nothofagus (e.g. Premoli 1997). This, with the apparently superior acclimatory capacity of N.
cunninghamii, may have engendered a greater vagility than some of its congeners, allowing
it and its ancestors to keep pace with the climatic fluctuations (environmental ‘steps and
reversals’: McGowran et al. 2000) seen through the Cenozoic in southeast Australia.

Concluding remarks
Study of living relatives of fossil Nothofagus species shows the potential responsiveness of
vegetation and its component species to changes in seasonality, or at least to changes in
seasonal conditions. Interpretation of climate based on nearest living relatives needs to take
this into account – i.e. that species occurrence may reflect seasonal conditions and variability
or even periodic extremes more than mean annual conditions. However, it is unclear to what
degree the comparative biology of living species of Nothofagus indicates general mechanisms
of change in diversity and species distributions in the history of southern rainforests. We
also note the potential difficulty in unravelling effects of different features of the changing
environment on species distribution, especially since environmental factors (e.g. climate, CO2
levels, soil and disturbance regimes) can influence species survival by both cumulative and
interactive effects on plants that affect their competitiveness. One aspect not explored here is
the contribution of changing climates to potentially complex changes in vegetation through
factors such as altered fire regimes.
It is also becoming apparent that the recent evolutionary history of some species may
be more complex than previously has been understood. In particular, a study of haplotype
diversity suggests nesting of a N. moorei haplotype within the N. cunninghamii lineage (Worth
et al. 2009), and so a more intricate and dynamic history than previously imagined. Clearly,
further investigations of the fossil record, phylogenetic relationships and the biology of nearest
living relatives are needed to assist in unravelling the history of past responses to environmental
change in order to better understand vegetation responses of the future.
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