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The Miocene climate in New Zealand: 
Estimates from paleobotanical data
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ABSTRACT

Miocene New Zealand was a small, highly oceanic landmass which makes it ideal
for recording terrestrial climate, free of the complications of a continental setting. Fortu-
nately, it has a good Miocene fossil record, both marine and terrestrial. This paper
reviews past conclusions about Miocene climate then attempts to derive some key cli-
mate indices for the period using a variety of plant fossil proxies. The paper looks at
three slices of Miocene time – a broad early to earliest middle Miocene time, a
restricted period in the middle Miocene, and broader middle–late Miocene. The results
suggest early to earliest middle Miocene Mean Annual Temperatures (MATs) reached
at least 17–18°C, thus, about 6–7°C warmer than today (coastal areas of southern
New Zealand today have a MAT of about 11°C). At times Miocene MAT may have
reached 19–20°C. These figures support the cooler estimates of New Zealand Mio-
cene climate that have been made previously by using palebotanical proxies, rather
than those based on marine invertebrates. Based on plant fossils there is no evidence
that New Zealand ever reached truly ‘tropical’ (i.e., megathermal) conditions (> 24–
25°C). The climate in the middle Miocene is confounded by signs of precipitation and
temperature change, and the rarity of leaf fossils. However, the data suggest both cool-
ing and drying from the early Miocene. The presence of crocodiles yet the disappear-
ance of palms, suggests a MAT that was at the lower end of existence for both of these
groups, perhaps about 14°C. By the late Miocene, there is evidence for significant
cooling, both from leaf size and a drop in plant diversity, which resulted in vegetation
dominated in many places by Nothofagus. 
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INTRODUCTION

The Miocene covers a very broad range of
global climate conditions (e.g., Miller et al., 1991;
Zachos et al., 2001). For example, the earliest mid-
dle Miocene includes the ‘Miocene Climatic Opti-
mum’ – one of the warmest periods in the
Cenozoic (Flower and Kennett, 1994; Böhme
2003) that in itself appears to cover a series of dis-
tinct climate fluctuations – ‘The Miocene Oscilla-
tion’ (McGowran and Li, 1994). This was followed,
shortly after, by one of the most important climatic
changes of the Cenozoic – a sharp drop in global
temperature related to a major increase of ice on
East Antarctica (Shackleton and Kennett, 1975;
Verducci et al., 2007). By the close of the Miocene
the West Antarctic Ice Sheet had begun to form as
global conditions continued to deteriorate (Zachos
et al., 2001). Deeper understanding of the mecha-
nisms of these changes is a goal of global climate
modeling. 

New Zealand is a small landmass today with a
mostly oceanic climate. In the mid–Cenozoic it was
probably even smaller (the shoreline was regress-
ing through the Miocene after peak submergence
in the late Oligocene–earliest Miocene, Wilson,
1956; Landis et al., 2008), and with a much more
reduced topography than it has now. Without the
complicating effects of a large land areas and high
topography, its climate would have reflected the
global zonal situation more closely. That gives a
particular relevance to the fossil vegetation of New
Zealand in providing clear reference points for
global climate (especially temperature) and atmo-
spheric circulation patterns (especially rainfall). It is
also located in a key, mid-latitude location,
between the Equator (where the Cenozoic tem-
perature changes have been controversial) and the
South Pole, where the Miocene saw significant
growth of the Antarctic ice sheet (Florindo and Sie-
gert, 2009). 

The aim of this paper is to review the pub-
lished conclusions for Miocene climate in New
Zealand and then to incorporate data from a range
of fossil plant taxa in the light of more readily avail-
able databases and to compare results derived
from independent paleoclimate techniques. Of par-
ticular interest is a re-evaluation of warmth in New
Zealand during the Miocene Climatic Optimum. 

New Zealand Climate Today

New Zealand lies in mid-latitudes, with the
southern part, including the location of the
Manuherikia Group (Douglas, 1986), one of the
prime sources of Miocene plant fossils, lying fur-

ther south than Tasmania. Only southern Patago-
nia lies at an equivalent latitude. This puts New
Zealand largely under the influence of both the
rain–bearing westerly winds and also the drying
high pressure cells (Sturman and Tapper, 2005). At
times the high pressure cells halt in their usual
easterly tracking and remain motionless in the Tas-
man – a phenomenon known as “blocking”
(Baines, 1983) and leading to drought.

The Southern Alps are an important control on
the rainfall within New Zealand. They greatly
enhance rainfall to the west, causing rapid weath-
ering and loss of nutrients from soils, and cause a
rain shadow to the east. New Zealand is also
strongly affected by El Nino Southern–Oscillation
events. Drought is common east of the Alps, and
heavy rainfall events are common. Cyclones from
more tropical latitudes periodically end their move-
ment over the North Island and cause very intense
rainfall events.

Mean annual temperatures (MAT) at sea level
in New Zealand ranges from about 16°C in the far
north, to around 9°C on Stewart Island (unless oth-
erwise stated, current temperatures are taken from
the Worldclim version 1.4, 2.5 minute grid, Hijmans
et al., 2005). Central Otago, at about 45 °S (where
many of the Manuherikia Group fossil assem-
blages described here come from), lies in an inland
and mountainous region, and consequently has a
strongly continental character of climate. However,
the much more equable climate at the coast at the
same latitude has a MAT of about 11°C. 

Previous Estimates for Miocene Climate in New 
Zealand

Paleoclimate estimates for New Zealand
should be put into two important contexts. Firstly,
New Zealand lay at somewhat higher latitudes in
the early Miocene than today (e.g., Veevers et al.,
1991). At 20 Ma Central Otago lay at about 48 °S
(i.e., around 3° higher, using GPlates, www.earth-
byte.org, with the Müller et al., 2008 rotation
model). If New Zealand lay in this position today it
might be expected to be a little cooler, although it is
noted that current MATs of the Snares and Bounty
Islands that lie at this latitude are about 10–11°C
(milder than Stewart Island). A figure of around
10°C can be regarded as a base against which
most of the estimates for fossil assemblages can
be compared. It would also be more strongly influ-
enced by the westerly winds and polar fronts (the
effect of the High Pressure cells would be less) and
would thus be expected to have more continuous
rainfall and fewer drought periods. 
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Secondly, during the Miocene New Zealand’s
topography was considerably lower. The current
major mountain range in New Zealand, the South-
ern Alps, are essentially a Plio-Pleistocene feature
(Sutherland 1995, 1996; Youngson et al., 1998;
Chamberlain et al., 1999). It follows that significant
rain shadows would have been absent, and the
other extreme of very high rainfall (with attendant
rapid leaching of soil nutrients) would have been
absent, too. However, buried early Miocene topog-
raphy within the Manuherikia Group of more than
400 m is known (Douglas, 1986) and perhaps total
topography – i.e., what lay around the edge of the
basin, is likely to have been higher. This topogra-
phy is likely to have had some ecological signifi-
cance. Assuming a lapse rate of around 0.65°C per
100 m (Meyer, 1992; Wolfe, 1992), there would
have been significantly reduced temperatures on
the uplands than on the valley floors, and poten-
tially distinct vegetation. Added to this may have
been the ‘Massenerhebung’ phenomenon (Grubb,
1971; Flenley, 1995). This is found in the geo-
graphic tropics today, but if it operated in the early
Miocene at higher latitudes, it may have produced
a distinct cloud forest vegetation on low peaks.

In the following summary, quantitive limits for
qualitative climate terms are only given if authors
indicated what these terms were.

There has been research to understand New
Zealand’s Cenozoic land and sea temperatures for
more than 50 years. The palynological work of
Couper (1953a,1953b, 1960a) provided some of
the earliest evidence for the terrestrial climate of
the New Zealand Cenozoic. Couper (1960b) recog-
nized that pollen from the Miocene of Foulden
Maar, near Dunedin, included “warmth–loving”
plants, or those that were restricted to climates
“warmer than today.” A landmark publication was
“The Tertiary Climate of New Zealand Issue” of the
journal ‘Tuatara’ (Dawson, 1968) that summarized
findings from a wide range of fields. Marine paleon-
tological contributors to this publication had
reached the conclusion that Miocene sea tempera-
tures were significantly warmer than present. For
example, fossil invertebrates were recognized that
now only inhabit the warmer water of lower lati-
tudes. Some of these suggested that waters may
have been “tropical” (>25°C) at times (e.g., Keyes,
1968; Hornibrook, 1968). For the terrestrial climate,
McQueen et al. (1968) based an argument on
three groups of Nothofagus that could be distin-
guished by their pollen morphology. Nothofagus
producing the “brassii’ type of pollen are now
restricted to mesothermal New Caledonia and New

Guinea, whereas those producing ‘fusca’ and
‘menziesii’ forms are restricted to cooler Australia,
New Zealand, and South America (unfortunately
there is no place where all three coexist today, like
they apparently did in the past). McQueen et al.
(1968) argued that the three Nothofagus groups
are favoured by different climates. The N. “brassii’
group, were taken to indicate a climate of “constant
humidity and one warmer than that occupied by the
N. “fusca’ group,” with the N. ‘menziesii’ group indi-
cating the coolest conditions. This meant that the
relative proportions of the pollen of these three
groups could then be used to estimate climate. The
presence and abundance of other pollen types pro-
vided additional evidence for the climate. For
instance Bombacacidites bombaxoides (Bombax)
and Cupanieidites (representing a clade within
Sapindaceae) were taken as indicators of relative
warmth. The abundance of Podocarpaceae pollen
was noted whilst common proteaceous pollen was
also used to suggest seasonal rainfall. Based on
these arguments, McQueen et al. (1968) noted that
pollen of the Nothofagus “brassii’ group was domi-
nant over the N. “fusca’ group from the latest Oligo-
cene to the middle Miocene. This became less
pronounced in the later early Miocene, where there
was a “bewildering floral combination” where warm
climate indicators such as Bombacacidites mixed
with cool climate indicators such as the Nothofagus
“fusca’ group.” They concluded that ‘subtropi-
cal’conditions existed at sea level, but cooler con-
ditions on inland hills.

A qualitative measure of temperature was pro-
vided by Jenkins (1968), who graphed the total
number of planktic foraminifera in New Zealand
waters through the Cenozoic. Maximum richness,
and likely maximum sea surface temperatures,
was achieved in the early middle Miocene (Clifde-
nian local stage, around 15.2–15.9 Ma, Crundwell
et al., 2004). Further climate clues were provided
by stable isotopes from marine sediments and fos-
sils. Devereux (1968) concluded that early to mid-
dle Miocene sea surface temperatures at the
latitude of Wellington (currently 41° S) varied
ranged from about 17–21°C. Shackleton and Ken-
nett (1975) used isotopes to infer that Southern
Ocean sea surface temperatures at a site currently
at 52° S rose from about 6 or 7°C at the start of the
early Miocene to a high of about 10°C. Later in the
early Miocene there was a 2–3°C drop, but they
rose again to nearly 10°C at the beginning of the
middle Miocene. In the early middle Miocene tem-
peratures fell abruptly by about 4°C. 
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However, disagreement was expressed
between those workers using marine plankton and
those who emphasised molluscan proxies (Ken-
nett, 1967; Beu, 1974; Vella et al., 1975). At least
for the late Miocene (Kapitean), the former argued
for significantly cooler water (glacial) temperatures
than the later. The molluscan workers saw very lit-
tle change from earlier stages in the Miocene and
maintained that even in southernmost New Zea-
land, water temperatures were “markedly warmer
than those in northern Northland today …. and sim-
ilar to present temperatures at the Kermadec
Islands and at Sydney” (Beu, 1974, p. 471). Fur-
ther evidence for distinctly warmer conditions was
provided by Hayward (1977), who documented the
presence of reef–building coral genera. He con-
cluded that early Miocene sea water temperatures
in the northern end of New Zealand were around
18–27°C, that is, 5–7°C warmer than today. 

Hornibrook (1978) summarized New Zea-
land’s Cenozoic climate from isotopic data as well
as marine and terrestrial paleontological data. The
isotopic data suggested a peak of temperature in
the latitude of Wellington (41° S) of about 19°C in
the Otaian–Hutchinsonian, and then a second and
higher peak of about 21°C in Altonian–Clifdenian
time (about 4–5°C warmer than today). The pale-
ontological record (see Hornibrook, 1978, figure
7.15) consistently suggested even warmer tem-
peratures than the isotopic data by at least 2°C –
i.e., peaking at about 23°C (20–25°C was classed
as ‘subtropical’ by Hornibrook). Although the pale-
ontological temperature curve is more subdued
than that of isotopic data, it agrees on the timing
and direction of marked climatic shifts. 

A major review of the paleobotanical record of
New Zealand was provided by Mildenhall (1980)
who regarded New Zealand temperature as
“reaching” subtropical in the early and middle Mio-
cene, and becoming cool temperate in the late Mio-
cene. He concluded New Zealand was never
tropical. For marine conditions, Nelson and Burns
(1982) carried out fine-scale (c. 35,000 year) sam-
pling of foraminifera in the early Miocene (Otaian)
for oxygen isotope analysis. Their results sug-
gested either real water temperatures ranging from
15.4 – 19.1°C, or, if an Antarctic ice sheet existed,
then the primary control may have been eustatic
changes.

Palynological evidence was used by Milden-
hall and Pocknall (1984) to conclude that warm
temperate conditions prevailed in the early Mio-
cene. Manuherikia Group sediments from near
Cromwell/Bannockburn) were interpreted as ever-

wet, although there were drier periods to “allow
Mallotus or Macaranga shrublands to exist.” This
was followed by Pocknall’s (1989) review of the
Eocene – early Miocene climate based on palynol-
ogy. He placed particular emphasis on the domi-
nance of Nothofagus pollen as indicating that the
climate was predominantly “cool temperate”
(<°15C) and noted that at maximum global cooling
in the late Oligocene, pollen of the Nothofagus
‘brassii’ group was predominant in New Zealand.
He concluded that the paleobotanical data did not
support the isotopic conclusions that New Zealand
had been warm temperate throughout the Late
Eocene, but rather that it had been cool temperate
from Late Eocene right through into the early Mio-
cene. As a modern analogy, Pocknall (1989)
pointed to the ever-wet highlands of New Guinea
and quantified his estimate of MAT to about 13–
18°C (although, note that this ranges from cool to
warm temperate according to his figure 11). He
noted that these forests have some of the plants,
such as Anacolosa and the Cupanieae that earlier
workers had regarded as tropical and subtropical
indicators. 

At the same time, Mildenhall (1989) summa-
rized the climate of the Manuherikia Group as
“warm temperate, probably never subtropical,
moist and humid, although subject to periodic
droughts.” He also emphasized the importance of
fire in some areas. In the same year, Pole (1989)
concluded that “early Miocene climate in New Zea-
land need not have been significantly different from
that in forested regions throughout New Zealand
today.” This was based on the proportion of entire
margined leaf taxa from Manuherikia Group
assemblages being similar to that at the higher end
of the range observed in New Zealand today, and
the leaf-size range of taxa being generally similar
(microphyll–notophyll). Shortly later, Pocknall
(1990) presented a similar summary Cenozoic
temperature diagram to that of Hornibrook (1978),
but although Pocknall (1990) stated it had been
modified to show a lower peak of Miocene warmth,
the difference is not obvious. 

Adams et al. (1990) reviewed the evidence for
the apparent discrepancy between the tempera-
tures indicated by isotopic and paleontological data
that had been raised by Hornibrook (1978). They
focused on the evidence of large foraminifera, cor-
als, and some plant taxa, and maintained that
these genuinely indicated significantly higher tem-
peratures in New Zealand during the Cenozoic
than those suggested by isotopic data. In a second
climate review Hornibrook (1992) confirmed the
4
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basic temperature conclusions of his first review.
Once again a peak of temperature around the
early-middle Miocene boundary was proposed,
reaching perhaps 23°C based on paleontological
evidence (“warm subtropical or possibly marginally
tropical seas”), although the Canterbury region of
the South Island may have been cooler. This peak
was followed by a drop of around 2°C between the
Clifdenian and the Lillburnian (early middle Mio-
cene). The discrepancy between isotopic and pale-
ontological data remained enigmatic, but
Hornibrook suggested it may be partially explained
by rapidly fluctuating temperatures from which the
paleontological record is “smoothed,” or perhaps
from localized marine upwelling.

On the basis of “coconuts, reef corals, and
larger foraminifera” Hayward et al. (1990) con-
cluded that in the Late Oligocene (Duntroonian)
New Zealand had warmed to “subtropical” as far
south as Coromandel in the North Island, and that
warming then continued through the early Miocene
to be even higher in the late Altonian – Clifdenian
(citing Beu’s 1990 record of molluscan diversity as
support). However, they did note that despite the
presence of fossil reef-forming coral genera in New
Zealand, no actual reefs had been found, and that
this was probably because truly tropical tempera-
tures were not reached. 

Pole (1993a) discussed the paleoclimate and
ecology of early Miocene leaf fossil assemblages
of the Manuherikia Group in the Cromwell region.
The main conclusion was that a variety of floral
assemblages were present – and that these had
resulted from fluctuations in temperature, rainfall,
and the presence or absence of fire. Inferred rain-
forest assemblages were compared to modern
“microphyll” and “notophyll” rainforests of Australia
(Webb, 1959), which very broadly relate to the
microthermal – mesothermal temperatures of Nix
(1982). The paper also included a table (Pole,
1993a, figure 5) that illustrated somewhat different
concepts of climate terms such as “subtropical” as
used by some workers. Further work in the
Manuherikia Group resulted in a palynological
zonation (Pole and Douglas, 1998) that was
argued to reflect broad climatic regimes. In particu-
lar, the base of the Casuarinaceae Zone or the
Asteraceae–Chenopodiaceae Zone was sug-
gested to correlate with the major global cooling at
approximately 14 Ma. 

Morgans et al. (1999) drew attention to a pos-
sible fluctuation in climate around the Waitakian-
Otaian boundary at the Otaian type section in
south Canterbury, something apparent in the

marine invertebrate record, but so far, not from ter-
restrial proxies. They concluded the water tem-
peratures were cool while those on land were
warm.

A novel approach to the Miocene climate of
the central North Island was provided by Moore
and Wallace (2000) based on an analysis of fossil
wood. The changing composition of wood samples
was used to infer a sequence of relatively warm
conditions in the early and middle Miocene, with
prominent Nothofagus, Casuarinaceae, and
Agathis, to relatively cool in the late Miocene with
Nothofagus, Phyllocladus, but no Agathis. A new
perspective to New Zealand’s climate history was
added by Nelson and Cooke (2001), who analysed
the development of the oceanic fronts to the south
of New Zealand. They concluded New Zealand
was surrounded by Subtropical Water. This water
mass lies to the north of the Subtropical Front,
where surface waters range from c. 10̶15°C
throughout the year. In the earliest Miocene the
southern part of the country was surrounded by
Cool Subtropical Water while Warm Subtropical
Water flowed around the rest (the distinction
between Cool and Warm Subtropical is c. 20°C,
Hornibrook, 1992). In the warmest part of the Mio-
cene, Warm Subtropical Water extended all around
New Zealand. 

A little later, Field et al. (2002) integrated
marine proxies for the middle Miocene of New Zea-
land to conclude that warm temperate surface
waters passed up the west coast and down the
northern tip, while cooler waters flowed past the
southeast margin of the land mass.

A further review of the palynological evidence
for the Miocene climate was provided by Mildenhall
et al. (2003), who maintained, again in contrast to
Pocknall (1989), that the early Miocene climate
was warm temperate. In the same year, Pole
(2003) argued that New Zealand’s Neogene cli-
mate, specifically the sequence of apparent tem-
perature, moisture availability and presence or
absence of fire, could be explained by a model
where the tracking latitude of subtropical high pres-
sure cells moved from the south of New Zealand to
the north. The significant climate changes that this
caused are reflected in the Manuherikia Group,
which probably recorded much of the Miocene.
Pole (2003) and Pole et al. (2003) also noted that
the crocodile reported by Molnar and Pole (1997)
occurred in the Casuarinaceae Zone (of Pole and
Douglas 1998). This was a time when shallow-
water habitats changed from swamp forests to herb
5
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fields, and probably post-dated the global cooling
event at 14 Ma. 

One of the few full palynological lists and
counts for a Miocene location, Foulden Maar, was
presented by Bannister et al. (2005). Based on the
“highly diverse angiosperm pollen flora” they
regarded the climate as “dry, warm temperate to
subtropical.” Shortly after, more isotopic evidence
for the New Zealand region came from Cooke et al.
(2008) who analysed sea surface temperatures for
DSDP Site 593 in the southern Tasman Sea. This
is located at 40° 30’S, adjacent to central New Zea-
land, but was at least 4° latitude south of its pres-
ent position during most of the Miocene. Cooke et
al. (2008) warned that the results were tentative
and unfortunately, due to part of the record being
missing, only the first half of the Miocene Climate
Optimum was present. The record of the planktic
foraminifer Zeaglobigerina woodi indicated sea
surface temperatures of 12.5–14.5°C, that then
sharply warmed by about 2°C into the Climate
Optimum. Over the portion of the Climatic Opti-
mum that was preserved, there were large fluctua-
tions of more than 4°C, but maximum temperatures
sea surface temperatures of about 18°C were
reached. 

Mildenhall et al. (2003) and then Field et al.
(2009) assessed the paleoclimate of Bryce Burn,
Southland, the type section for the middle Miocene
in New Zealand, based on palynology. The vegeta-
tion was said to be (Field et al., 2009, p. 329)
“warm temperate,” (p. 331) “subtropical” and (p.
329) containing the “tropical genera” Mallotus and/
or Macaranga. In addition to rainforest, “dry sclero-
phyll forest” also existed “in places and at times.” 

Worthy et al. (2011) described mid Miocene
climate as being “tropical” (in the title) and “sub-
tropical” (in the text, p. 51). Their description of the
vegetation envisaged common palms, and they
cited further evidence from the associated bird fos-
sils, e.g., “Ancestral flamingos and swiftlets are
strictly tropical today” (p. 53). 

There is thus a continuing issue in New Zea-
land where marine paleontology indicates warmer
temperatures than the isotopic data, which in turn
are warmer than some paleobotanical conclusions.
Recent paleoclimate models (e.g., You et al., 2009;
You, 2010) tend to infer conditions more similar to
the cool paleobotanical estimates. Marine inverte-
brates have been used to suggest sea surface
temperatures consistently above 20°C during the
early and middle Miocene, and peaking at around
23°C during the Miocene Climatic Optimum. Isoto-
pic data suggest significantly cooler temperatures,

with the most recent results of Cooke et al. (2008)
suggesting a Climate Optimum peak 5°C lower
than marine paleontological data (c. 18°C). Esti-
mates from paleobotany range from 13 to 18°C
and, to some extent; it is likely that these limits indi-
cate a range within which temperature fluctuated. It
is noted that there is a global issue in that proxy
data tend to indicate a more reduced global ther-
mal gradient than what can currently be produced
by climate models (Krapp and Jungclaus, 2011). 

MATERIALS AND METHODS

Miocene leaf fossils are known from through-
out New Zealand (Figure 1) although with a very
uneven distribution within this time period. This
paper considers climate in three broad slices of
Miocene time. The earliest slice is represented by
the lower Manuherikia Group, including the Dun-
stan Formation and Nevis Oil Shale Member, the
Gore Lignite Measures, and the Foulden Maar in
southern New Zealand (a discussion of stratigra-
phy is given as Appendix 1). The Foulden material
has been directly dated to the earliest early Mio-
cene (Lindqvist and Lee, 2009), whereas the other
two areas cover a wider range of time that includes
the early Miocene and probably the early middle
Miocene (Pocknall and Mildenhall, 1984; Milden-
hall and Pocknall, 1989; Pole and Douglas, 1998).
It is highly likely, by comparison with similar but
much better dated coal sequences in Australia
(e.g., Holdgate et al., 2007) that some of the plant
fossil assemblages will include the Miocene Cli-
matic Optimum. 

170ºE

45ºS

NEW ZEALAND

Kaikorai Leaf beds

Mataora

Bannockburn

Gore Lignite 
Measures

Foulden Maar

Nevis

Taiaroa Head
Cornish Head

Ben Ohau

Coromandel 
Peninsula

Great Barrier Island

Longford

Vinegar Hill

Blue/Grey Lake

Lauder Station

Blue Cliffs
Rifle Butts

FIGURE 1. Location map of localities mentioned in the
text. For detailed locations of Manuherikia Group and
Gore Lignite Measures, see Pole (2007, 2008). 
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The second time slice is represented by bone-
bearing mid-Manuherikia Group sediments, the
Ewing Submember. These were argued by Pole
and Douglas (1998), as being immediately post the
14 Ma, middle Miocene, global drop in temperature
although this has been challenged by Field et al.
(2009). Plant macrofossils are almost absent from
these sediments, but there is a growing range of
vertebrate fossils (Molnar and Pole, 1997; Worthy
et al., 2007), together with other potential proxies
such as stromatolites (Lindqvist, 1994). 

The third time slice includes a variety of mid-
dle to late Miocene sites, including the middle Mio-
cene (Booden et al., 2012), of Great Barrier Island,
the latest middle Miocene (Coombs et al. 1960,
1986, 2008) of Kaikorai Valley in the Dunedin Vol-
canic Complex, and the late Miocene (Brathwaite
and Christie, 1996) of Mataora (in the Coromandel
Peninsula, North Island).

The localities are discussed in more detail as
Appendix 2, and the key plant taxa involved are
discussed as Appendix 3. New parataxa are
described in Appendix 4 and a key to all leaf
parataxa in the Manuherikia Group and Foulden
Maar are in Appendix 5. A summary of the distribu-
tion of all Linnaean taxa is presented as Appendix
6. Angiosperm families follow the Angiosperm Phy-
logeny Group (2009). 

Climate from the Co–existence Approach

Kershaw and Nix (1988) used bar graphs to
illustrate the climatic ranges of pollen found in a
Holocene deposit in North Queensland, and then
Sluiter et al. (1995) used the same techniques for
the extant relatives of fossils found in the Miocene
Latrobe Valley coal measures in Victoria. These
workers reasoned that the past climate could be
deduced from the zone of overlap of the ‘envelope’
for particular climate variables. For example, Slu-
iter et al. (1995) concluded that the Miocene MAT
in the Latrobe Valley was around 19°C, 4–5°C
warmer than today. Zones of overlap were also
found for other climate variables, such as mean
annual precipitation, precipitation of the driest
month, and precipitation of the wettest month.
They concluded that the annual rainfall was signifi-
cantly higher than today. However, to achieve
these results, the data needed some manipulation.
They excluded from consideration obvious climatic
outliers and also some taxa that were present as
pollen, but not as macrofossils and known to have
widely dispersed pollen. This was on the grounds
that they may have been growing in cooler and
wetter higher–altitude communities marginal to the

coal basin (these included Phyllocladus and
Nothofagus s.g. Lophozonia). 

In looking for regions of overlap, Kershaw and
Nix (1988) limited the climate values of extant plant
taxa to the 25–75 percentile range of their known
limits. This sometimes meant that there was no
overlap of taxa and in these cases it was extended
to the full range. In their later paper, Sluiter et al.
(1995) expanded the climatic envelope of any one
taxa to the 5–95 percentile, to exclude “errors in
plant identification or data entry”. 

Since Sluiter et al. (1995), the “co-existence
approach” (CA) has been highly developed by Ger-
man researchers (e.g., Mosbrugger and Utescher,
1997). It relies on the extremely refined macrofossil
taxonomy that has developed over many decades
in Europe. Rather than simply looking at the range
of co-existence of the lowest taxonomic level that a
fossil can be identified with (i.e., a family or a
genus), CA nominates an extant species as the
Nearest Living Relative (NLR) for each (or at least
many of) the fossils. This approach looks for the
range of climate where most of the NLRs could co–
exist. Despite its apparent success in several Euro-
pean fossil deposits, a recent evaluation has
described it as “useless” (Grimm and Denk, 2012). 

A version of the co–existence approach was
employed by Reichgelt et al. (2013), who con-
structed their climatic envelopes on a geographi-
cally restricted basis, as well as using a narrow
percentile range (10–90). For this approach they
cited Thompson et al. (2012) who studied the con-
temporary vegetation of North America, and who
used a species-range dataset that was a digitiza‐
tion to a grid made from published outline maps of
geographic range. They were aware that these
were mainly abstractions, for example noting
instances where small areas of high elevation were
included in the overall range. These would have
given false presences in regions too cool for the
taxon. Thompson et al. (2012) found they achieved
better results when they dealt with outliers, for
example by restricting to the 10–90 percentile.
However, the dataset of Thompson et al. (2012) is
fundamentally different from the current paper,
where species distribution is based on specific
locations of individuals, not outline maps. In these
cases, a reduction to the 10–90 percentile is simply
deleting good data, and the increased performance
claimed by Reichgelt et al. (2013) is a result of nar-
rowing the dataset. Furthermore, in forming their
climatic envelopes Reichgelt et al. (2013) excluded
New Guinea (which Pocknall (1989) specifically
suggested as a good analogue for New Zealand in
7
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the Eary Miocene) and South America – on the
basis that it was uncertain “how much evolutionary
divergence could have occurred within genera
since the breakup of Gondwana.” However, the
amount of “evolutionary divergence” between the
landmasses they did include is also uncertain, so
the choice was entirely arbitrary. Where consider-
able “evolutionary divergence” is obvious, for
example between the extant Australian sclero-
phylls Isopogon and Petrophile, and whatever rain-
forest plant produced the pollen fossils in Reichgelt
et al. (2013), the extant genera are still used to
form the climate envelope. Reichgelt et al. (2013)
chose to base the climatic range
for Ilex (Aquifoliaceae) on only I. arnhemensis (a
species restricted to the tropical lowlands of north-
ern Australia), while ignoring the high diversity of
Ilex in the cool mountains of New Guinea on the
other side of Torres Strait. They explained that
“geographical restrictions should make I. arnhe-
mensis from Australia or I. sebertii … from New
Caledonia the closest living relatives of the Ilex
from early Miocene New Zealand.” This is spuri-
ous, as New Guinea is geologically part of the Aus-
tralian continent (Torres Strait is an ephemeral
body of water, exposed during glacial periods). In
effect, they have made it clear that they are now
not dealing with a climate envelope for a genus,
but for a Nearest Living Relative (in the sense of
Mosbrugger and Utescher, 1997). Exclusion of
major parts of a taxon’s range both geographically
and by a 0.90 percentile limit will alter the results
beyond the ±1°C error Reichgelt et al. (2013) gave
for their MAT conclusions (Appendix 7 illustrates
this further).

In this paper the primary concern with climate
envelopes is not to find the MAT for specific
assemblages, but to establish the broader limits of
MAT. The primary questions are: at least and at
most, how warm did the early–earliest middle Mio-
cene of southern New Zealand get?

The linking of data from many of the world’s
herbaria online so that they may be accessed,
freely, through a single portal, the Global Biodiver-
sity Information Facility (GBIF) now makes it possi-
ble to recover distributional records for a given
family, genus, or species. For this study, global
searches were made on families and genera which
have been identified in the southern New Zealand
Miocene. However, taxa that are endemic to New
Zealand or New Caledonia are not included here
as their temperature ranges are likely to be artifi-
cially attenuated by the limits of the landmass. For
instance Phormium is restricted to the latitudinal

range of New Zealand (to a MAT of about 16°C)
but almost certainly could extend further north if
land existed. Similarly, taxa such as Paracryphia,
Phelline, Amphorogyne, which are currently
restricted to New Caledonia (but occurred in the
New Zealand Miocene, Pole, 2010a) are likely to
have much broader potential ranges. For a slightly
different reason, Griselinia is also not included.
The genus has a highly disjunct distribution
between New Zealand and several locations in
South America. Data records are so few for the
Brazilian occurrences that a 0.98 percentile cutoff
excludes them and Griselinia would appear as
comprehensively cool–temperate. An example of
an ideal taxon for co-existence analysis, present in
the New Zealand Miocene (Pole, 2007a) is Endian-
dra. This genus of Lauraceae has many species,
and it is widespread over several landmasses. Its
distinct southern boundary, within a landmass, is
likely to represent a “true” climatic limitation. 

GBIF records of taxon distribution (data
source acknowledgements are presented as
Appendix 8) were collated in Microsoft Excel, then
imported into a freely available GIS programme –
DIVA–GIS, and then cleaned for geographical
errors (locations in mid-ocean, or in countries
where they do not exist naturally, and cultivated
specimens). Once inside DIVA–GIS, the data were
overlain with a climate grid, Worldclim version 1.4,
2.5 minute grid (Hijmans et al., 2005), that includes
a variety of climate data and the ability to illustrate
the percentile range of the data. All recent tem-
peratures cited in this paper, unless otherwise indi-
cated, are based on the Hijmans et al. (2005) grid.

The 0.02-0.98 percentile limits were used as
the basis of climatic envelopes. Adopting tighter
limits probably eliminates ‘good’ records, for exam-
ple, near a taxon’s limit: those tropical taxa that
extend to higher altitude ‘cloud forest’ localities
(being mountain peaks, they cover relatively small
areas) and it is just these areas which have been
suggested as the closest analogue of higher lati-
tude, but low altitude, Cenozoic climates. Even
using a broad (0.02–0.98) percentile range the
results need to be considered cautiously. For
example, Arecaceae grow to nearly 10°C MAT in
New Zealand today but their 0.98 limit is closer to
12°C. If Arecaceae was the critical taxon used to
narrow paleoclimate in a fossil assemblage, it
would result in an overestimate of MAT. But despite
the apparent absurdity, in most cases it could be
assumed that taxa in a fossil assemblage are not
at the limits of their ranges. 
8
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The Co-existence approach as used here is
mainly limited to the early to earliest middle Mio-
cene, which has the most identified taxa. The paly-
nological composition of middle Miocene
assemblages mainly reflects extinction of taxa that
ranged through the early Miocene, probably in
most cases the more warmth–demanding taxa.
This seems to have left taxa that are more cosmo-
politan in their range of MAT and with poor utility for
CA. However, some potentially useful vertebrate
taxa have been identified (e.g., Worthy et al.,
2007), and their MAT ranges are perhaps the best
proxies for this period. Late Miocene palynology
and leaf macrofossil assemblages are relatively
poor in diversity, rarely published, and in some
cases may be at least in part Pliocene. For this
study, the modern climatic ranges of a range of
taxa found as fossils in the New Zealand Miocene
are compared (some taxa with very broad and gen-
erally uninformative ranges are excluded). In many
cases identifications are only to family level, but
even these may still hold valuable climatic data.
For example, Punyasena (2008) has shown that
where family spatial distribution data are adequate
(in this case, in the Amazon) they can “potentially
be used to reconstruct paleoclimate.”. Therefore,
the basic method of Sluiter et al. (1995) is feasible
even for family-level datasets. 

There has been little published documentation
of New Zealand’s Miocene palynology at the level
of samples, but summaries (e.g., Pocknall and
Mildenhall, 1984; Mildenhall and Pocknall, 1989)
make it clear that most taxa have broad strati-
graphic ranges, even if they make only scattered
appearances in palynological samples. Thus it
seems both necessary and warranted to consider
taxa identified from the Gore Lignite Measures and
Manuherikia Group taxa as members of a broader
flora.

There is often an implication that MAT is a
causal factor in plant distribution, although ecolo-
gists have long been aware of its shortcomings.
Temperature factors that are more likely to be
important include the annual cumulative sum of
heat, or critical minimum temperatures (e.g., Box,
1981; Sakai et al., 1981; Woodward and Williams,
1987; Woodward, 1992; Woodward et al., 2004).
For example, a location that has very hot summers,
but very cold winters, may have the same MAT as
a location with more equable conditions. Kira
(1977) suggested that a Warmth Index was more
meaningful. His index was the sum of monthly tem-
peratures greater than 5°C. Essentially this was a
measure of the cumulative amount of solar energy

useful for growth. In the current paper, a Warmth
Index is calculated – Growing Degree Months
(GDM). This is the sum of mean monthly averages
for months that are above 10°C (A minimum of
10°C in the summer months appears to determine
the tree line in many locations, e.g., Wardle (1965),
so this figure would seem to have some real signif-
icance). Similar to the process for MAT, the range
of GDM for taxa represented in the New Zealand
Miocene is calculated using GBIF data. One further
variable likely to control plant range, the Minimum
Temperature of the Coldest Month, is likewise cal-
culated.

There has been a long history of trying to
derive measures of moisture availability that are
meaningful in terms of plant growth. But as these
incorporate more and more variables – seasonal
rainfall, evaporative power, soil moisture capacity
among other factors – they become too compli-
cated for the broader needs of paleobotany. I sug-
gest here one method that can be simply related to
the easily obtainable climate data of Worldclim 1.4
and the well-known “Klimadiagramme” of Walter
and Lieth (1967) as graphical means of summariz-
ing the annual variation of temperature and rainfall
in any locality. It does not attempt to derive a rain-
fall total – but only indicate if rainfall may have
been “everwet” or had an element of seasonality.
The key insight of the “Klimadiagrams” approach
(Walther and Lieth, 1967) was that each 1°C of
MAT over a month was approximately enough to
evaporate 2 mm of rainfall. If monthly rainfall and
temperature were plotted on the same graph, such
that 1°C was equivalent to 2 mm of rainfall (or 10°C
to 20 mm), then periods of approximate rainfall
deficit could be recognized. In the current paper,
the area of rainfall deficit is calculated for each
plant occurrence. If the rainfall curve never dips
below the temperature curve the climate was
essentially perhumid, with no significant dry peri-
ods, water was not limiting, it was simply “everwet.”
Excess rainfall above this level is simply ‘runoff’
and is likely not registered in any quantitative
sense by a plant (although other implications of
excessive rainfall, such as decrease in sunshine
and rapid leaching of soil nutrients become import-
ant). When the rainfall curve dips below the tem-
perature curve there is a deficit and it is considered
a period of drought (Figure 2). The moisture index
that is used in this report is the total monthly deficit.
It identifies those taxa that are essentially restricted
to everwet climates. For those that range into cli-
mates with a degree of dryness, it will give an indi-
cation of the magnitude of the annual precipitation
9
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deficit, but it will not discriminate between a long
mild dry period and a short extreme one. It is prob-
ably more realistic to determine what taxa are
broadly limited to an everwet environment, or can
tolerate some drought, than to derive some essen-
tially meaningless measure of total annual precipi-
tation. The method is only approximate and no
doubt most prone to error in marginal situations. As
an example, the conifer Dacrycarpus dacrydioides
is one of the three driest–ranging conifers in New
Zealand today. At the resolution of the Klimadia-
gram, one of its driest locations today, Deans
Bush, near Christchurch, is indicated as perhumid
(although the MAT and MAP curves come within
about 5 mm of each other on the MAP scale). How-
ever, if this location is plotted on the Land Environ-
ment New Zealand Annual Water Deficit map
(Leathwick et al., 2002), the much higher complex-
ity of this dataset shows Deans Bush is actually an
area with a total annual rainfall deficit of over 200
mm. This dry location falls outside the 0.02–0.98
percentile range of the species, although it is highly
likely that before human-induced deforestation by
fire affected the driest areas of New Zealand, this
species would have extended to even drier areas.

Climate from Nearest Living Relatives (NLR)

At this stage, application of the NLR method
to the New Zealand record, at least in the sense of
Mosbrugger and Utescher (1997), is not practical
as the level of taxonomic precision simply has not
developed. However, a few fossils do show a close
morphological similarity to an extant species. In
these cases the opportunity is taken to point them
out and consider the climatic implications.

Climate from Foliar Physiognomy

The evidence from leaf size and morphology
(particularly the margin type) has become a key
technique for determining paleoclimate from plant
fossils. This began with Bailey and Sinnott’s (1916)
observation that the proportion of toothed versus
smooth (entire) leaf margin of floras correlated with
temperature. Wolfe (1979) quantified this univari-
ate relationship for forests of eastern Asia and the
technique has become known as Leaf Margin
Analysis (LMA). Wolfe (1993) later proposed that a
multivariate approach, where many leaf attributes
were recorded, was more accurate and could be
used to determine many more aspects of paleocli-
mate than simply mean annual temperature, but in
contrast, Wilf (1997) maintained that a univariate
approach was more accurate. The obvious appeal
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FIGURE 2. A graphic explanation of the drought estimate method derived from Walter and Lieth (1967) Klimadia-
gramme. The two graphs are drawn according to the protocols used by those authors. Monthly rainfall averages are
indicated by the filled and blockier curves. They relate to the totals (in mm) on the right-hand side of each graph.
Monthly temperature averages are indicated by the smoother line and relate to the totals (in C) on the left-hand side
of each graph. Critically, a monthly temperature average (in C) is considered to be equivalent to approximately twice
that figure in rainfall (in mm). Where the rainfall curve drops below the temperature curve (lightly shaded area), evap-
oration is estimated to be more than precipitation, and therefore there are drought conditions. In this paper the area
below the curve is used as an estimate of rainfall deficit. However, the method does not distinguish between a pro-
tracted but light drought (graph at left) and a short but hard drought (middle graph). The graph at right shows rainfall
precisely keeping up with evaporation for a MAT of 17°C that fluctuates within a 6°C range. To remain ‘everwet’,
annual rainfall would only need to be about 400 mm.
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of the physiognomic methods is the ‘plug and play”
simplicity, where relatively easy to obtain data pro-
vide impressive results. Even the multivariate
CLAMP method, thanks to the efforts of R. Spicer,
can now be carried out online (clamp.ibcas.ac.cn/
Clampset2.html; Yang et al., 2011). 

Foliar physiognomic techniques have resulted
in the somewhat routine reporting of very precise
MAT (results presented to the tenth of a degree)
along with Mean Annual or Growing Season Pre-
cipitation (to the millimeter) values for fossil assem-
blages. In a growing list of cases these come with a
cavalier attitude to the taxonomy that forms the
basis of the results. As Australasian examples,
Kennedy (2003) reported results from Late Creta-
ceous–Paleocene assemblages said to contain up
to 58 dicotyledonous taxa – but the justification for
the extraordinary number of taxa remains unpub-
lished. My impression is that perhaps 5–8 taxa are
able to be distinguished in the richest assemblage.
This would not only make a significant difference to
the climate results, it would make it entirely unsuit-
able for the method. Greenwood et al. (2003) gave
physiognomic results for seven Australian Paleo-
gene assemblages. Only one of these (Nerriga,
from Hill, 1982) has had the full taxonomic comple-
ment published. Most recently Reichgelt et al.
(2013) have given climate estimates for Foulden
Maar. One of their CLAMP results was restricted to
“taxonomically identified” leaves. At least eight of
the 23 taxa they listed have never been docu-
mented. In addition, there are six Lauraceae taxa
that were described only as Laurophyllum in Ban-
nister et al. (2012), yet in the more recent study are
all in extant genera with no explanation. The other
CLAMP result was based on all leaves in a collec-
tion, for which no grounds were given for defining
the taxa beyond some sketches. Their taxonomic
overlap method involves 36 taxa that are claimed
to have been recovered from Foulden Maar as
macrofossils. About half of these are not based on
any documentation at all, whilst for others the first
records from Foulden Maar were described by
Pole (1996, 2010b), but these papers were not
cited. A further 28 taxa are said to be known from
pollen records only, of which 19 remain undocu-
mented and are presumably to be found in their
reference to ‘Mildenhall et al. in prep’. It is a sad sit-
uation where the bulk of a paper relies on unpub-
lished work, and at the same time, ignores what
has been published. Their conclusions will not be
discussed here.

The most recent development in foliar physi-
ognomic analysis has been termed ‘digital leaf

physiognomy’ (Royer et al., 2005; Peppe et al.,
2011). This method uses digitized fossil leaf out-
lines (i.e., shape) as the primary data and claims
superior results over the earlier quantized record-
ing of leaves.

There has been considerable debate on the
accuracy of the foliar physiognomic methods,
mostly concerning estimates of MAT. Initially Wolfe
(1971) suggested that a precision of ±5% could be
achieved if a leaf margin proportion was based on
> 29 species, reducing to ±10% for 20–29 species.
More recent work has found that somewhat differ-
ent relationships between leaf margin proportion
and climate apply in different parts of the globe
(e.g., Greenwood et al., 2004), and in different hab-
itats (e.g., Burnham et al., 2001). In addition, these
relationships are mostly based on whole floras
(derived from a total species list for a given area),
not based on leaf–litter, which is heavily biased
towards the canopy species, including lianes
(Burnham, 1989). There has been some investiga-
tion of whether litter physiognomy reflects the can-
opy; Greenwood (2005) and Dilcher et al. (2009)
reported on studies where MAT estimates from leaf
litter and canopy floristics are not significantly dif-
ferent, but the general assumption that it does
remains close to an act of faith. There are many
sources where error can accumulate in the method
(e.g., Greenwood, 2005; Green, 2006). For exam-
ple, despite being the key character involved, little
distinction is made between the sizes of leaf teeth.
The teeth of many New Zealand plants today, as in
the Miocene, were small, but in some calculations
of climate from leaf physiognomy they are given
equal weighting with much larger teeth. 

On top of this there are more fundamental crit-
icisms. Jordan (1997a) pointed out that some cli-
matic criteria predicted by the methods, for
instance rainfall, are not independently derived
from the physiognomy, but result from the particu-
lar correlation with MAT today. Nevertheless, work-
ers continue to publish estimates of Mean Annual
Precipitation, in some cases to the millimeter. Such
figures are meaningless for plant distribution if rain-
fall is seasonal, and rainfall cannot be independent
of temperature/evaporation. It is difficult to see how
plants could record rainfall above that which pro-
duced a saturated soil. For this reason, rainfall
“totals” as produced by the CLAMP method are
ignored here.

It is clear now that the relationship between
MAT and leaf margin is somewhat different in dif-
ferent areas of the globe and that this reflects dif-
ferent floristic compositions (e.g., Stranks and
11
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England, 1997). Perhaps the most important criti-
cism here has come from Little et al. (2010), who
concluded that there is a significant phylogenic
effect in the foliar physiognomic signal. They basi-
cally argued that the leaf physiognomic method
does not work, except perhaps for documenting
qualitative change in very well-studied areas. They
point out that the differences in the relationship
between leaf margin and MAT around the world –
sometimes >5°C, is likely to be an indication of the
uncertainties of the method. Similarly, Peppe et al.
(2011) concluded that the standard error associ-
ated with a “globally derived leaf–margin analysis
equation is at least ± 4°C.” In addition, Green
(2006) gave a thorough analysis of the many errors
of the physiognomic methods, in particular noting
the unrealistic practice of giving the binomial sam-
pling error as the main error. Royer (2012) con-
cluded a minimum error in MAT for the methods
used here (not including digital leaf physiognomy)
as ± 5°C, with the exception of closely spaced (in
time and place) assemblages, where the error may
be “closer to ± 2°C.” 

For the current work, MAT results are pre-
sented for both on the univariate LMA method and
the multivariate CLAMP as produced by the online
method (Spicer’s CLAMP website) using the
Physg3brcAZ (non-cold) calibration set and the
GRIDMET3brcAZ meteorological file. For LMA the
Australian relationship of Greenwood et al. (2004)
is the one most likely to be relevant to Miocene
New Zealand, but it will not be “the correct” rela-
tionship, as the floristics of New Zealand in the
Miocene involve taxa that are not now found in
either Australia or New Zealand. For both methods
the results are given with an indicated error of 5°C.
‘Digital leaf physiognomy’ (Royer et al., 2005,
Peppe et al., 2011) is not attempted here as the rel-
evant equations are not readily available and
because many of the fossil taxa are probably too
fragmentary for it to be very useful in this case.

The physiognomic methods rely both on rea-
sonably complete taxonomic partitioning of fossil
assemblages and reasonable levels of diversity.
However, even the most diverse fossil assem-
blages in New Zealand so far are still rather spe-
cies poor. In addition to those fossil leaf taxa
already described from Foulden Maar and the
Manuherikia Group by Pole (1992a, 1992b, 1992c,
1993b, 1993c, 1993d, 1993e, 1993f, 1993g,
2007a) and Pole et al. (1989, 2008) some other
taxa need to be described to be included in the
present study. These are typically ones that are
uncommon and/or poorly preserved, but neverthe-

less need to be dealt with for foliar physiognomic
completeness (Appendix 4). 

The result is that only two assemblages have
more than 20 taxa and can therefore justify having
physiognomic techniques applied to them. These
are the Foulden Maar and Bannockburn–03. How-
ever, by combining some assemblages, the total
can be raised and the results may indicate a
broader climate, or a point through which a chang-
ing climate may have moved. It also gives some
indication on how robust the results are. In this
paper, results are also given for a combination of
the three main Bannockburn assemblages and
also for Bannockburn–03 plus the Nevis. These
two assemblages both come from the Nevis Oil
Shale or what may be distal equivalents (Douglas,
1986). Due to the virtual absence of leaf fossils
from the middle Miocene, the foliar physiognomic
approach is not yet feasible for that time, and while
leaf assemblages are present in the late Miocene,
the low biodiversity also means that taxon-based
foliar physiognomy is not warranted.

Climate from Average Leaf Size

A relationship between the average leaf size
(all leaves) of the canopy, or leaf litter, and climate
has long been known. For example, in Australia,
average angiosperm leaf size was (and is) used as
a major criteria for classifying rainforests (Webb,
1959), with broadly tropical or megathermal forests
being dominated by mesophyllous leaves, subtrop-
ical or mesothermal forests dominated by notophyl-
lous leaves, and temperate or microthermal forests
being dominated by microphyllous leaves. Rela-
tively warm but seasonally dry forests had smaller
leaves than everwet ones. Greenwood (1992, fig-
ure 18) quantified this relationship for a range of
well-documented Australian rainforest sites. Car-
penter et al. (1994, 2012) further illustrated this
relationship for another dataset of leaf litter sam-
ples from rainforest sites in Australia, although
sample details were not published. Neither pro-
vided an estimate of uncertainty, but these results
have a standard error of the regression of about ±

1.7°C. As an error for predicting MAT for fossil
assemblages, this will be unrealistically small,
because it is based on a limited area and taxo-
nomic composition. A more accurate estimate of
the error is beyond the scope of this work, but a
minimal error of ±2°C will be indicated. Some fur-
ther leaf litter data for New Zealand and Australia
are presented in Appendix 9.

Dilcher (1973), Jacobs (1999), and Dutra
(2007) further clarified the response of leaf size to
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climate. If rainfall is not limiting (i.e., in rainforests),
leaf size tends to respond to temperature. But
when temperature is not limiting (i.e., warm cli-
mates), changes in leaf size mostly reflect rainfall.
Additionally, it is known that when soil nutrients are
strongly limiting, leaf size tends to be reduced, for
example this has been noted in the very low-nutri-
ent ‘heidewald’ forests of Borneo (Bruenig, 1990).
However, Peppe et al. (2011) and Royer (2012)
claim only a weak global correlation of MAT with
leaf size, pointing more to a correlation with MAP.
But it is important to realize their sampling involved
a variety of techniques, including selecting several
leaves from a variety of species, not simply a sam-
ple of leaf-litter, and it was global – across a wide
variety of vegetation types. Royer (2012) com-
mented that the “overall relationship between MAT
and leaf size is weak”… “except in Australasia.”
This misses a point: Australasia is unlikely to be
unique. The correlation in Australia is only for what
Australians term “rainforest” (vegetation where fire
is not an integral part of the ecology; Bowman,
2000) where moisture is not limiting (seasonally
dry rainforests have smaller leaves). Within what
can be reasonably inferred to be such vegetation,
average leaf size may well be one of the best tech-
niques available. The lack of need for any taxo-
nomic partitioning in a method that relies on
average leaf size will appeal to some workers.
More research needs to be done in this field.

A recent proposal to determine MAT from the
size of Podocarpus leaves (Carpenter et al., 2012)
broke new ground on the claimed potential of phys-
iognomic methods. The authors quantified a global
relationship between the midpoints of the leaf area
of extant Podocarpus species and the midpoints of
their MAT distribution. They demonstrated its use
by taking a single undescribed Eocene leaf frag-
ment, claimed to be Podocarpus, width known,
length unknown, estimated the length, and thence
the area, and arrived at a MAT with a standard
error of 3.3°C. However, their standard error only
applies to the scatter of the midpoints. To use the
equation predictively and claim this accuracy is fal-
lacious. Appendix 10 illustrates the spread of MAT
for extant species of Podocarpus from which Car-
penter et al. (2012) obtained midpoints – some
17% of species have a MAT range of >10°C, even
at the 0.98 percentile range. A true dataset of
Podocarpus size and MAT is well beyond the
scope of this paper, but a more realistic use of
Podocarpus leaf size would limit it to a broad com-
parison with similar-sized extant species – essen-
tially the NLR approach. 

It has been claimed that taphonomic pro-
cesses may significantly alter the leaf size signa-
ture between the source vegetation and its
deposition. It is highly likely for example, that trans-
port might fragment the largest and often thinnest
leaves in litter, although whether this simply trun-
cates the ‘tail’ of the leaf size distribution histo-
gram, leaving the mode unchanged, remains to be
tested. A more important claim was made by
Greenwood (1992) that in Australian rainforests
there was a significant decrease in average leaf
size between the canopy and the litter directly
below, and that this was the result of some kind of
taphonomic process. This discrepancy was serious
enough that, for example, a “mesophyll dominated”
forest “has produced notophyll-dominated litter”
(Greenwood, 1992, p. 170). However, these con-
clusions stem from Webb (1959, table 1) where the
broad ranges of average leaf sizes for different
Australian forest classes were reported. Although
Greenwood (1992) stressed his assertion (p. 163)
that these were values for “direct sampling of the
canopy,” no clear details were given by Webb
(1959) regarding location or specific collection
methodology for these figures. There is no evi-
dence that Webb actually quantitatively sampled
the rainforest canopy directly – this would be diffi-
cult enough to do today, let alone in 1959. Webb
(1959, p. 555) stated that his table 1 was for “actual
leaf counts, on a percentage basis, for species and
individuals.” However, he also stated (Webb, 1959,
p.557) that “data are based on ‘spot listing’ and
quadrats.” It seems more likely that Webb was
expressing the number/percentage of individual
trees in a quadrat with a typical leaf size, not indi-
vidual leaves. With respect to the Webb nomencla-
ture of Australian rainforests, Greenwood (1992)
wrote (p. 151) “The prevailing leaf size of the can-
opy leaves is indicated in the designated name of
each of the forest types. In practice, each forest
type can be identified solely by the relative domi-
nance of the canopy by mesophyllous, notophyl-
lous (sensu Webb, 1959), or microphyllous species
or individual trees (Webb, 1959; Tracey, 1982).”
This is incorrect, as Webb himself stated (p. 556)
that if “two adjacent leaf classes are most common
… In naming the subformation, the larger leaf size
is taken, e.g., Mesophyll vine forest, for meso-noto
sizes.” This is not saying one size class prevails or
is dominant. This was reiterated in his table 1
where Simple Notophyll Vine Forest could have up
to 70% of microphyllous ‘individuals’. 

Christophel and Gordon (2004) later specu-
lated that the canopy–litter difference was not
13
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taphonomic, but a result of (p. 329) “‘compositional’
bias – for example, the litter being composed of
more life forms.” As Greenwood clarified (2005, p.
502) this refers to “the scoring of both tree and
non-tree leaves (particularly woody vines) in the lit-
ter, but the scoring of solely tree leaves in the can-
opy samples.” It is unclear why this would result in
a smaller leaf size signature, particularly as Webb
(1959, p. 556) recommended excluding shade
leaves and vine species that he thought would give
a larger signature.

The simple explanation to this supposed prob-
lem is that there is no strange taphonomic process
acting between canopy and litter, only that the
measurement techniques were different. This does
have some consequences that will need to be
addressed in future research. Essentially, it seems
likely that large areas of Australian rainforest that
are routinely mapped, as say, Notophyll Vine For-
est, are in detail, microphyllous. For paleobotany it
means that a leaf assemblage dominated by micro-
phyllous leaves, but with a notophyll component
might be called a ‘Notophyll’ forest if it were grow-
ing in Australia today. 

For the current work, leaf length and width
was measured for the most specimen-rich Miocene
fossil leaf assemblages. To add to the database of
extant leaf litter (primarily Greenwood, 1992) four
extant leaf litter samples in New Zealand and Aus-
tralia were also recorded. These samples were
taken from areas regarded as mature and relatively
undisturbed rainforest (for example, not over-
whelmed by lianes), the litter was softened in hot
water, and all reasonably intact leaves were
extracted, pressed, numbered, and measured.
Samples typically had 200–300 leaves. The pri-
mary measurement data are summarized as histo-
grams, along with Cain and Castro’s (1959) 0.667x
length x width equation for a rough estimate of leaf
area from which the Raunkier–Webb leaf size
classes can be determined. 

The practical issues of measuring leaf size
are rarely, if ever mentioned. The main problem is
that leaves in a fossil assemblage are commonly
missing their tips (if not entirely fragmentary). For
this reason, some amount of estimate is often
needed. Leaves that are more than about 10%
fragmented are ignored. For the rest, as data are
subsequently grouped into broad bins in the histo-
grams, any errors in estimation are unlikely to sub-
stantially alter the resulting pattern. 

Climate from Biodiversity

In general, warmer and wetter forests tend to
be more diverse (more species per unit area) than
cooler or drier ones (e.g., for angiosperm diversity,
see: Francis and Currie, 2003). Other factors such
as soil nutrient, fire and even carbon dioxide con-
tent (Royer and Chernoff, 2013) may confound
these effects. An important contribution by Burn-
ham (1989) and Burnham et al. (1992) was quanti-
fying the relationship between the proportion of leaf
area in the litter on a forest floor, and the proportion
of the basal area of trees in the forest for a particu-
lar taxon. This means that if leaves in an assem-
blage are of broadly comparable size, then they
can be considered as broadly proportional to the
numbers of trees in the original forest. It follows
that very biodiverse forests will produce litter in
which there is a low ratio between numbers of
leaves in a sample and the number of species rep-
resented. In a typical sample of leaf litter from a rel-
atively diverse forest, most taxa will be represented
by only a few leaves, and probably some by only
one leaf. In forests of low diversity, most leaves will
be of only one species. Although this particular
aspect of ecology has had little work done to quan-
tify this relationship, the relationship between num-
ber of taxa and number of leaves in a sample
appears to be similar to the better–known species–
area curve, that is, it approximates a log–normal
curve (Rosenzweig, 1995). The utility of this is that
the biodiversity of leaf assemblages with different
numbers of leaves can be compared by plotting
them on log-log graphs. In biodiverse assem-
blages, the number of taxa represented will rise
rapidly compared to poorly diverse assemblages.
They will be represented by points lying on steeper
lines through the graph origin. The results will allow
the biodiversity of fossil assemblages to be com-
pared with extant assemblages, and possibly some
qualitative estimates made of climate.

In theory all that is needed is the number of
species in an assemblage and the number of spec-
imens used to arrive at that figure. In practice,
there are several issues, not the least arriving at a
credible taxonomic partitioning. In the assem-
blages studied here, the most pertinent problems
are dealing with fragmentary leaves, particularly
ones where weathering has removed finer detail.
There will be some tendency to include fragmen-
tary specimens that have characters that make
them easily identifiable, and one to reject more
generalised (simple, entire-margined) taxa. There
is no simple solution to this, but it is recognized that
14
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the number of taxa is likely to be something of an
underestimate. 

RESULTS

Early-earliest Middle Miocene

Climate from Coexistence Data. The distribution
of important, or more restricted taxa, is shown in
Figure 3. The range of MATs (Figure 4) shows that,
at the 0.98 percentile level, there are several taxa
that have current MAT ranges in excess of that at
45°S in New Zealand today. Taxa that are wide-
spread today and that can be most confidently
regarded as existing across the potential of their
MAT range include Arecaceae, with a minimum
MAT of about 12°C, Ardisia and Endiandra, with
minimum MATs of around 15°C, Sapindaceae
Cupanieae type B and Retrophyllum with slightly
warmer minimum MATS of about 15.5°C, and
Gymnostoma with a minimum MAT of nearly 18°C.
Beyond this there are taxa that appear to have
higher MAT requirements, but which I would be
more hesitant to accept at face value. Placosper-
mum has a minimum MAT of about 19.5°C, but has
a very restricted geographic range today. Both
Gnetum and Musgravea have similar minimum
MATs, but Gnetum itself has not been identified,
only a somewhat similar extinct taxon. Serianthes,
at about 20.5°C, is a possible identification only
(Pole et al., 1989), as is Metroxylon, at more than
23°C. Bombax, which is known from pollen
throughout the early Miocene (Couper, 1960a;
Pocknall and Mildenhall, 1984), has perhaps the
warmest minimum MAT based on a well-docu-
mented identification  about 20.5°C. 

Some taxa can also be used to suggest an
upper limit to MAT. For example Nothofagus sub-
genera Fuscospora ranges up to about 13°C and
Lophozonia about 17°C. However, these upper
MAT limits, particularly of N. s.g. Fuscospora, are
difficult to reconcile with other data. Explaining
them away by “upland” vegetation is difficult for the
periods when New Zealand was most subdued. It
suggests that perhaps there is an identification
issue, and/or with a basic premise of the cooexist-
ing MAT methodology. Beyond these, Phyllocladus
suggests a maximum MAT of about 18.5°C,
Ripogonum a maximum of about 20°C, Libocedrus
20.5°C, and Metrosideros a maximum of about
23°C. Although the same issues will apply to these
taxa, these ranges suggest more robust ‘caps’ to
MAT in the assemblages in which they are present.

The geographic ranges of “Growing Degree
Months” (Figure 5) are broadly similar to MAT, and
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FIGURE 3. Distribution of earlyearliest Miocene plant
taxa mentioned in this paper, by location. Taxa that are
ubiquitous in the pollen record, such as the Nothofagus
‘types’, are not indicated and due to the difficulty of iden-
tifying some conifer pollen to genus, the records here
dare based only on macrofossils. Records follow Camp-
bell and Holden (1984), Pocknall and Mildenhall (1984),
Mildenhall and Pocknall (1989), (Pole, 1993a, 1993b,
1993c, 1993d, 1993e, 1993f, 1993g, 1993h, 1993i,
1996, 2007a, 2007b, 2008, 2010a, 2010b), Pole and
Douglas (1998), Bannister et al. (2005), Pole et al.
(2008), Lee et al. (2007, 2010), Jordan et al. (2011, their
record of Podocarpus is not accepted here as the
monocyclic stomatal form and mode of papillae clearly
place the fossil in Cupressaceae), and Conran et al.
(2013).
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also show that there are several taxa that require
more warmth than today. The ranges of the Mini-
mum Temperature of the Coldest Month (Figure 6)
suggest figures that were three or four degrees
higher than today. The likelihood of any freezing
would have been considerably reduced. 

According to the rather crude assumptions in
the ‘Klimadiagramme’ (Figure 7), basically all taxa
are consistent with a perhumid, or everwet climate,
though a few taxa can cope with some dry periods.
Diplopeltis is the only taxon that does not exist in a

perhumid climate in any part of its range today. It
may be that the pollen attributed to this genus, is
more likely in another, perhaps extinct genus, of
the Sapindaceae.
Climate from Nearest–Living Relative. The size
of the fossil Podocarpus alwyniae from St. Bathans
is at the smallest end of the range of leaf size mid-
point (c. 40 mm2) for the genus today. Although
such small-leaved Podocarpus are typical of cool
climates, such as New Zealand and southern Aus-
tralia today, in other parts of the world they are
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found in much warmer climates. For example, P.
rostratus, with a midpoint area of 34 mm2, has a
MAT ranging up to 24°C. However, a larger leaved
species of Podocarpus, P. sp. ‘Mata Creek’ occur
in some Manuherikia Group assemblages. The
length is not preserved in any specimen, but widths
of 9.0 mm may have been achieved (Pole, 2007b).
As a nearby analogue, this is broadly comparable
to P. elatus currently growing on the east coast of
Australia. In the Foulden Maar assemblage, P. tra-
visiae has lengths around 110–140 mm and widths

of 7–13 mm (a midpoint area of about 1250 mm2).
The closest extant species of similar size is P.
smithii in Australia growing under a MAT of about
20–23°C. Despite the presence of these large-
leafed Podocarpus, they may not be indicative of
significantly warmer MATs than today. For exam-
ple, P. laubenfelsii, with a leaf-size midpoint of
1820 mm2, grows in MATs down to 11°C. It may
well be that individuals growing at this MAT
extreme have leaves that are smaller than P. travi-
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FIGURE 7. Rainfall deficit ranges derived from GBIF data (0.02-0.98 percentile) for early–earliest middle Miocene
plant taxa from New Zealand and calculated using the Walther–Lieth Klimadigramm as above method. Where taxa
grow in a region which has no period of rainfall deficit according to this method, it is deemed ‘everwet’. This appears
as a bar of arbitrary length on the right of each range. When a range includes rainfall deficit, the degree is indicated
by the ‘amount’ in mm.
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siae, but based on the available data set of Farjon
(2010) this is not possible to determine and is a
subject for future research. Podocarpus leaf size,
whilst suggestive of MAT, is not yet understood well
enough to give reliable results.

Amongst the angiosperms there are taxa that
are significantly larger than their relatives in New
Zealand today. For example, the fossils described
by Pole (1993e) as MANU–5 – ‘Elaeocarpus/Sloa-
nea’ I now regard as clearly Elaeocarpus. The leaf
shape, marginal hairs, domatia, and broad size
indicate an Elaeocarpus allied to species such as
E. costatus (Lord Howe Island) and E. culminicola,
E. elliffii, E. foveolatus, E. grahamii, and E. rumina-
tus, of the Australian mainland, which grow in MAT
range of about 17–27°C. Likewise, a fossil Laura-

ceae, MANU–3 (Pole, 1993f), can be compared to
several Cryptocarya species now growing in Aus-
tralia and New Caledonia; C. velutinosa, C. macro-
carpa, C. putida, C. rhodosperma, C.
onoprienkoana, C. oblata, C. mackinnoniana, and
C. murrayi. Grouping these species in the GBIF
database indicates a MAT (0.92 percentile) of
about 19–25°C. FOLD–3 is almost certainly an
Ardisia, similar to A. pachyrrachis and A. solana-
cea of Australia, also covering a MAT of about 19–
25°C. 

The fossil Nothofagus azureus, from the St
Bathans Member, reaches 87 mm long (Pole,
1993c). This size is comparable with the largest
Nothofagus extant in South America, N. alessand-
rii, N. alpina, and N. glauca, all of which are decidu-

TABLE 1. Foulden Maar and the most diverse Manuherikia Group assemblages and their MATs based on LM and
CLAMP techniques. Each MAT result has an error likely to be at least 5°C, indicated in brackets.

TABLE 2. Combined assemblages from the Manuherikia Group and their MATs estimated by LM and CLAMP tech-
niques.

Foulden 
Maar

Bannockburn–02 Bannockburn–03 Bannockburn–04 Nevis 09–17

Total broad–leaved 
angiosperm taxa

28 15 24 15 8

Total Specimens 86 205 185 209 115

% Entire margined 79–83% 80% 79% 73% 75%

Greenwood et al., 2004 
(113 Australian sites)

19–20°C
(14–25°C)

19°C
(14–24°C)

19°C
(14–24°C)

17°C
(12–22°C)

18°C
(13–23°C)

Greenwood et al., 2004 
(74 Australian sites)

19–20°C
(14–25°C)

19°C
(14–24°C)

19°C
(14–24°C)

18°C
(13–23°C)

18°C
(13–23°C)

Steart et al., 2010 (South 
Africa)

23–24°C
(18–29°C)

23°C
(18–28°C)

23°C
(18–28°C)

21°C
(16–26°C)

22°C

Wolfe, 1979; Wing and 
Greenwood, 1993 (East 
Asia)

25–27°C
(20–30°C)

26°C
(21–31°C)

25°C
(20–30°C)

23°C
(18–28°C)

24°C
(19–20°C)

CLAMP 22°C
(17–27°C)

Too few spp. 18°C
(13–23°C)

Too few spp. Too few spp.

Bannockburn–02
+ Bannockburn–03
+ Bannockburn–04

Bannockburn–03
+Nevis 09–17

Total broad–leaved angiosperm taxa 33 29

Total Specimens 600 301

% Entire margined 70% 79%

Greenwood et al., 2004 (113 Australian sites) 17°C
(12–22°C)

19°C
(14–24°C)

Greenwood et al., 2004 (74 Australian sites) 17°C
(12–22°C)

19°C
(14–24°C)

Steart et al., 2010 (South Africa) 20°C
(15–25°C)

23°C
(18–28°C)

Wolfe, 1979; Wing and Greenwood, 1993 (East Asia) 23°C
(18–28°C)

25°C
(20–30°C)

CLAMP 17°C
(12–22°C)

18°C
(13–23°C)
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ous (Romero, 1980). Despite excellent
preservation of other cuticle in the type locality,
good cuticle preparations have not been achieved
with N. azureus, indicating very thin cuticle, and
thus a leaf with a short lifespan, also suggesting it
may have been deciduous. The extant species,
emphasizing the Nothofagus problem, occur
across a MAT of 4–14°C.
Climate from Foliar Physiognomy. Data for
assemblages amenable to foliar physiognomy are
presented in Tables 1 and 2. Univariate equations
for modern Australian rainforests (Greenwood et
al., 2004) suggest a MAT in the range of 12–25°C,
the Steart et al. (2010) dataset for South Africa
suggests a slightly warmer values of 16–29°C,
whilst the East Asian dataset of Wolfe (1979), cal-
culated according to Wing and Greenwood (1993),
gives even higher values of 18–32°C. In light of the
criticisms of Little et al. (2010) on the phylogenetic
component in these results, the most applicable
equation for the New Zealand early Miocene (to the
degree the method works at all) is for current Aus-
tralian rainforests. Thus the cooler results are more
likely than the warmer ones. 

The multivariate CLAMP results give the high-
est MAT for the Foulden Maar, (17–27°C) and the
only Bannockburn assemblage with sufficient spe-
cies, Bannockburn–03, gives a MAT of 13–23°C. A
combination of the main Bannockburn assem-
blages (Bannockburn–02,03,04) gives a similar
result of 12–22°C, and combining Bannockburn
assemblage Bannockburn–03 and Nevis assem-
blages 09–17 (both are from the Nevis Oil Shale or

a distal extension) again gives a comparable MAT
of 13–23°C. 
Climate from average leaf length. Mean Annual
Temperatures derived from the Greenwood (1992)
and Carpenter et al. (2012) average leaf length
equations are given in Tables 3 and 4, based on
the simple average leaf length of assemblages. In
addition, the histograms of leaf length, width, for
fossil assemblages are given in Figures 8 and 9.
For comparison, equivalent histograms for four
extant litter sites are given in Figure 10. 
Climate from Biodiversity. The five assemblages
that were tabulated (Figure 11) for number of taxa
and number of specimens all lie on a much steeper
slope than relatively cool rainforest floras of Aus-
tralia or New Zealand today. They rank with recent
leaf litter collections from Australian locations with
MATs from 17.1°C (Minamurra) to 24.9°C (Noah
Ck). 

Middle Miocene Casuarinaceae and 
Chenopodicaeae Zones

Potential paleoclimate proxies from this level
are mostly restricted to vertebrates and pollen. The
MAT ranges of some potentially useful vertebrate
taxa are indicated in Figure 12, along with the Are-
caceae, a group notable for its absence in this time
slot. Leaf macrofossils are almost entirely
restricted very rare Nothofagus from this strati-
graphic level. Continuing work on the charcoal
component of the Casuarinaceae Zone has
revealed charred grass cuticle (Figure 13), the first
evidence of this in New Zealand. 

TABLE 3. Average leaf length of Foulden Maar and Manuherikia Group leaf assemblages and their MAT estimates.

TABLE 4. Combined assemblages from the Manuherikia Group and their MATs estimated by leaf length techniques.

Bannockburn–
02

Bannockburn–
03

Bannockburn–
04

Nevis–09 to 17
Foulden

Maar
GL–01

Average leaf length 50 mm 60 mm 73 mm 51 mm 78 mm 75 mm

MAT Greenwood 12°C
(9–15°C)

14°C
(11–17°C)

17°C
(14–20°C)

13°C
(10–16°C)

18°C
(15–21°C)

17°C
(14–20°C)

MAT Carpenter et al., 
(2012)

13°C
(10–16°C)

15°C
(12–18°C)

17°C
(14–20°C)

14°C
(11–17°C)

18°C
(15–21°C)

17°C
(14–20°C)

Bannockburn–
02+Bannockburn–

03+Bannockburn–04

Bannockburn–03+Nevis 09–
17

Av leaf length 61mm 56mm

Based on leaf length
(Carpenter et al., 2012)

15°C
(12–18°C)

14°C
(11–17°C)

Based on leaf length
(Greenwood)

15°C
(12–18°C)

14°C
(11–17°C)
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Middle–late Miocene

Quantitative data for this time are based on
the Kaikorai Valley assemblage collected by J.D.
Campbell (Campbell, 1985; Pole, 1993h). Mean
Annual Temperatures derived from the Greenwood
(1992) and Carpenter et al. (2012) average leaf

length equations are given in Table 5 and leaf
length, width, and size histograms are given as
Figure 14. A range of Nothofagus leaves from
other, mostly unpublished, locations is given in Fig-
ure 15. None of these assemblages has enough
taxa for a foliar physiognomic approach. 
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Leaf Size
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FIGURE 8. Leaf length, width, and size histograms for early–earliest Miocene leaf fossil assemblages.
Size is estimated from length x width x 0.667 (Cain and Castro, 1959) and binned according to the classes in Webb
(1959). 
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FIGURE 9. Leaf length, width, and size histograms for early–earliest Miocene leaf fossil assemblages. Size is esti-
mated from length x width x 0.667 (Cain and Castro, 1959) and binned according to the classes in Webb (1959).
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FIGURE 10. Leaf length, width, and size histograms for some extant leaf litter collections in New Zealand and Austra-
lia. Size is estimated from length x width x 0.667 (Cain and Castro, 1959) and binned according to the classes in
Webb (1959).
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DISCUSSION

Early Miocene–earliest Middle Miocene

The range of early–earliest middle Miocene
MAT estimates (Figure 16) spread across about
17°C. The LMA and CLAMP techniques produce
broadly similar midpoints, but those based on leaf
length consistently tend to be slightly cooler. The
midpoints of all foliar physiognomic estimates tend
to be around 17–18°C. The taxonomically based
co-existence approach produces similar results.
The minima and maxima suggested by taxa that
are regarded as being ‘most reliable’ suggest MATs
of 15–22°C. The estimates from the few taxa that
have comparable extant relatives (17–27°C) sug-
gest the upper parts of this range are credible.
Within the limits of accuracy it is not clear that any
one assemblage is warmer or cooler. Average leaf
length in Foulden Maar is significantly larger than
Bannockburn–02 (p = 0.05) and for a ± 2°C level of
accuracy this suggests Foulden was significantly
warmer. However, if the real accuracy of the leaf
length method turns out to be closer to ±3°C, this
significance disappears. Furthermore, MAT from

Bannockburn–02 is only based on leaf length, as
its species diversity is too small to apply CLAMP or
LMA (although this in itself may suggest cooler
conditions). However, it is combined with other
nearby small-leafed assemblages to raise the
diversity, and the CLAMP/LMA results are not sig-
nificantly different from Foulden Maar.

Foulden Maar most likely had a MAT in the
16–24°C range. There was seasonality to the cli-
mate, as indicated by the “varves” in the Foulden
Maar diatomite (Lindqvist and Lee, 2009). How-
ever, there is no convincing evidence that this sea-
sonality extended to drought. Although there have
been several statements that Macaranga/Mallotus
indicate dry or seasonally dry conditions (Milden-
hall, 1989; Lee et al., 2010), this is not the case.
Both genera are very widespread ecologically,
across a wide range of ‘rainforest’ types, both wet
and relatively dry. The presence of Gyrostemona-
ceae pollen in the Foulden Diatomite has also been
used as evidence that the climate was (Bannister
et al., 2005, p. 515) “dry, warm temperate to sub-
tropical,” or (p.523) with “at least seasonally dry
periods.” However, this conclusion disregards all
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FIGURE 11. Biodiversity of fossil and recent leaf litter assemblages. Points labeled in bold to the left show the num-
ber of taxa in New Zealand early–earliest Miocene leaf assemblages versus the number of specimens. Points labeled
to the left in smaller, unbold font represent extant leaf litter collections from New Zealand and Australia collected by
the author. Points labeled at right in bold font are the results of extant leaf litter collections from Australia given by
Greenwood (1992). The two diagonals are lines of equal biodiversity encompassing early Miocene assemblages. All
points plotted on log: log axes, with MAT for extant samples in brackets. 
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the other proxies in the assemblage which point to
an everwet environment. Today only one species in
the Gyrostemonaceae, Codonocarpus attenuates,
is found in marginal rainforest and the rest are
restricted to arid environments. The presence of
Gyrostemonaceae in obviously high rainfall envi-
ronments is probably another example of what was
documented by Crisp et al. (2004) for Australia –
mid Cenozoic radiation of rainforest taxa into arid
areas, and either stagnation, or perhaps extinction
of the original rainforest taxa. The lack of epiphyl-
lous fungi has also been cited as supporting evi-
dence for a dry climate at the Foulden Maar
(Bannister et al., 2006). The ecological distribution
of epiphyllous fungi was documented by Lange
(1976, 1978), who proposed that their variety in the
fossil record could be used as indicators of wet-
ness. This seems well-supported, but their appar-
ent complete absence in the face of all other
evidence suggests epiphyllous fungi can only be
used in a positive sense. 

The range of MATs indicated for the lower
Manuherikia Group is similar to Foulden Maar.
Foliar physiognomy suggests MATs of about 17–
19°C, whilst leaf length suggest MAT may have
been as low as 12°C in the coolest assemblages,
but ranged up to about 17°C. The MAT minima and
maxima of around 15–20°C that are suggested by
taxonomy, are consistent with the physiognomic
data. They do suggest a careful look at the distribu-
tion of pollen of relatively cool indicators, such as
Phyllocladus. The climate was also distinctly sea-
sonal, as indicated by growth rings in wood (Evans,
1931). 

In terms of the spread of leaf size (see histo-
grams in Figures 8, 9), angiosperm leaf size in the
lower Manuherikia Group is consistently dominated
by leaves of microphyll size (even if notophylls and
mesophylls were grouped into the original Raunki-
aer (1934) sense of ‘mesophyll’, microphylls would
still predominate). The variation between assem-

blages is reflected in the spread and direction of
the ‘tails’. Foulden Maar is the assemblage where
the notophyll class comes closest to parity with
microphylls. The simplest interpretation of this
would be that Foulden Maar had the warmest cli-
mate. Lauder–01 also has a large signature, with
an equal proportion of notophylls and mesophylls.
At the opposite extreme, the Nevis samples lack
notophylls entirely. Nanophylls are always minor,
while the leptophyll class is absent – with the
exception of the Nevis–01 assemblage, where they
mostly consist of legume leaflets. 

In terms of microphyll dominance, the fossil
leaf-size signatures are similar to the extant New
Zealand and Australian litter samples reported
here (MATs ranging from 9.8 to 21.1°C). The
Foulden and Lauder assemblages, with the largest
leaves, compare broadly with the Trounson and
Bartle–Frere–1 extant litter samples (MATs of 14.6
and 21.1°C, respectively). Direct comparison with
other parts of the world is not straightforward, as
leaf-size data are usually not based on leaf-litter,
and in some cases do not distinguish the notophyll
class. However, results from Venezuela (Schneider
et al., 2003) show the dominant leaf size decreas-
ing steadily with altitude, as expected, but with
mesophylls dominant at about 14.9°C, notophylls
dominant at about 13.4°C, and a mix of notophyll-
microphylls dominating until outright dominance by
microphylls by about 10.7°C. Thus, there is a sug-
gestion of a larger modal leaf size for a cooler MAT
in Venezuela than in Australasia. That there is a
difference should not be surprising. Leaf size
(including metrics such as leaf length) may show
similar trends around the world with respect to
MAT, but differ in detail (similar to leaf margin) due
to the influence of other effects, such as energy
and rainfall seasonality, and soil differences.
Despite the agreement between the Greenwood
(1992) and Carpenter et al. (2012) leaf length vs
MAT equations, they are both based on Australian

Swiftlets
Crocodiles

Arecaceae

20 22 24 26 28

Wilsonia

10 12 14 16 18

MAT/˚C
FIGURE 12. MAT ranges based on GBIF data (0.02–0.98 percentile) for taxa relevant to middle Miocene, Casuarina-
ceae Zone climate in New Zealand (essentially the vertebrate assemblages of the St. Bathans region). 
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rainforest vegetation. Caution should evidently be
exercised until the relationship between leaf size
and climate is better understood worldwide.

Leaf size in the lower Manuherikia Group evi-
dently fluctuated within a relatively small range,
and it is not possible to be certain of the relative
influence of climate or ecology, but given the fluctu-
ations in global climate known to have occurred in
the early Miocene, differences in leaf size can at
least be expected. It is clear, based largely on
broader taxonomic composition, that there was sig-
nificant climate change within the lower
Manuherikia Group (e.g., Pole 1993a). To pick on
one taxonomic group as an example, the lower
Manuherikia Group has a high diversity of conifers
– the St. Bathans Paleovalley contains 16 conifer

species in 12 genera (Pole, 2007b). In general this
suggests a relatively cool (though not cold) climate,
with high rainfall. However, within New Zealand
today, two groups of podocarps can be distin-
guished – those that typify low rainfall sites and/or
richer soils (e.g., Dacrycarpus, Podocarpus and
Prumnopitys) and those of more acidic or nutrient–
depleted sites with extremely high rainfall (e.g.,
Dacrydium; McGlone, 1988). Pole (2007b) noted
that the podocarps, which dominated most St.
Bathans assemblages, were the genera (and some
species) that today typify the relatively dry (everwet
but without excessive rain), relatively nutrient–rich
soils. This might be expected in a pre-Southern
Alps landscape where the topography was not high
enough to cause extremely high rainfall. Dacry-
dium is one of the most common trees in the New
Zealand forest today, but in the St. Bathans Mem-
ber it has only been found in one assemblage that
was also distinct in having Papuacedrus and abun-
dant small–leaved Podocarpus. It is also uncom-
mon in clastic assemblages in the Gore Lignite
Measures. This evidence hints that although rain-
fall was high, or perhaps frequent, it was not so
extreme as to cause rapid leaching.

FIGURE 13. Grass charcoal from palynological preparation, middle Miocene of Mata Ck, near St. Bathans (Slide
P761, Sample Mata–2, scale bar equals 20 μm). 

TABLE 5. MATs for Kaikorai Valley estimated by leaf
length techniques.

Kaikorai

Average leaf length 36 mm

MAT Greenwood (1992) 10°C
(7–13°C)

MAT Carpenter et al., (2012) 11°C
(8–14°C)
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Higher in the Manuherikia Group (Fiddlers–
Kawarau Members) conifer macrofossil diversity
typically drops to just one or two species. In the
case of Bannockburn–04, there are no known coni-
fer macrofossils, or Nothofagus. For Bannockburn–
03, containing just Araucaria and a single speci-
men of what is probably Retrophyllum, foliar data
foliar data suggest MATs similar to the St. Bathans
Paleovalley. Pole (1993a) drew an analogy with the
extant Araucarian “dry rainforests” of Australia.
This seasonal dryness may be the cause of the low
conifer diversity. 

If the diverse environments within the South-
land Gore Lignite Measures are grouped, the coni-
fer diversity is similar to the St. Bathans
paleovalley. Pole (2007b) recorded six conifer spe-
cies in five genera from mostly clastic material that
would have accumulated between coal swamps,
whilst eight species in seven genera were recorded
from within lignite that would have grown on raised
mires (Jordan et al., 2011).

The variation in the current results is consis-
tent with earlier conclusions of climate change
within the lower Manuherikia Group – but it empha-
sizes that this variation, specifically in MAT, is
below the precision currently afforded by the more
quantitative proxies.

The amount and variation in rainfall is much
less clear. CLAMP does provide results for various
aspects of rainfall, but, as argued earlier, my opin-
ion is that rainfall beyond ‘everwet’ is unlikely to be
directly recorded by foliar physiognomy. The rain-
fall deficit results presented in the current work

(Figure 7) make it clear virtually all lower
Manuherikia Group taxa are generally restricted to
everwet climates. If MAT is known as well as  its
seasonality, Klimadiagramme can estimate the
minimum annual rainfall to maintain the everwet
climate. For example, if MAT were 17°C and
annual variation around 3°C, and rainfall each
month was just enough to balance that lost by
evaporation, then the minimum annual rainfall
would only need to be around 400 mm (Figure 2).
In reality, this situation would be highly unlikely,
and there was likely to have been a season where
monthly rainfall was well in excess of evaporation.

One of the major changes that happened
within the lower Manuherikia Group was a transi-
tion from a non–burning environment to one in
which fire was significant (Mildenhall, 1989, Pole,
2003). Intuitively this may imply some change in
the rainfall regime, and “arid” conditions have been
suggested (Mildenhall, 1989). “Arid” typically
describes a climate in which moisture is substan-
tially limiting and this was clearly not the case in
the lower Manuherikia Group as some of the abun-
dant charcoal comes from prominent lignite (i.e.,
peat–accumulating) deposits. Fire and an everwet
climate need not be a contradiction, as there are
well–documented histories of fire in everwet parts
of the world, western Tasmania for example,
although it is difficult there to extricate the pres-
ence of humans, who were clearly sources of igni-
tion for a very long time (Thomas, 1993). In
Tasmania humans would have provided an ignition
source that was less frequent in their absence –
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FIGURE 15. Nothofagus leaves from middle to late Miocene deposits in New Zealand. 1. Beesons Island Volcanics,
Medlands Stream, Great Barrier Island (Auckland University Geology Department specimen AU4567). 2. Longford
Formation, Murchison (LX1281). 3. Glentanner Formation, Ben Ohau (Canterbury Museum specimen zp298). 4. Ban-
nockburn Formation, Vinegar Hill (LX980). Scale bar equals 10 mm.
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but the fact remains that despite the very high rain-
fall, some parts of the landscape burnt readily. The
key to this is that some types of vegetation are par-
ticularly fire prone (Jackson, 1968; Mount, 1982;
Bowman, 2000). Even in an everwet climate, there
were likely rare periods of relative dryness where a
fire, once ignited, burnt large areas and favoured
the spread of fire-prone vegetation. A mixture of
rainforest and fire-prone Eucalyptus vegetation
appears to have been present at some times in the
lower Manuherikia Group (Pole, 1993d). At times
there was an abundance of Myrtaceae and Areca-
ceae pollen (corresponding to the Arecaceae-Myrt-
aceae Zone), which along with charcoal and the
associated macrofossils clearly support an inter-
pretation of extensive palm-swamp vegetation.
This kind of vegetation today is a feature of warm
areas where there is a distinct seasonality of rain-
fall, or at least of the water table. A correction can
be offered to what was indicated by Pole (2003, fig-
ure 5) as seasonal drought in the Klimadiagram
sense. Rather than wet versus drought seasons it
may have been the difference between very wet
and less wet periods – and thus still ‘everwet”. But
this could still have profound influence on the vege-
tation if, for example, the water table was near the
surface in the drier period, but flooded with stand-
ing water in the wet season. The issue of abundant
palms in the New Zealand Miocene can be con-
trasted with their virtual absence in otherwise simi-
lar situations in Australia. This is intriguing and the
reasons unknown. Perhaps rainfall was not as sea-
sonal in Australia, or perhaps other factors of the
environment were responsible (could New Zealand
have had intense cyclonic activity that favoured
palms?), but addressing this issue may help clarify
the climate story.

Diversity levels of the leaf assemblages are
comparable with some locations having MATs of
17–25°C today, but higher diversity than some
locations with MATs of 10–19°C. Perhaps little
more can be said than biodiversity was much
higher in the early Miocene than New Zealand for-
ests today. However, the method may have an
additional benefit of suggesting instances of over-
splitting of taxa. In this case the Foulden Maar
assemblage (Pole, 1996) has a distinctly high
diversity for the number of specimens recovered.
Further work may find some of the taxa repre-
sented by single specimens may not be distinct. 

Based on the plant fossil record, early–earliest
middle Miocene MATs are highly likely to have
reached 17–18°C, and may at times have reached
19–20°C. Evidence for anything warmer is poor.

Rainfall was everwet, though this was distinctly
seasonal towards the end of this period. Warmth,
as measured by either MAT or GDM, was clearly
higher than at 45°S today and was similar to that
currently found between Sydney and Brisbane. It
represents a poleward expansion of warmth of
about 12–18 degrees of latitude. 

These New Zealand climate estimates are
comparable with the Australian results of Sluiter et
al. (1995), who, as discussed earlier, arrived at a
MAT of c. 18°C for the Gippsland region. However,
when their results are re-evaluted using the more
extensive GBIF database available today, the pre-
cision of their estimate can no longer be main-
tained (Appendix 11). The results of the current
study are still higher for sea surface temperatures
at 50°S than those modeled by You et al. (2009) for
the Miocene Climate Optimum. These results are
consistent with other conclusions (e.g., Krapp and
Jungclaus, 2011; Goldner et al., 2013) conceding
that the reduced temperature gradient recognized
by proxies in the middle Miocene, cannot yet be
modeled. The current results continue the disparity
between the warmer temperatures suggested by
marine paleontology and the cooler temperatures
by vegetation. This problem might be resolved by a
better understanding of what is limiting the various
proxies. Vegetation on land is more likely to be lim-
ited by sporadic outbreaks of cold polar air, gener-
ating frost damage and thus tracking cooler
conditions, than the more moderate sea water tem-
peratures. 

Was New Zealand Ever Tropical in the 
Miocene? 

Despite some conclusions based on marine
paleontological evidence that New Zealand
reached fully tropical (>25°C, Hornibrook, 1992) or
megathermal (>24°C, Nix, 1982) levels of warmth
at times in the Miocene, there is no support for this
from paleobotany. For leaf size, for example,
Webb’s (1959) Australian forest category of Mega-
phyll Vine Forest is approximately restricted to the
tropics. Not only are there no known fossil leaf
assemblages in the New Zealand Miocene domi-
nated by megaphyll-sized leaves, but there are
none that are outright dominated by notophylls
either. Martin (1992) asked if southeastern Austra-
lia, a region that was at comparable latitudes to
New Zealand in the early-earliest middle Miocene,
was ever tropical in the Cenozoic. She compiled a
list of extant plant taxa, which were described as
“tropical, mostly tropical and subtropical” by Willis
(1966) and are represented by pollen (or by closely
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comparable pollen) in Australia’s fossil record.
However, as she was well aware, few of these
plant taxa are restricted to a tropical climate today.
They are Ilex, Sphenostemon, Nypa, Bombax,
Caesalpinia, Merrimia, Malpighiaceae, Anacolosa,
Canthium, Guettarda, and Santalum. Although
concluding that these contributed to evidence that
southeastern Australia was “warmer and wetter”
than it is today, to her the most definitive evidence
was not provided by them at all, but by a dinoflage-
lette cyst, Polysphaeridium zobaryi. On this evi-
dence Martin concluded that for (Martin, 1992, p.
277) “a brief interval in the early part of the Mid-
Miocene, at least one part, southeastern Australia,
may have had a truly tropical climate.” Thus the
possibility remains that New Zealand also achieved
tropical temperatures, but for periods that are
below the resolution of the plant macrofossil
record, and perhaps also invisible to the palynolog-
ical record, as tropical–restricted taxa may not
have had the opportunity to disperse to New Zea-
land while it was warm enough.

Middle Miocene Casuarinaceae and 
Chenopodicaeae Zones

Pole and Douglas (1998) and Pole (2003)
argued that there was a major climatic drying asso-
ciated with their Casuarinaceae and Chenopodica-
eae zones. This was expressed in a change from
acidic to alkaline sedimentation that favoured the
preservation of bones and stromatolites (Lindqvist,
1994) over leaves, the disappearance of coal, the
presence of abundant charcoal and a taxonomic
shift. Such a major environmental shift most likely
correlated with a significant global climate event,
the major drop in temperature at about 14 Ma. This
cooling event has also been correlated with a shift
to drier vegetation types at different places on the
globe. 

The base of the Casuarinaceae Zone is
marked by a significant increase in Casuarinaceae
pollen (as Myricipites harrisii). It is not possible to
identify the genus, but the sustained abundance
and associated evidence suggest woodland of one
of the fire-tolerant genera rather than Gymnos-
toma. Nothofagus continues to be represented by
pollen, but tends to be dominated by the ‘fusca’
type rather than the ‘brassii’ type. The rare
Nothofagus leaves from this zone are small (ca. 20
mm long) and the only intact specimen (Figure
15.4) shows a compound-toothed margin, where
small teeth are located on subdued larger teeth, or
waves. This kind of margin is displayed by decidu-
ous South American Nothofagus, for example (the

smaller than the fossil) N. obliqua (Romero, 1980).
If the small leaves from the Casuarinaceae Zone
are representative of a broader trend, they can be
compared to other places where a decrease in
Nothofagus leaf size has been linked to periods of
deteriorating climate; the Antarctic Peninsula
(Dutra, 2004; Reguero et al., 2013) and Australia
(Hill, 1983).

The base of the succeeding Asteraceae–Che-
nopodiaceae Zone represents the point where herb
pollen rose to dominate over Nothofagus ‘brassii’–
type pollen and suggests cool conditions. The
close association of prominent Chenopodiaceae
and Sphagnaceae pollen is disconcerting – typi-
cally the former indicates distinctly dry conditions
and the latter wet (Pole, 2003, figure 2 indicates
palynological samples with both Chenopodiaceae
and Sphagnum levels reaching c. 10%). This asso-
ciation is likely to be highly restricted in climate–
space, and therefore a critical key to the conditions
of the Miocene. One place where vegetation pro-
ducing such pollen spectra occur in close associa-
tion today is in Patagonia (Arroyo et al., 2005), and
this may be a good analogue for the Chenopodia-
ceae Zone – a cool climate, but with rainfall at such
levels that the moisture–evaporation equation
could have varied from one to the other. In Patago-
nia today, this is controlled by the significant varia-
tions in topography. However, there is little
sedimentary evidence for much topography in the
Chenopodiaceae Zone of New Zealand. Both Che-
nopodiaceae and Sphagnaceae occur together in
the palynological spectra of peatbogs further north
in the highlands of southernmost Brazil (Roth and
Lorscheitter, 2008), but their prominence is not
recorded.

It is not possible to precisely locate the base
of the Mildenhall and Pocknall (1989) Chenopodi-
pollis chenopodiaceoides Zone, suffice to say it will
lie somewhere between the base of the Casuarina-
ceae Zone and the Asteraceae–Chenopodiaceae
Zone. Mildenhall and Pocknall (1989) concluded a
cool temperate climate for this zone, contrasting
with the subtropical to warm temperate of the pre-
ceding zone. The appearance of Tricolpites triobla-
tus within the C. chenopodiaceoides Zone, a pollen
type later identified by Martin (2000) with Wilsonia,
a plant restricted to saline environments today,
highlights a drop in moisture availability, as does
the importance of charcoal. The discovery of grass
charcoal is an important clue and suggests that the
fires were no longer just burning forests, but that
climate change and fire had combined to produce a
patchwork of forests and grasslands. Stromatolites
32



PALAEO-ELECTRONICA.ORG
(Douglas, 1986, Lindqvist, 1994) represent another
life form that characterizes this interval that may
have quantifiable climatic requirements. There is
no strong evidence for these finds reflecting a
coastal environment. For example there are no dia-
toms or signs of tidal bedding and the invertebrate
and fish fauna (with the exceptions of rare, proba-
bly bird-transported, marine specimens, Schwar-
zhans et al., 2012) is freshwater. The boundary
between the Manuherikia Group and the marine
environment remains unclear, but regional geology
would require a shoreline within about 70 km of the
area.

The evidence for sudden drying at the base of
the Casuarinaceae Zone is strong, but is there any
evidence for the global cooling that Pole (2003)
proposed as the driving force? The presence of a
crocodile (Molnar and Pole, 1997) would seem to
contradict this. A crocodile is clear evidence that
MAT was warmer than today or at least evidence
against any extremes of cold at the time. However,
Markwick (1998) concluded that 14.2°C was the
absolute minimum MAT defining the limit of croco-
dilians today and a CMM of about 5.5°C. Thus it is
possible to accommodate a significant drop in tem-
perature from earlier MATs of at least 17–18°C and
still have crocodiles. 

Some of the bird remains associated with the
crocodile (e.g., Worthy et al., 2007) have been sug-
gested as temperature indicators. True flamingoes
have not (yet) been recorded from the Manuherikia
Group, but an interpreted sister taxon has, along
with evidence of swiftlets. Present-day flamingos
tend to occupy alkaline lakes in at least seasonally
dry regions. The comment of Worthy et al. (2011)
that “Ancestral flamingos and swiflets are entirely
tropical today” is both confusing and incorrect.  If
by “ancestral flamingos” they are referring to the
Paleodids they mention in the same article, these
are extinct today, whereas the true flamingos today
include a species, Phoenicopterus chilensis, that
extends into temperate Patagonia (GBIF data indi-
cates the genus ranging over a MAT of about 3 –
27°C). Swiftlets also range well outside the tropics
(GBIF dataset indicates Aerodramus ranges= over
a MAT of 14–27°C). 

Worthy et al. (2011) further noted that the
waterfowl fauna at St. Bathans (eight species of
ducks, shelducks, and geese in six genera) is the
“richest known site of Miocene waterfowl fauna in
the world.” However, ducks at least, have a distri-
bution that has been described as “antitropical”
(Reichholf, 1983 p. 39). The high duck diversity at

St. Bathans may be a good clue that the climate
tended to be temperate rather than tropical. 

In the palynological record, all the taxa that
suggested warmer climates earlier in the
Manuherikia Group have vanished. They are
replaced in prominence by taxa that are now more
cosmopolitan and consequently have very broad
temperature ranges.

The abrupt disappearance of Arecaceae near
the base of the Casuarinaceae Zone is one of the
strongest cases for cooling. As long as there is
groundwater, palms survive today in many overtly
dry places – for example, isolated spots in the Aus-
tralian arid zone and Saharan oases. It is clear
from the sedimentary record that, despite mud-
cracks at some horizons indicating that marginal
drying occurred from time to time, a sizeable Lake
Manuherikia remained. Conditions did not get so
dry that a regional presence of taxa, such as
Nothofagus (probably on surrounding slightly
higher ground), disappeared. It is difficult to imag-
ine palms vanishing in this situation without a sig-
nificant drop in temperature. The 0.98 percentile
MAT minima for palms is about 12°C, though they
range to nearly 10°C, and so their disappearance
while crocodiles remained is a problem. The cli-
mate may be interpreted as the coolest end of MAT
possible for a crocodile, probably aided by low
annual extremes of temperature, and the chance
extinction of the local palm species.

Could it be that the evident drying was the
result of increased evaporation due to warming?
This is highly unlikely. Firstly, if the drying was
associated with a major warming event–and the
Mid Miocene Climate Optimum would seem the
most obvious possibility–then it may be the only
case known where this event was associated with
drying rather than generally wet conditions. It
would also imply that as temperatures cooled
again to continue the broader global Neogene tra-
jectory, then there should have been a return to
wet, coal-forming conditions, and there is no indi-
cation of this occurrence. Secondly, it is certainly
theoretically possible for pure warming to cause
drying out if the extra evaporation induces a rainfall
deficit. However, to put this in perspective, in the
ever-wet conditions around southern New Zealand
today where monthly rainfall is above 60 mm, the
Klimadiagram relationship suggests average tem-
peratures would have to rise above 30°C to start a
significant drought period. There is no evidence
hinting at anything close to this level of tempera-
ture.
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Late Middle – Early Late Miocene

The paleobotanical record for much of the
middle and late Miocene is much more restricted
than for the early Miocene. This results from a
trend to non-coal forming environments, as well as
geological factors, including much of the southern
end of New Zealand being inundated by thick
gravel from rising mountains (Browne and Field,
1985; Youngson et al., 1998). Nothofagus fusca–
type pollen is commonly important in pollen assem-
blages of this age (Mildenhall and Pocknall, 1984).

The Dunedin Volcano, active from the early
middle to early late Miocene, lies to the east of the
Manuherikia Group and is surrounded by the
broader-aged Waipiata Volcanics (Coombs et al.,
1960, 2008). Two macrofossil assemblages have
been documented from the Dunedin Volcano;
Kaikorai Valley and Taiaroa Head (Oliver, 1936;
Pole, 1993h), and one from the late Miocene of the
Waipiata Volcanics: Cornish Head (Pole, 1994). All
are overwhelmingly dominated by Nothofagus. The
Kaikorai Valley material has some cuticle, and
whilst the Cornish Head locality does not, it is
unique in that the leaves clearly show plicate ver-
nation, which is correlated today with an annually
deciduous habit (Hill and Jordan, 1993; Pole,
1994). The strongest evidence for climate is the
range of leaf size, which is spread over nanophyll-
microphyll with no notophylls. This small size of the
Kaikorai Valley leaves suggests cool temperate
conditions with a MAT of around 10–11°C, consis-
tent with the low diversity and dominance by
Nothofagus. MAT had therefore most likely
dropped from the early-earliest middle Miocene,
probably by at least 6–7°C, but the confounding
effects of possible drop in precipitation cannot yet
be ruled out. Coal is virtually absent from middle-
late Miocene sediments in New Zealand and is
probably a consequence of drier conditions (see
comments in Mildenhall and Pocknall, 1984).
Although lack of coal might partially reflect the gen-
eral uplift and volcanism of the time, neither of
these processes would preclude peat growth if
rainfall were high enough, they would only limit its
thickness. Other factors being equal, a drop in
moisture levels would tend to decrease average
leaf size.

Unlike the other deposits studied here, the
Cornish Head leaves are preserved in a volcanic
mudflow and therefore may be preserving a slope
flora, as compared with the more usual basins. It is
possible that the deciduous Nothofagus preserved
there were regionally dominant in the uplands of

New Zealand at the time, much as they are in parts
of Patagonia today. 

Similar Nothofagus-dominated macrofloral
assemblages are known from volcanigenic sedi-
ments on Great Barrier Island (Figure 15.1) and
from parts of the Coromandel Peninsula (Hayward,
1974). However, at another Coromandel location,
Mataora, temperatures appear to have been too
cool for even Nothofagus and Lauraceae (Pole and
Moore, 2011). The combination of small leaves and
the taxa that are present, as well as those notable
by their absence, suggest temperatures were dis-
tinctly cool, with a MAT around 6–7°C ( this is less
than today where the MAT = 13.6°C). 

Two other assemblages are not associated
with volcanic activity but with very coarse sedimen-
tation. The probable middle Miocene Longford leaf
beds near Murchison are found within thick con-
glomeratic units. A single bed consists almost
entirely of very large Nothofagus leaves but slightly
more diverse assemblages are present at other
levels (Holden, 1982a, 1982b). The enormous size
of these Nothofagus leaves (Figure 15.2) in the
absence of any other good evidence for warmth or
wetness suggests they may have been deciduous
(their large size might reflect growing season MAT
only). The gravel-dominated Glentanner Group of
Ben Ohau, includes an assemblage of mid-sized
Nothofagus leaves (unpublished material curated
in the Canterbury Museum, Figure 15.3). Milden-
hall (2001) dated probable correlative localities as
Pliocene, but a late Miocene age cannot be ruled
out. Beyond this region, leaf fossil assemblages
are locally common in volcanic environments.

Changing Atmospheric Circulation

The combination of evidence from southern
New Zealand suggests warmest and wettest condi-
tions early in the Miocene, followed by a cooler and
dryer mid Miocene, then somewhat wetter but cool
later in the Miocene. A similar sequence has also
been interpreted from the fossil wood record of
northern New Zealand (Moore and Wallace, 2000).
This combination of temperature and rainfall
regimes apparent from the New Zealand Miocene
is likely to have also involved changing atmo-
spheric circulation patterns, something of obvious
interest in the present situation of global warming.
Pole (2003) expanded on an earlier model of
Bowler (1982) where the subtropical high pressure
cells once tracked at much higher latitudes and
would have produced relatively dry conditions as
they passed over New Zealand. Their tracks sub-
sequently moved equatorward, presumably in
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response to expanding cooler oceans as marked
by the SubTropical Front (Nelson and Cooke,
2001). More recently, You (2010) has modeled
middle Miocene climate under a range of carbon
dioxide forcings. His models produced vectors of
near-surface wind velocity and his figure 11 shows
a high pressure cell (anticlockwise gyre) in the
Southern Ocean, at a higher latitude than New
Zealand (c. 60°S), which lay beneath a low pres-
sure system. This is part of a growing body of
research relating a poleward shift of the downward
limb of the Hadley cells to carbon dioxide forcing
and global warming (e.g., Farrell, 1990; Lu et al.,
2007; Seidel et al., 2008). 

CONCLUSIONS

Estimates of paleoclimate have gone through
a remarkable ‘progression’. From using often vari-
ously defined terms such as “warm temperate” or
“subtropical”, to the more recent results of foliar
physiognomy where aspects of temperature and
rainfall are reported to the tenth of a degree and to
the millimeter. These more ‘precise’ figures tend to
be associated with a virtually cavalier attitude to
the taxonomy that they are based on. One might
hope that recent comments on the accuracy of
these techniques, for example, Royer’s (2012) that
foliar physiognomy has at least an error of ±5C,
and that the NLR approach is “useless’, might at
least focus more attention on primary documenta-
tion. These conclusions, mostly concerning the
most intensively studied variable, MAT, ought to be
sobering. We are probably a long way from obtain-
ing accurate estimates of precipitation. At the very
time when the scientific community would welcome
accurate paleoclimate estimates to test the validity
of climate models – such estimates seem to remain
elusive.

For the New Zealand early-earliest middle
Miocene (lying at about 50 °S), all proxies suggest
conditions, probably MATs, were warmer than
today. The paleobotanical data suggest that early
Miocene MATs in New Zealand were several
degrees above what they are now. There are rea-
sonable grounds for accepting MATs reaching
approximately 18°C – about 10 degrees warmer
than present coastal MATs. In qualitative terms,
these temperatures correspond to “subtropical” in
the scheme of Wolfe (1979) and Webb (1968),
“warm temperate” according to Pocknall (1989)
and “mesothermal” according to Nix (1982). They
are at the upper range of Pocknall’s (1989) esti-
mates. Hornibrook’s (1992) estimate of 21°C was
for the latitude of Wellington which lies about 4

degrees north of the key southern NZ fossil sites
analysed in this paper. Based on the Miocene MAT
gradient (You et al., 2010), the southern sites
would have been about 2.5°C cooler, and thus
about 18–19°C. The MAT estimates derived here
are therefore entirely agreeable with that of Horni-
brook (1992) and also with Cooke et al.’s (2008)
conclusions from isotopic work. This also agrees
closely with the 18°C estimate of Sluiter et al.
(1995), for the southern margin of Australia,
although it is concluded here that with the species,
distribution data now available, such a precise esti-
mate was not possible with their data. These tem-
peratures exceed the estimates for this latitude
modeled by You et al. (2010), which corresponded
to a global average temperature about 3–4°C
warmer than today and highlight on–going difficul-
ties to reconcile models with proxies. This tem-
perature exceeds that of northernmost New
Zealand today, but is comparable with Norfolk
Island, Lord Howe Island, and coastal northern
New South Wales. There is no support from the
plant fossils that temperatures in the New Zealand
Miocene ever reached tropical/megathermal
(above c. 24°C). The differences between all these
methods are probably more apparent than real, as
they likely all fall within a broad range of error.
Although paleobotanical methods can be criticized
for using unrealistic margins of error, marine inver-
tebrate paleontology methods typically provide
none at all. 

In the middle Miocene abrupt climate change
probably occurred. Rainfall decreased and fire
became an important factor. The exact timing is
open to debate, and the temperature drop is diffi-
cult to ascertain with current techniques. If MAT
was about 14°C, then there was a drop of at least
3°C from the most minimal estimate of maximum
Miocene warmth. By the end of the middle Mio-
cene, there is more robust evidence of a significant
MAT decline from the early Miocene. For example,
the leaf assemblage from Kaikorai Valley has no
notophylls, leaf length that suggests a MAT of
around 7–14°C, and dominance by Nothofagus.
The extant N. moorei forests of Australia, with MAT
of about 10–17°C, are broadly comparable. 

The key result of this paper is an affirmation
how warm New Zealand was during the Mid Mio-
cene Climate Optimum. Although truly tropical tem-
peratures may never have been achieved, notably
elevated temperatures appear to remain a problem
for climate modeling. The broader record of climate
change preserved in the New Zealand Miocene
has some significant implications for understanding
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global climate change. The stratigraphic succes-
sion in the St. Bathans – Mata Creek –
Manuherikia River sections provide a well-docu-
mented record of abrupt climate change. New Zea-
land went from an everwet, peat-accumulating
landscape, to a much drier and fire–prone one. The
fact of abrupt climate change and the opportunity
to further document it at these localities give them
a global significance. The implications of what
actually caused this climate change, in an atmo-
spheric circulation sense, have clear significance
for the development of global climate models. This
is especially the case as the long-term latitudinal
movement of atmospheric circulation belts seems
to be poorly understood (if believed at all). Further-
more, understanding the development of New Zea-
land into a ‘burning land’ is also of particular
importance in those regions today, such as Austra-
lia and the Mediterranean, where global warming is
expected to shift the balance in favour of fire. 

New Zealand’s small size, and even smaller
size and low topography in the Neogene, are its
strength, helping to give a relatively “pure” indica-
tion of climate as it sat in the Pacific Ocean. All the
more so as such detailed fossil records of the Mio-
cene are not known from other southern conti-
nents. Future work will no doubt refine the results
and make a worthwhile contribution to global cli-
mate and vegetation evaluation.
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APPENDIX 1. PALYNOLOGICAL DATING OF THE NEW ZEALAND MIOCENE

A regional marine regression was underway in
New Zealand by the earliest Miocene and, there-
fore, coastal coal deposits tend to overlie dateable
marine deposits, or are intercalated with them near
the base of the sequence. In these cases, the dat-
ing of terrestrial sequences must be inferred (i.e.,
as somewhat younger) from the age of the underly-
ing marine strata. 

The Gore Lignite Measures lie in such a situa-
tion. These were zoned with palynology by Pock-
nall and Mildenhall (1984) with interfingering
marine sediments having dateable foraminiferal
assemblages providing time constraints (see sum-
mary in Isaac and Lindqvist, 1990). For the Rhoip-
ites waimumuensis Zone, these fossils provide an
Altonian age (16–19 Ma in Morgans et al., 2004).
The overlying Proteacidites isopogiformis Zone is
present in lignite at Kapuka, where it directly over-
lies marine sediment with early–mid Altonian
forams (Pocknall, 1990). Despite this, the P. isopo-
giformis Zone was later inexplicably dated as early
Otaian by Morgans et al. (2004). Pocknall (1990)
also noted that the W6 coal seam at Newvale Coal
Mine fell into the P. isopogiformis zone, and that
the boundary of the next highest zone, the Tricol-
pites latispinosus Zone (later to become the Spini-
tricolpites latispinosus Zone, Mildenhall and
Pocknall, 1989. For consistency, this form is used
below), likely lay between the W6 and W7 seams.
However, Lee et al. (2007, p. 566) stated that
“Given the close association between marine strata
of Waitakian age and the lower and middle Gore
Lignite Measures in the Waimumu area (Isaac and
Lindqvist, 1990), we consider that the [W6] lignite
is probably Waitakian (Late Oligocene to early Mio-
cene) in age.” The “close association” is the pres-
ence of marine facies (Chatton Formation)
approximately 120 m stratigraphically below the
W6 coal at the base of the Hedgehope Stream sec-
tion. This has been dated with foraminifera as
“Duntroonian or Waitakian” (Isaac and Lindqvist,
1990, p. 16) and placed in the Upper Nothofagid-
ites matauraensis Zone by Pocknall and Mildenhall
(1984). It is separated from the W6 seam by the R.
waimumuesis Zone. The Hedgehope marine
occurrence correlates with more Chatton Forma-
tion at the base of the Dolamore Park section,
which has been dated with forams as “Duntroo-
nian” (Isaac and Lindqvist 1990, p. 16) and also
placed in the Upper N. matauraensis Zone. There-
fore, the claim by Lee et al. (2007) of a Waitakian
age for the W6 is far older than the likely late Alto-

nian age of the P. isopogiformis Zone indicated at
Kapuka. It is also unlikely, given that Waitakian
marine is known to be associated with the Upper
N. matauraensis Zone and is further separated
from the P. isopogiformis Zone by the R. waimu-
muensis Zone. The assertion (Lee et al., 2007) that
the “close” marine was Waitakian is unwarranted,
given that it may be at least as likely, and perhaps
more likely, Duntroonian. 

Two well-dated marine sequences in North
Otago/South Canterbury have been palynologically
documented and provide some input on dating the
zonation. The Bluecliffs section of Otaian age con-
tains (Pocknall, 1982a) Foveotriletes palaequetrus,
a taxon defining the top of the Rhoipites waimu-
muensis Zone. Pocknall (1982a) also listed Pro-
teacidites isopogiformis and Triporopollenites
ambiguous, both defining the top of the P. isopogi-
formis Zone, as well as Rugulatisporites micrau-
laxis (noting it was a junior synonym of R.
cowrensis), a taxon defining the base of the Spini-
tricolpites latispinosus Zone. Pocknall himself
regarded Bluecliffs as belong in the P. isopogi-
formis Zone. If this is the case, then added to the
occurrence at Kapuka, the P. isopogiformis Zone
includes both some Otaian and Altonian time (Fig-
ure 17). However, the other taxa indicate unre-
solved issues. Some, like F. palaequetrus, might be
explained away by ‘recycling’, but may also be indi-
cating the lack of clear knowledge of the ranges of
relatively rare taxa. 

At the Riflebutts section of Altonian age Pock-
nall (1981) listed a variety of taxa thought to be
restricted to the Spinitricolpites latispinosus Zone
(Pocknall and Mildenhall 1984; Mildenhall and
Pocknall, 1989), but also two taxa defining the top
of the Proteacidites isopogiformis Zone; Monopo-
ropolenites fossulus and Beaupredictes verru-
cosos. As with Bluecliffs, these later occurrences
might indicate either recycling, or that they are not
definitive of the top of the P. isopogiformis Zone.

The Manuherikia Group, as currently under-
stood, does not contact any marine strata (Doug-
las, 1986), therefore dating is strongly reliant on
palynological correlation with coastal sequences. It
was first zoned palynologicaly by Mildenhall and
Pocknall (1989). They recognized both the Pro-
teacidites isopogiformis and Spinitricolpites latispi-
nosus Zones that they had previously defined in
the coastal Gore Lignite Measures. In addition,
they introduced two, younger zones, the Chenopo-
dipollis chenopodiaceoides Zone and the Podo-
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sporites erugatus Zone. Unlike their other zones,
these were effectively abundance zones, not
defined on first or last appearances of key taxa.
This proceeded from their belief that there had
been significant sediment loss (i.e., an ‘unconfor-
mity’) between the markedly different S. latispino-
sus and C. chenopodiaceoides palynological
assemblages. Mildenhall and Pocknall (1989)
inferred that this time gap was equivalent to much
of the middle Miocene and, therefore, the C. che-
nopodiaceoides Zone was most likely late Mio-
cene. In contrast, Pole and Douglas (1998) saw no
sedimentological evidence of any significant ero-
sional break across sections equivalent to the S.
latispinosus and C. chenopodiaceoides Zones.
The implication of this is that the Manuherikia
Group is likely to span the Miocene, i.e., the middle
Miocene is not absent. They also drew attention to
significant environmental change, associated with
a change in vegetation from widespread rainforest
and coal–forming swamps, with acidic water and
an absence of fire, to one where burning was
extensive, herbfields were extensive, but coal-
forming swamps absent, and waters were alkaline,
leading to bone preservation and stromatolites.
They suggested, and provided supporting evi-

dence, that this change most likely correlated with
the global middle Miocene cooling and drying
event at around 14 Ma. On the basis that there was
no stratigraphic loss in the sequence, Pole and
Douglas (1998) proposed that a palynological
zonation could be defined on the changing propor-
tions of the major taxa. For example, this allowed
definition of the base of an Asteraceae–Chenopo-
diaceae Zone, rather than the vague, overall com-
position definition of the Mildenhall and Pocknall
(1989) C. chenopodiaceoides Zone. 

Following this, Mildenhall et al. (2003) and
Field et al. (2009) examined a series of palynologi-
cal samples from marine sediment in the Bryce
Burn in Southland, extending from high in the Cliff-
denian, through the Lillburnian (c. 14.4–13.7 Ma).
This is the type area for the middle Miocene New
Zealand stages, and it might be expected to show
evidence of any dramatic climate change around
14 Ma. However, no evidence of any significant
vegetation change was found through the
sequence and they, therefore, they concluded the
14 Ma date for the change argued by Pole and
Douglas (1998) was either incorrect or represented
only a local vegetation change.
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FIGURE 17. As per the International Commission on Stratigraphy (www.stratigraphy.org), the division of the Miocene
into ‘early,’ ‘middle,’ and ‘late’ is no longer recognized. They are used throughout the present paper as they will remain
a frame of reference for some time to come. The six international stages that now subdivide the Miocene are shown
here as well as their correlation with the New Zealand local stages and series. The absolute ages for stage boundar-
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their dating, and furthest right are the zones in Pole and Douglas (1998). All are shown with their correlation suggested
here.
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The absence of any appreciable palynological
change over the 14 Ma mark in the Bryce Burn
sequence is extraordinary, as this appears to have
been, globally, one of the most significant periods
of change in the Neogene. It would be useful to
have other, Southern Hemisphere, palynological
sequences across this date for comparison, but so
far these have been elusive. For example, a recent
summary of Patagonian palynology (Palazzesi and
Barreda, 2012) indicated that between 16 and 10
Ma, Nothofagus dropped significantly, Ephedra
rose significantly, ‘amaranths’ and ‘asters’
increased slightly, but grasses hardly at all. How-
ever, sections covering 14 Ma appear to be absent.
The uncertainty of just how this large climate shift
played out around the world focusses attention on
the results of Field et al. (2009). Their pollen counts
are low and they cite an average of 52 and some-
times as low as 14. Full taxon lists were not given
but at least 10 taxa (more were implied) were rec-
ognized as recycled from the Eocene as they were
thought to be extinct by the Miocene. Despite the
recycling, a further five taxa were considered to be
genuine range extensions. The grounds for this
must be tenuous, as Field et al. (2009) noted that
all recovered spores and pollen are “badly etched
and mechanically broken.” The presence of what
Field et al. (2009) described as “abundant” terres-
trial organic debris deposited into their estimated
paleobathymetry of 1000–2000m, added to a sig-
nificant amount of recognized palynological recy-
cling, suggests the possibility that erosion of large
amounts of peat/lignite occurred into the deep
water Bryce Burn sequence. If this occurred, it may
have overwhelmed any contemporaneous pollen
influx and render any perceived palynological pat-
terns meaningless. It is noted that Fleming et al.
(1969) indicated detrital lignite and coal in part of
the nearby Clifden section, a sequence with which
Field et al. (2009) compare the palynological
results of Bryce Burn. Though field observations of
lignite and coal were restricted to the uppermost
Altonian part of the Clifden section, the implications
of this for palynological results on other parts of the
section where lignite may have broken down to
microscopic levels should be obvious.

Finding no marked palynological change in
the Bryce Burn section, Mildenhall et al. (2003)
suggested that the major vegetation change event
apparent in the Manuherikia Group might correlate
with “any one of 3 major Mid–late Miocene isotope
events.” Miller et al. (1991) defined the Mi2 (16
Ma), Mi3 (13.6 Ma – i.e., the c. 14 Ma event) and
Mi4 (12.6 Ma) events. Any of these dates would

make no real difference to the basic claim of Pole
and Douglas (1998) that there is an essentially
continuous sedimentary record in the Manuherikia
Group and the middle Miocene is well represented.
However, correlation with the 16 Ma event would
imply that the Spinitricolpites latispinosus Zone is
almost entirely early Miocene and, therefore, there
is a problem with the Mildenhall et al. (2003) appli-
cation of it to the middle Miocene Bryce Burn. Cor-
relation with the 12.6 Ma event, as well as
Mildenhall et al.’s suggestion of a correlation with a
“New Zealand–wide change in the vegetation
which occurs in the late Miocene (Mildenhall 1980)
at 8 Ma,” are simply incompatible with the Young-
son et al. (1998) 13.4 Ma K–Ar date from well
above the vegetation shift (see Pole, 2003, p.280–
281)

A further development in the dating of the Mio-
cene palynological zones was provided by Bannis-
ter et al. (2005). They provided results from a
palynological sample of the Foulden Maar that is
associated with volcanics radiometrically dated to
23–24 Ma, thus the Waitakian stage and close to
the Oligocene–Miocene boundary. The palynologi-
cal assemblage was suggested as being in the
Spinitricolpites latispinosus Zone. Although none of
the diagnostic taxa of the S. latispinosus Zone
were listed, three taxa were present that are listed
by Mildenhall and Pocknall (1989) as being
restricted to that Zone: Ilex anguloclavatus. Podo-
carpidites puteus and P. torquatus. However, one
taxon, Triporopollenites ambiguous defines the top
of the Proteacidites isopogiformis Zone by its
extinction, while two further taxa, Striatricolporites
pseudostriatus and Tricolpites delicatulus, are only
known from the younger Chenopodipollis chenopo-
diaceoides Zone or above. If the Foulden Maar
does lie within the S. latispinosus Zone, its abso-
lute age indicates serious issues with the palyno-
logical zonation system as summarised by
Morgans et al. (2004) (the age makes it equivalent
with what is thought to be the boundary of the ear-
lier Rhoipites waimumuensis Zone and underlying
Upper N. matauraensis Zone). It is likely that some
of these issues derive from defining the S. latispi-
nosus Zone by rare taxa, and then a “ballooning” of
the Zone by including samples (and their taxa) into
it, that do not include the key taxa.

Most recently, a novel approach to date the
Manuherikia Group has been provided by Schwar-
zhans et al. (2012) in a study of fish otoliths from
the sediments of fossil Lake Manuherikia. These
come from the bone–rich beds that are one of the
criteria Pole and Douglas (1998) used to recognize
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a major climate shift. Among the 14 otolith species
described were two from marine fish. The most
likely explanation for their presence in a fresh
water deposit was that they were transported
inland by predators, mostlikely fish-eating birds.
This provides an independent method to link the
fresh water Manuherikia Group with the marine
realm. One otolith species, Lactarius sigmoidalis is
known from Duntroonian–Lillburnian marine strata
in New Zealand. The other, genus aff. Bleekeria
sagittiformis, is known only from Altonian marine
strata of New Zealand, although related taxa are
known from the Clifdenian to Waiuan. Schwar-
zhans et al. (2012) therefore dated the bone bed
as Altonian. The implication of this is that the bone-
bearing unit, rather than being late Miocene, as
implied by Mildenhall and Pocknall (1989 – it cor-

relates with part of the Ranfurly d2019 drillhole and
Gimmerburn/Haughton’s Hill drillhole shown in
their figure 2 as falling within the Chenopodipollis
chenopodiaceoides Zone), or middle Miocene as
argued by Pole and Douglas (1998), it would be
early to earliest middle Miocene. This would make
the evidence of significant drying older than any-
where else it has ever been reported from.
Although the results are intriguing, the apparent
extinction of ‘genus aff. Bleekeria sagittiformis’ by
the end of the Altonian is based on its absence
from just four otolith assemblages of Clifdenian–
Waiauan age. There is a reasonable chance that
further collecting may extend its range. For now, on
the bulk of the evidence, I remain in favour of a
middle Miocene age (post 13.6 Ma) for the Casuar-
inaceae Zone (Figure 17). 
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APPENDIX 2: FOSSIL LOCALITIES

The informal name for the location is followed by (in brackets) the New Zealand Geological Society locality number
when available. Coordinates for leaf assemblages are given in terms of the New Zealand Transverse Mercator (NZTM)
grid.

Manuherikia Group

Bannockburn–02 (F41/f208). A mudstone unit
within sandstone of the Fiddlers Member, Dunstan
Formation, Manuherikia Group. Much of this unit
has been destroyed since it was collected by the
construction of a water reservoir, although the unit
continues further along strike (NZTM 1298658E,
5000414N). It is dominated by Nothofagus and has
common Myrtaceae and Casuarinaceae (probably
Allocasuarina) (Campbell and Holden, 1984; Pole,
1993c, 1993d, 1993g). 
Bannockburn–03 (F41/f214). A layer of shale flak-
ing onto the road (NZTM 1298717E, 5000400N) is
interdistributary bay sediment of the Cromwell Sub-
member, Kawarau Member, of the Dunstan Forma-
tion, Manuherikia Group (see Douglas, 1986, figure
7.10). Although not specifically indicated on his
diagram (Figure 8.2 of Douglas 1986), this location
represents the gradation of distal Nevis Oil Shale
Member with Kawarau Member (B.J. Douglas pers.
comm.). The distinctive elements of the assem-
blage are Nothofagus, Araucaria, and Casuarina-
ceae (Pole, 1993b, 1993c, 1993g). 
Bannockburn–04 (F41/f220). An assemblage
from a clay–rich mud bed within the Cromwell Sub-
menber, Kawarau Member, Dunstan Formation,
Manuherikia Group (NZTM 1298698E, 5000780N).
It has distinctly larger leaves than all other Ban-
nockburn assemblages. It is dominated by Elaeo-
carpus, Myrtaceae (probably all “rainforest”
Myrtaceae, including Metrosideros, Ripogonum
and Lauraceae (Pole, 1993d, 1993e, 1993f). Coni-
fers and Casuarinaceae are absent.
Nevis–01 (F42/f006). An isolated outcrop of mud-
stone in the Nevis Valley, Nevis Oil Shale Member,
Dunstan Formation, Manuherikia Group (NZTM
1284257E, 4990227N). Legumes are common
(Pole et al., 1989) and there is a single instance of
Phyllocladus (Pole, 1992b) but Nothofagus is
absent or at least rare, although it does occur in
Nevis Oil Shale localities to the NE (see below).
Nevis–09 to Nevis–17. These are spot–collections
along about 200 m of “Shale Ridge” in the Nevis
Valley, Nevis Oil Shale Member, Dunstan Forma-
tion, Manuherikia Group (NZTM 1284508E,
4991035N to 1284432E, 4991079N, see Douglas,
1986, figure 5.1). They are grouped as they all
appear to sample the same flora, and are notice-
ably different from Nevis–01 about 800 m to the

SW (Pole et al., 1989) in the prominence of
Nothofagus and rarity of legumes. 
Blue Lake and Grey Lake. These are exposures
of muddy beds within the St Bathans Member,
Manuherikia Group. They are the oldest strata in
the Manuherikia Group, but were not covered in
the Mildenhall and Pocknall (1989) palynological
work. There is, however, an unpublished report
(Pocknall 1982b). The fossil beds comprise a mix-
ture of intact compressed leaves and beds of
reworked leaf and cuticle fragments (Pole, 2008).
These compression assemblages commonly have
prominent (c. 40–50 %) Nothofagus azureus (Pole,
1993c), which has extremely delicate cuticle and is
therefore absent from the dispersed cuticle assem-
blages. Lauraceae and Myrtaceae are also promi-
nent (Pole, 2007a; Pole et al., 2008). Conifers,
principally Podocarpaceae, are common and
diverse (Pole, 2007). No Casuarinaceae macrofos-
sils are known. Leaf histograms are shown for
Grey Lake-05 (NZTM 1349484E, 5027849N, listed
as GL-05 in Pole (2008).
Lauder Hill Station (H41/F046). This falls into
marginal Fiddlers Member–Kawarau Member,
Manuherikia Group (NZTM 1340970E, 5019502N).
The distinctive elements of this assemblage are
very large leaves, probably of Euphorbiaceae (Pole
1993g), while Conifers, Nothofagus, and Casuari-
naceae are absent. 
Vinegar Hill. Very rare, small, and mostly fragmen-
tary leaves of Nothofagus occur in a fissile mud-
stone of the Lauder Member, Bannockburn
Formation, Manuherikia Group (NZTM 1343228E,
5025562N, at approximately the 63.5 m level in the
measured section of Douglas, 1986, figure 7.12). A
collection in the Otago University Geology Depart-
ment includes a shoot of Araucaria. These are the
only known leaf macrofossils in the Bannockburn
Formation. 

Gore Lignite Measures

This covers a large number of localities
spread across the East Southland Group (Isaac
and Lindqvist 1990). The palynology was docu-
mented by Pocknall and Mildenhall (1984) who
established a Late Oligocene–early Miocene age.
Documentation of plant macrofossils includes
Campbell and Holden (1984), Lindqvist (1990),
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Pole (2007, 2008), Pole et al. (2008), Carpenter et
al. (2010a, 2010b), and Jordan et al. (2011).

Longford Formation

Initial sedimentation within the Murchison
Basin was marine (Lihou, 1993), but then progres-
sively shallowed to estuarine conditions (upper
Mangles Formation) by the early Miocene (Alto-
nian). This passes up conformably into thick beds
with common fluvial cobble conglomerate and finer
grained sediment including leaf beds (Longford
Formation) that are thus likely to be middle Mio-
cene. The locality formed part of a thesis by A.M.
Holden from which two papers were published
(Holden, 1982a, 1982b). One bed at this locality
(NZTM 616819E, 5378471N) is dominated by very
large leafed Nothofagus, which Holden placed in
N. novaezeelandiae. I regard these as a separate,
unnamed species.

The Dunedin Volcano

Kaikorai Leaf Beds (I44/f145) and Taiaroa Head.
These are fluvial–lacustrine units within the Dune-
din Volcano, a feature of the Dunedin Volcanic
Group (Coombs et al., 1986, 2008). Potassium–
argon dating indicates the main phase of volcanic
activity was 13–11 Ma, although some continued
until 10 Ma (Coombs et al., 1986). Fossil leaves
from Kaikorai Valley were first published by Oliver
(1936), who described seven species of Fagaceae,
including Fagus, Nothofagus, and an extinct Paraf-
agus, as well as a variety of other taxa. Campbell
(1985) placed all the fagaceous material into a new
genus, Nothofagaphyllites, as well as documenting
Casuarinaceae. Based on Campbell’s and Oliver’s
material Pole (1993h) regarded two species of
Nothofagus were present. As Oliver’s collection
contains a variety of angiosperm remains, but
Campbell’s collection is essentially all Nothofagus,
it is likely they collected from slightly different hori-
zons. Nothofagus leaves from Tairoa Head were
illustrated by Pole (1993h).

Waipiata Volcanics

The Waipiata Volcanics, which surround the
Dunedin Volcano, range from late Oligocene to late
Miocene (Coombs et al., 2008). They include the
Foulden Maar and Cornish Head fossil localties.
Foulden Maar (I43/f8503). An accumulation of
diatomite within the Foulden Maar has a K–Ar date
of 23.2 Ma from basanite that likely dates the
explosive event (C. Timms pers. comm., 2007 to
Lindqvist and Lee, 2009). This is earliest early Mio-
cene, Otaian in the local timescale (Crundwell et
al., 2004). A diverse macrofossil assemblage, in
which there were no particular dominants, was
described by Pole (1996). Nothofagus was absent
and conifers were represented by one species of
large-leaved Podocarpus (Pole, 1993b). Subse-
quently published material includes flowers (Ban-
nister et al., 2005; Lee et al., 2010), orchids
(Conran et al., 2009), ferns (Conran et al., 2010),
Lauraceae (Bannister et al., 2012), and Laurelia
(Conran et al., 2013). 
Cornish Head. A late Miocene mudflow includes
Nothofagus leaves with plicate vernation (Pole,
1994).

Great Barrier Island 

Fossil leaves are common at Medlands Creek
in the Beeson Island Volcanics (NZTM 1825710,
5981903). This has been dated as middle Miocene
by Booden et al. (2012). The palynology was men-
tioned by Couper (1953b) but the macroflora,
which includes Nothofagus, Phyllocladus and bip-
innate legume leaflets (pers. obs.) remains unpub-
lished. 
Mataora (T13/f47). This is a late Miocene (6–6.5
Ma; Kapitean and latest Tongaporutuan stages)
lens of diatomite in the Coromandel, North Island
(Pole and Moore, 2011). A low diversity macroflora
includes the conifers Mataoraphyllum and Phyllo-
cladus. 
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APPENDIX 3. NOTES ON PLANT TAXA IN THE NEW ZEALAND MIOCENE

Ferns

The impression gathered from the few palyno-
logical lists of the Manuherikia Group and Gore lig-
nite Measures (e.g., Pocknall, 1982b) is that ferns
were neither particularly diverse nor common. The
tree ferns (Cyatheaceae) are included, but proba-
bly with the prominence that they are met within
New Zealand Quaternary assemblages. The tree
ferns have been regarded as indicators of a distinct
everwet climate today – the “Baumfarnklima” (Troll,
1970). Tree ferns tend to disappear from vegeta-
tion as total rainfall decreases or becomes mark-
edly seasonal and additionally, they are rare in
tropical forests. For instance, in Australia, tree
ferns are absent from typical “dry rainforest” (e.g.,
Fensham, 1996), and in New Zealand one can
observe a marked difference from abundant tree
ferns from the very wet, western side of the Haast
Pass in the Southern Alps to their virtual absence
on the drier eastern side (dominated by Nothofa-
gus). GBIF data show they occur across a wide
MAT (7, 4.5, 26, 28°C), to sub-zero minimum tem-
peratures of the coldest month (–5, –2°C), but they
are mostly absent below 1000 mm MAP (virtually
no records < 650 mm MAP) and rainfall in the dri-
est month is usually plentiful (0, 30, 280, 500 mm). 

The only ferns known as macrofossils from
the Manuherikia group are Blechnum sp. and
Pneumatoperis sp. (Pole, 1992b) and these also
occur in New Zealand today. Neither are particu-
larly helpful climate indicators.

Conifers

Araucariaceae

Both Agathis and Araucaria macrofossils are
known from a small number of Miocene deposits
(Pole, 1992b, 1997, 2007b; Lee et al., 2007).

Cupressaceae

Libocedrus has an uncommon and scattered
distribution in the lower Manuherikia Group. There
are two species in New Zealand today, one which
is widespread in cooler situations in the North and
South Islands, and one species which is scattered
in warmer parts of the North Island. It is not clear if
the fossils represent either of these two species.
Papuacedrus is also present in one assemblage
(Pole, 2007b). This genus is now found only in very
high rainfall areas of New Guinea, but it is also
known as fossils from very conifer–rich fossil
assemblages, (and probably also very high rainfall)
in Tasmania (Hill and Carpenter, 1989) and Pata-

gonia (Wilf, 2009), and the Antarctic Peninsula
(Bastos et al., 2013; Zhou and Li, 1994).

Podocarpaceae

Typically, the Podocarpaceae tend to be asso-
ciated with cool and everwet conditions, but do
have a presence in some distinctly dry areas, and
even fire-prone ones. Despite this rather wide
range of climate, over much of this climate–space,
the richness is low – often just one species and
one genus (typically Podocarpus). The highest
diversity of Podocarpaceae is clearly associated
with cool and wet conditions in New Zealand, Tas-
mania, and New Caledonia. In megathermal vege-
tation, podocarps tend to be restricted to localized
areas of unusual substrate, for instance the raised
peat swamps of Borneo, where Podocarpus leaves
can be exceptionally large (There is no evidence
for leaves of such size in the New Zealand Mio-
cene.). A diverse range of Podocarpaceae is now
known from the Miocene in New Zealand (e.g.,
Pocknall and Mildenhall, 1984; Mildenhall and
Pocknall, 1989; Pole 1992b, 1993b, 2007b; Jordan
et al., 2011).

Gnetaceae

The family is not in New Zealand today, but is
restricted to warmer latitudes. Fossil pollen grains
representing the Gnetaceae have long been known
in New Zealand, but they have been described
either as Ephedra, a desert shrub of North Amer-
ica, or Ephedripites, a neutral name, but still with
unfortunate taxonomic connotations. Cuticle evi-
dence confirms that Gnetaceae were present in the
Miocene (Pole, 2008), but as something more akin
to, but still distinct from, the present Gnetum, more
a genus of rainforests. GBIF data indicate Gnetum
occurring across a wide rainfall gradient, only in
warm conditions, and never where the minimum
temperature of the coldest month is below freezing.

Angiosperms

Arecaceae

Palm fossils are widely distributed in the
Manuherikia Group and Gore Lignite measures,
both as pollen and macrofossils and dispersed
cuticle (Couper, 1960; Pocknall and Mildenhall,
1984; Mildenhall and Pocknall, 1989; Pole, 1993i,
2007c). Their presence in these locations is only
slightly further south than the current global south-
ern limit of palms, which lies at about 43° 45” on
mainland New Zealand, and a little further south on
the Chatham Island group, at 44° 20” (Parson,
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2007). This corresponds to a MAT of a little over
10°C. Elsewhere, the southernmost limit of palms
is 35° in South America, at 37° 47” in Victoria, Aus-
tralia (they do not extend to Tasmania). Wing and
Greenwood (1993) concluded that palms were
good evidence for CMM being above 5°C and for
average minimum temperatures above –10 to –
4°C, although they were not so useful in estimating
MAT. Greenwood and Wing (1995, p. 1044) added
that “Frost sensitivity of palms restricts them to cli-
mates with MAT >10°C, CMM >5°C, and yearly
minimum temperature >–10°C.” Palms are thus
good indicators of warm conditions. In the current
study, the 0.02 percentile limit of their MAT range is
about 12.2°C. 

Palynology indicates palm biodiversity from
the lower Manuherikia Group was at least three–
the pollen Arecipites otagoensis (Couper, 1960)
Mildenhall and Pocknall 1989, A. waitakiensis
Mildenhall and Pocknall 1989, and Dicolpopollis cf.
D . metroxylonoides, (affinity to Metroxylon). Per-
haps other monocotyledonous pollen taxa unas-
signed to modern groups may also have been
palms. This suggests the climate was well within
the limits for the family. 

The Arecaceae are far from ubiquitous in
warm climates, and this suggests they may have
further value as climatic indicators. For instance, in
some parts of the world they dominate vast tracks
of semi-swamp areas, whereas in some tropical
rainforests they may be essentially absent, or rep-
resented only by scattered understory specimens. 

Atherospermataceae

The family has a relatively confined range of
MAT, mostly moderate rainfall in the driest month,
and few records where the min temperature of the
coldest month falls below freezing. The family is
represented in New Zealand today by Laurelia,
which is also known as fossils (Conran et al.,
2013). Dispersed cuticle (Pole, 2008) suggests at
least six taxa of Atherospermataceae were present
in the New Zealand Miocene. 

Aquifoliaceae

The family is currently known only from the
pollen type Ilexpollenites (Pocknall and Mildenhall,
1984; Mildenhall and Pocknall, 1989). Today there
are no indigenous Aquifoliaceae in New Zealand,
although Ilex extends into the tropics of Australia
(see Martin, 1977), but the family is prominent in
Tropical Montane Cloud Forests (e.g., Shi and Zhu,
2008). 

Bombacoideae

This subfamily is what was long regarded as
Bombacaceae, but has now been placed within an
expanded Malvaceae (Angiosperm Phylogeny
Group, 2009). It is represented by the pollen type
Bombacacidites bombaxoides that has a close
similarity with extant Bombax and is frequently
used as an indicator of very warm conditions. GBIF
data indicate a minimum MAT for Bombax of about
20.5°C and for the Bombacoideae of about 16°C.
Bombacacidites. bombaxoides has been reported
from some New Zealand Miocene deposits,
although it is always rare or uncommon, prompting
Pocknall (1982b) to suggest the pollen had come
as long distance dispersal from warmer latitudes. 

Casuarinaceae

The pollen type Haloragacidites harrsii (or
Myricipites harrisii) is usually associated with the
Casuarinaceae, although other families perhaps
cannot be ruled out. Mildenhall and Harris (1971)
gave the affinities as Casuarinaceae (Casuarina),
Loganiaceae (Geniostoma), and Myricaceae
(Canacomyrica. However, Casuarina was split into
four genera by Johnson (1980, 1982, 1988), and
these genera cannot reliably be distinguished on
the basis of their pollen. The taxonomy highlights
an important environmental distinction – three of
the genera (Casuarina, Allocasuarina, Ceutho-
stoma) are plants of either arid conditions, or are
restricted to sclerophyll vegetation (with fire as an
important part of the ecology) in climates which
may be very wet. The fourth genus is Gymnos-
toma, a plant which today only occupies more
mesic conditions (rainforest, heath forest, cloud
forest) where fire is normally absent although it
may colonise areas after fire (Paijmans, 1976;
Scriven and Hill, 1995). Australia today is marginal
for its existence where Prider and Christophel
(2000 p. 432) concluded that the local species is
“restricted to low-nutrient sites where light and pos-
sibly water are not limiting factors.” These include
the edges of a few watercourses within lowland
rainforest and in more stunted vegetation on the
adjacent very cloudy mountaintops. It is notable
that the lowland rainforest it occurs within has
strongly seasonal rainfall. It more extensive on the
mountaintops, although it often grows there directly
within deep standing water (pers. obs.). Gymnos-
toma, was clearly present in the New Zealand Mio-
cene where it has been found as fruits at Landslip
Hill (Campbell and Holden, 1984) and as “articles”
in the Gore Lignite Measures (Pole, 2008). Its pres-
ence in the fossil record is a good indicator of MAT
53



POLE: MIOCENE-CLIMATE-OF-NEW-ZEALAND
of at least 16°C. The presence in the Manuherikia
Group fossil record of Allocasuarina contributes to
the evidence that sclerophyll, nonrainforest vegeta-
tion was present (Campbell and Holden, 1984). 

Elaeocarpaceae and Cunoniaceae

These two are closely related, widespread
families, most diverse at lower latitudes, but often
prominent in terms of biomass in cooler regions.
They are both prominent in New Zealand today.
The Miocene leaves identified by Pole (1993d) as
Elaeocarpus/Sloanea are clearly Elaeocarpus, and
comparable to extant species such as Elaeocarpus
costatus of Lord Howe Island. I now regard the
leaves from Foulden Hills that I identified as
Euphorbiaceae (FOLD–10), as more likely a spe-
cies of Elaeocarpus. The parataxa MANU–15 and
MANU–16 from the Manuherikia Group (Pole,
1993g) are mostly likely, respectively, Cunoniaceae
and Elaeocarpaceae.

Euphorbiaceae

The pollen type Nyssapollenites endobalteus
has been found in situ in Euphorbiaceae flowers in
the Foulden Maar (Lee et al., 2010), an assem-
blage also containing leaf fossils representing
either Mallotus or Macaranga (Pole, 1996; Lee et
al., 2010) or more definitely Mallotus (Nucete et al.,
2012). Both genera are common in everwet rainfor-
est (typically as “pioneers” in gaps) in Australia and
in similar habitats in many other countries (Whit-
more, 1980) and also range into seasonally dry
vegetation. There are various reports in the paleo-
botanical literature to the effect that the genera
indicate dry conditions. For example, some of the
evidence leading to a conclusion that the Foulden
Hills Diatomite vegetation experienced “at least
seasonally dry periods,” was the claim by Bannis-
ter et al. (2005) that Mallotus and/or Macaranga
“inhabited dry forest margins” in Australia. This is
misleading as the genera have very wide ranges.
The GBIF data of the precipitation of the driest
month clearly illustrate the range of rainfall. The
two genera are also little help in defining tempera-
tures, but there are few records where the mini-
mum temperature of the coldest month is below
freezing. 

Gunneraceae

The pollen Tricolpites reticulatus is present in
many palynological samples, and is well estab-
lished as representing Gunnera (Jarzen, 1980).
This genus occurs today across a wide range of
MAT, and although it is typically associated with
very wet habitats (Wanntorp and Wanntorp, 2003).

GBIF records suggest minimum rainfall of the dri-
est months may be low, often around 10 mm
across a wide range of MAT. 

Gyrostemonaceae

This endemic Australia family of six genera is
mostly found in the drier, nonforest vegetation of
today that has a strong annual rainfall deficit. The
presence of Gyrostemonaceae in New Zealand’s
past has been deduced from the pollen type Gyro-
pollis psilatus. Although earlier discussions about
this pollen grain gave its affinities as Didymotheca,
Codonocarpus, and Gyrostemon (Mildenhall,
1989), Raine et al. (2008) list them only as Gyro-
stemon and Didymotheca. It is not clear how the
affinities with Codonocarpus have been ruled out.
This may be important, as New Zealand palynolog-
ical works have cited the presence of Gyropollis
psilatus as indicating “arid conditions” (Mildenhall,
1989) or “periodic drier conditions” (Field et al.,
2009). This is despite the pollen being found in
broadly coal sequences in association with typical
rainforest taxa in both Australia and New Zealand.
However, the family today includes one species,
Codonocarpus attenuatus  occurs in dry rainforest
(although typically with no seasonal drought).
Given the normal associates of the fossil, it is more
likely that it, too, represents a rainforest taxon. The
Gyrostemonaceae may be a further example of a
family that has radiated into drier habitats from
rainforest in the late Cenozoic, and at the same
time, lost diversity in the rainforest (Crisp et al.,
2004). 

Lauraceae

The broad-leaved Lauraceae are a typical
component of warm rainforest worldwide, and they
may be diverse and an important component of the
biomass. They are clearly warmth limited, with a
southernmost limit in New Zealand well to the north
of the Manuherikia Group and Gore Lignite Mea-
sures, at about 42 °S (Wardle, 1991). Near this
limit there are only one or two species, and the
very high diversity of Lauraceae in the southern
New Zealand Miocene record suggests climatic
conditions were well above the cooler limits for the
family (Pole, 2007a; Bannister et al., 2012). The
genera Cryptocarya and Endiandra were both
present in the Miocene (both currently extinct in
New Zealand) with Endiandra suggesting a MAT of
at least 15°C. It is also notable that Lauraceae
leaves at their southern limit in New Zealand today
are still relatively large, whilst smaller leaved spe-
cies exist in Australia. One might speculate that the
real southern limit of Lauraceae in New Zealand
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might be further south, but is limited by what might
be a fortuitous (perhaps Quaternary extinction)
absence of small-leaved species. Small-leaved
Lauraceae were present in the New Zealand Plio-
cene (Pole, 2007c) and Jordan (1997b) has noted
similar small Lauraceae in the Pleistocene of Tas-
mania. 

Legumes

In megathermal dry forests, the legumes are a
prominent and diverse component occupying tree,
liane, and herb niches. There is no evidence yet for
the legumes in the cuticle record in the lowest
Manuherikia Group. Stratigraphicaly higher, they
were certainly an important component of the
Nevis Oil Shale (Pole et al. 1989; Pole, 1992c) and
in a probable correlative at Bannockburn–03
(unpublished specimen). The pods and leaves in
the Nevis Oil Shale were suggested to represent
Serianthes, a genus that is entirely restricted to
megathermal locations today (MATs at least
20.8°C). However, extant Serianthes have leaflets
with a retuse apex, a feature that is not present on
the fossils. The fossils may well be an extinct
genus, related to Serianthes, perhaps with cooler
climatic requirements. 

Menispermaceae

The family consists mostly of lianas, but is
currently extinct in New Zealand and dispersed
cuticle is the first record of the family in New Zea-
land (Pole, 2008). Although it perhaps has a repu-
tation as being tropical, GBIF data show it occurs
across very wide rainfall and MAT regimes, the
lower limit of MAT is about 9.5°C, and the minimum
temp of the coldest month is often well below zero.
Identification of the family alone is, therefore, not
helpful in narrowing paleotemperature. 

Monimiaceae

GBIF data indicate a wide range of MAT, but
few records where the temperature of the coldest
month is below freezing, but where driest month
precipitation is mostly >30 mm. It is represented in
New Zealand today by Hedycarya, and dispersed
cuticle (Pole, 2008) suggests at least two species
of Hedycarya were present in the Miocene.

Myrsinaceae

The family has a wide climatic range, but
tends to be prominent in cool, wet forests (it is rep-
resented by two genera in New Zealand today). A
leaf from the Foulden Maar (FOLD–3, Pole, 1996) I
regard now as clearly an Ardisia, a genus common
in many SE Asian–Australian rainforests today,
and restricted to warm MATs of at least 16°C, mini-

mum temperatures well above freezing, and ever-
wet conditions. 

Myrtaceae

Myrtaceae occur commonly in the New Zea-
land Miocene, either as pollen (Mildenhall, 1980),
although identification to genus is difficult, or as
macrofossils, where identification to genus level is
more feasible. Metrosideros is an important com-
ponent of many forests in New Zealand and Pacific
islands and even as far south as the Auckland
Island in the Southern Ocean. In the Early–earliest
Miocene of New Zealand it is present as leaf
impressions, dispersed cuticle and fruits (Pole et
al., 2008) along with Syzigium. The presence of
Metrosideros in a fossil assemblage is probably a
good control on the upper range of MAT, limiting it
to about 20°C, and it is also a good indicator of per-
humid conditions. Eucalyptus is known from the
New Zealand Miocene as leaves, fruits (Pole,
1993), and probably pollen. Its presence is virtually
certain evidence of pyrophylic forests, but it occurs
across a very wide range of climate. 

Nothofagaceae

Nothofagus pollen is virtually ubiquitous in the
New Zealand Miocene, and most palynological
samples include species of least three of the extant
subgenera (Dettmann et al., 1990). The Nothofa-
gus classification of Hill and Read (1991) divided
species producing “fusca-type” pollen into two sub-
genera, Nothofagus and Fuscospora. At present all
Miocene species of fusca-type pollen are regarded
as Fuscospora (McGlone et al., 1996). The relative
proportions of these subgenera of Nothofagus
appear to have some climatic significance. How-
ever, this is bedeviled by the fact that while they
seem to have co–occurred in the past, they do not
occur together today – subgenus Brassospora no
longer co-exists with other subgenera. Additionally,
there is probably an element of trying to force fossil
Nothofagus pollen species into one of the four
extant subgenera. Nevertheless, pollen grains that
appear identical to extant Nothofagus menziesii
and N. fusca – only become prominent compared
to other Nothofagus pollen at specific periods in the
Cenozoic (McQueen et al., 1968; Pocknall, 1989).
These are thought to represent periods of deterio-
rated (cooler and/or drier) climate. However, the
largest leaved Nothofagus in Patagonia, Nothofa-
gus alpina (leaves that have an average length of
around 90 mm) are deciduous, related to warm,
humid conditions, and produce Menziesii-type pol-
len (Ramirez et al., 1997), a fact which McQueen
(1977) noted was contrary to an earlier belief
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(McQueen et al., 1968) that the group was a con-
sistent indicator of cool conditions. Conversely,
in the mountains of New Guinea, those Nothofagus
with the reputation of being the warmest indicators
(subgenus Brassospora) occur in forests with a
MAT as low as 10.6°C (Read et al., 2005, 2010).
They, therefore, range into microthermal condi-
tions. 

Proteaceae

There are just two genera of Proteaceae in
New Zealand today, Knightia and Toronia, and
these have a southern limit similar to the Laura-
ceae (reaching only to the north of the South
Island). In the Miocene they occurred further south
and with much higher diversity (Couper, 1953a,
1960a; McIntyre, 1968; Pocknall and Mildenhall,
1984; Mildenhall and Pocknall, 1989). Although
McQueen et al., (1968) suggested that a high
diversity of Proteaceae in the pollen record might
be an indicator of dryness (as diverse Proteaceae
typify the Mediterranean-like climates of several
parts of Australia), there is also a remarkable diver-
sity of Proteaceae genera in the forests of north-
east Queensland today. This is where the
relationships of several of the Proteaceae in New
Zealand represented by Miocene leaf cuticle lie.
GBIF data for some of these genera are often
sparse, or else do not reveal locality data for secu-
rity reasons. Carpenter (1994) and Pole (1998)
recorded cuticle of Helicia, Musgravea, Macada-
mia, the Gevuininae–Hicksbeachia, and Tribe
Embothrieae, and Pole (2008) added Placosper-
mum. Carpenter et al. (2010a) confirmed the
placement of these later fossils into the subfamily
Persoonioideae with their finding (p.7) that a group
of characters are “now uniquely found in the sub-
family in combination. This is the presence of par-
allel aligned brachyparacytic stomatal complexes
and undulate anticlinal cell walls and the synapo-
morphy of large stomatal size.” At the same time
they described a new genus from the Gore Lignite
Measures, Persoonieaephyllum, that differs from
Placospermum in its broad stomatal complexes
and more or less parallel major venation.

Carpenter et al. (2010b) described Banksia
novae–zelandiae from the Gore Lignite, a taxon
said to be (p. 288) “best regarded as an extinct
stem relative of Banksia” and (p. 294) “best
regarded as belonging to a species of Banksia.”
The authors also noted the absence of Banksia
pollen (Banksieaeidites elongates) not only at the
location, but also in New Zealand since the late
Eocene, and that the fossil comes from a fire-free
environment. Extant Banksia are all intimately

associated with fire. This suggests application of
the genus Banksia to these fossils is somewhat
forced and is unhelpful for ecological comparison.

Christophel (1984) discussed the climatic
implications of fossil subtribe Musgraveinae, and
drew comparison with “extant Simple Notophyll
Vine Forest” and “might represent subtropical veg-
etation.”

Sapindaceae

Muller and Leenhouts (1976) indicate that the
pollen genus Cupaniedites, known from the
Manuherikia Group and Gore lignites (Pocknall and
Mildenhall, 1984; Mildenhall and Pocknall, 1989),
is equivalent to their pollen type B of the tribe
Cupanieae, and includes genera such as Cupania,
Cupaniopsis, Diploglottis, Mischocarpus, and
Rhysotoechia. GBIF data indicate that together,
these indicate warm MATs, minimum temperatures
well above freezing, but precipitation in the driest
month that may range from nearly 200 mm to zero.
Leaves and dispersed cuticle from the New Zea-
land Miocene include Alectryon and members of
the tribe Cupanieae (Pole, 1996, 2010b). Alectryon
(tribe Nephelieae occurs across a wide range of
MAT, precipitation of the driest month, but is essen-
tially absent where the minimum temperature of
the coldest month falls below freezing.

Symplocaceae

Mildenhall (1989) reported the pollen type
Symplocoipollenites austellus, with affinities to
Symplocos, at Shale Creek and Hawkdun. The pol-
len type was distinct enough for Frederiksen
(1980) to regard it as the modern genus, Symplo-
cos.

Ripogonaceae 

Ripogonum scandens is the most prominent
climber in the present forests of NZ, and related
species are found in Australian and New Guinean
rainforests. The genus occurs over a relatively cool
range of MAT 7.5–20°C, and minimum tempera-
tures of the coldest month may be 2–3°C below
freezing. Thus Ripogonum may be useful in limiting
the upper estimates of MAT in fossil assemblages.
Ripogonum is known as impressions in the
Manuherikia Group (Pole, 1993) and compressions
in Foulden Hills (Pole, 1996). 

Wilsonia

Martin (2000) identified the pollen grain Tricol-
pites trioblatus with Wilsonia. In the Manuherikia
Group, the fossil is only present at mid-levels. The
genus today grows only in habitats with a minimum
month precipitation <55 mm, and total MAP mostly
56



PALAEO-ELECTRONICA.ORG
<1100 mm. It is also an indicator of a relatively tight
range of MAT (12–18.5°C), where minimum tem-
peratures of the coldest month are above freezing. 
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APPENDIX 4: NEW LEAF PARATAXA

Descriptive terminology follows Hickey (1973, 1979), Dilcher (1974), and Pole (1991). Specimens prefixed with “OU”
are stored in the Geology Department of the University of Otago. Specimens prefixed with “LX” are stored in the Geol-
ogy Department of the University of Auckland.

Taxon MANU–36
Figure 18.1

Reference Specimen: OU13926 (Bannockburn–
02)
Referred specimens and occurrence: OU13353,
OU13356, OU13415 (Bannockburn–02); LX048,
LX051, LX081, LX103, LX111 (Bannockburn–03);
LX377 (Nevis–17); LX444 (Nevis–04). 
Diagnostic features: The important characters
are the narrowly elliptical shape and the prominent
petiole. MANU–36 differs from MANU–19 in having
a more prominent petiole, and from MANU–21 in
the more prominent petiole and more closely
spaced lateral veins.
Description. Size: length 44–75 mm, width 8–
20 mm, microphyll. Shape: elliptic, symmetrical,
apex acute, base convex. Petiole prominent, a
straight, thicker continuation of the midrib (about
26 % of lamina length), length 19 mm. Margin
entire. First order venation pattern externodro-
mous. Development basic. Midrib massive (c. 4.5
% width of mid-lamina) and thickens prominently
towards the base. First order lateral veins thin,
irregularly and closelyspaced (c. every 2 mm),
course almost straight, then curving towards the
looping zone, angle of divergence moderate (c.
60°). Lateral loops indistinct. 

Taxon MANU–37
Figure 18.2

Reference Specimen: OU12955 (Bannockburn–
03)
OU13826, OU13827 (Bannockburn–02).
Diagnostic features: The important characters
are the rounded apex and acute base. MANU–37
differs from MANU–39 in having a thinner midrib
and lateral veins. 
Description. Size: length 50–70 mm, width 27–
32 mm, microphyll. Shape: elliptical, symmetrical,
apex rounded, base concavo–convex. Petiole dis-
tinctly thicker than the midrib, and at an angle to it
(about 10% length of laminae), length 6 mm. Mar-
gin entire. First order venation pattern externodro-
mous although unclear. Development basic. Midrib
weak (c. 1.1 % width of mid-lamina). First order lat-
eral veins indistinct, angle of divergence narrow (c.
38°). Lateral loops indistinct.

Taxon MANU–38
Figure 18.3

Reference Specimen: OU29867 (Bannockburn–
03)
Referred specimens and occurrence: OU13103,
OU13305, OU13421 (Bannockburn–02); LX034,
LX057, LX096 (F41/f214); LX485 (Nevis–07). 
Diagnostic features: The important character is
the truncate base. MANU–38 differs from MANU–4
in its stout petiole. 
Description. Size: length 30–105 mm, width 22–
58 mm, notophyll. Shape: ovate, symmetrical,
apex probably acute, base truncate. Petiole
appears abruptly thicker than the midrib (less than
10% of the lamina length), length 9 mm. Margin
entire. First order venation pattern unclear. Devel-
opment basic. Midrib stout (c. 2 % width of mid-
lamina). First order lateral veins indistinct, angle of
divergence moderate (c. 46°). Lateral loops indis-
tinct.

Taxon MANU–39
Figure 18.4

Reference Specimen: LX071 (Bannockburn–03)
Referred specimens and occurrence: OU13308,
OU13475 (Bannockburn–02). 
Diagnostic features: The important characters
are the rounded apex and acute base, but differing
from MANU–37 in having a stronger midrib and lat-
eral venation. 
Description. Size: length 59–65 mm, width 28–
30 mm, microphyll. Shape: elliptic, symmetrical,
apex rounded, base convex. Petiole a simple,
thickening, continuation of the midrib (about 20%
of the lamina length), length 11 mm. Margin entire.
First order venation pattern. Development basic.
Midrib stout (c. 3.9 % width of mid-lamina) and
thickening prominently towards the base. First
order lateral veins, irregularly spaced, about 4–6
mm, course curved, angle of divergence narrow (c.
32° at the midrib but then flexing to about 45°), rel-
atively thick proximally but thinning rapidly. Lateral
loops indistinct. 

Taxon MANU–40
Figure 18.5

Reference Specimen: OU13792 (Bannockburn–
02)
Referred specimens and occurrence:
OU137910 (Bannockburn–02). 
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FIGURE 18. New parataxa –1. Scale bar equals 10mm. 1. MANU–36, OU13926, Bannockburn–02. 2. MANU–37,
OU12955, Bannockburn–03. 3. MANU–38, OU29867, Bannockburn–03. 4. MANU–39, LX071, Bannockburn–03. 5.
MANU–40, OU13792, Bannockburn–02. 
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Diagnostic features: The important character is
the prominent series of lateral loops. MANU–40 dif-
fers from MANU–20 and FOLD–28 in having a
wider looping zone – about one quarter of the dis-
tance from lamina margin to midrib. 
Description. Size: length 60 mm, width 24 mm,
microphyll. Shape: probably elliptic, symmetrical,
apex unknown, base unknown. Petiole length
unknown. Margin entire. First order venation pat-
tern. Development basic. Midrib massive (c. 4.3 %
width of mid-lamina). First order lateral veins, spac-
ing regular, about 5–10 mm, possibly decreasing
both proximally and distally, course strongly
curved, angle of divergence moderate to wide (c.
53-81°), relatively thick. Lateral loops prominent,
about the same height as breadth. Looping zone
about 0.25 the distance from margin to midrib.

Taxon MANU–41
Figure 19.1

Reference Specimen: LX541 (Nevis–14)
Referred specimens and occurrence: LX392
(Nevis–17); LX408 (Nevis–09); LX479, LX492
(Nevis–07); LX511 (Nevis–15); LX564 (Nevis–13);
LX597, LX615 (Nevis–11). 
Diagnostic features: The important character is
the asymmetry of the base. MANU–41 differs from
the other asymetrically based, entire margined leaf
or leaflet, FOLD–12, in not having a very acute
base on one side, and having much more indistinct
lateral veins near the margins. 
Description. Size length 35–70 mm, width 11–
28 mm, microphyll. Shape: ovate, asymmetrical at
the base, apex acute, base truncate, on one side,
rounded on the other. Petiole very short, c. 1 mm,
possibly a pulvinus. Margin entire. First order vena-
tion pattern externodromous. Development basic.
Midrib moderate (c. 1.7 % width of mid-lamina).
First order lateral veins, very irregularly spaced,
about 5–9 mm, with very irregular course, thin,
angle of divergence moderate (c. 45°) on one side
of the lamina, wide (c. 88-90°) on the other. Lateral
loops indistinct. 

Taxon MANU–42
Figure 19.2

Reference Specimen: LX431 (Nevis–04)
Referred specimens and occurrence: OU30066,
LX021, LX134, LX781 (Bannockburn–03). 
Diagnostic features: The important character is
the presence of (uncommon) very small teeth.
MANU–42 differs from MANU–37 and MANU–39 in
the presence of these teeth.
Description. Size: length 26–c. 69 mm, width 15–
45 mm, microphyll–notophyll. Shape: probably

elliptic, symmetrical, apex rounded, base unknown.
Petiole unknown, length unknown. Margin serrate.
One small tooth noted, apparently widely spaced
(less than 1 per cm), c. 0.5 mm high. First order
venation pattern externodromous. Development
basic. Midrib moderate (c. 1.4 % width of mid-lam-
ina). First order lateral veins, regularly spaced,
about 10–12 mm, course curving markedly towards
the margin, angle of divergence narrow (c. 40-42°),
moderately thick proximally. Lateral loops indis-
tinct. 

Taxon MANU–43
Figure 19.3

Reference Specimen: LX393 (Nevis–17)
Diagnostic features: The most important charac-
teristic is the large number of closely spaced lateral
veins, at a high angle to the midrib. This is shared
with MANU–36, which is much narrower and with a
much more prominent petiole. 
Description. Size: length probably 125 mm or
more, width 88 mm, mesophyll. Shape: symmetry,
and apex unknown, base convex. Petiole, on the
only specimen the petiole appears narrower than
the midrib and at right angles to it, short (c. 5 mm).
Margin probably entire. First order venation pattern
probably externodromous, lateral veins closely
spaced (c. 3–4 mm), approximately perpendicular
to the midrib, with a straight course. Development
basic. Midrib stout (c. 2.5 % width of mid-lamina).
First order lateral veins, spacing distinctly closely
spaced, about 2–3 mm, relatively regular, angle of
divergence wide, departing the midrib at almost
right angles and running in almost straight lines
towards the margin. Lateral loops indistinct. 

Taxon MANU–44
Figure 19.4

Reference Specimen: LX745 (Bannockburn–03)
Diagnostic features: The important characters
are the lateral loops that almost touch a wavy mar-
gin. MANU–44 differs from MANU–46 in having lat-
eral loops that almost touch the lamina margins. 
Description. Size: length c. 38 mm, width c.
32 mm, microphyll. Shape: ovate, symmetrical,
apex probably acute, base unknown. Petiole and
length unknown. Margin undulate. First order vena-
tion pattern probably brochidodromous. Develop-
ment basic. Midrib weak (c. 1.2 % width of mid-
lamina), some deflection of course distally at lateral
vein junctions. First order lateral veins, spacing
regular, about 6–10 mm, decreasing distally , basal
laterals unknown, but probably paired at the base,
course curving only slightly towards the sinuses,
then deflecting apically and almost meeting the
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FIGURE 19. New parataxa –2. Scale bar = 10mm. 1. MANU–41, LX541, Nevis–14. 2. MANU–42, LX431, Nevis–04.
3. MANU–43, LX393, Nevis–17. 4. MANU–44, LX745, Bannockburn–03. 5. MANU–45, LX029, Bannockburn–03. 6.
MANU–46, LX761, Bannockburn–03. 7. MANU–47, OU13829, Bannockburn–02. 8. MANU–48, LX115, Bannock-
burn–03.
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margin, angle of divergence narrow to moderate (c.
43-55°), moderately thick. Lateral loops indistinct
and looping zone very reduced. 
Identification. Based on the marginal characters
and basal lateral veins that are probably paired,
this is most likely a Macaranga or Mallotus.

Taxon MANU–45
Figure 19.5

Reference Specimen: LX029 (Bannockburn–03)
Referred specimen and occurrence: LX758
(Bannockburn–03). 
Diagnostic features: The important character is
the depression of midrib and lateral veins into the
lamina surface. 
Description. Size: length 47 mm, width 34 mm,
microphyll. Shape: elliptic, symmetry possibly
asymmetrical, apex uncertain but probably
rounded, base truncate. Petiole a simple continua-
tion of the midrib (about 20% of lamina length),
length 13 mm. Margin apparently entire. First order
venation pattern externodromous. Development
basic. Midrib stout (c. 2.4 % width of mid-lamina),
depressed below leaf surface. First order lateral
veins, spacing irregular, about 5–10 mm, decreas-
ing proximally, curving towards the margin, angle
of divergence moderate (c. 53-63°), prominent,
depressed into lamina surface. Lateral loops indis-
tinct, looping zone narrow. 

Taxon MANU–46
Figure 19.6

Reference Specimen: LX761 (Bannockburn–03)
Diagnostic features: The important character is
the wavy margin. MANU–46 differs from MANU–44
in having the lateral loops further back from the
lamina margins. 
Description. Size: length 45 mm, width 30 mm,
microphyll. Shape: probably ovate, symmetrical,
apex unknown, base unclear, but tending truncate.
Petiole unknown. Margin undulate. First order
venation pattern probably externodromous, loops
indistinct. Development basic. Midrib stout (c. 2.7
% width of mid-lamina), deflected at lateral vein
junctions. First order lateral veins, irregularly
spaced, about 5–8 mm, slightly curved to the loop-
ing zone, then curving strongly, angle of diver-

gence narrow to wide (27 to 56°), relatively thin,
not distinctly thicker than finer venation. Lateral
loops distinct. 

Taxon MANU–47
Figure 19.7

Reference Specimen: OU13829 (Bannockburn–
02)
Referred specimen and occurrence: OU13828
(Bannockburn–02). 
Diagnostic features: The important characters
are the toothed margin and externodromous vena-
tion. Differs from FOLD–7 in having a more clearly
defined, and narrower looping zone. 
Description. Size: length 58–65 mm, width 25–
28 mm, microphyll. Shape: ovate, symmetrical,
apex acute, base not clear, possibly convex. Peti-
ole unknown. Margin: toothed to crenate. One
order of teeth, c. 1.5 mm high, sinus rounded, reg-
ularly spaced (c. 1 per 5 mm). First order venation
pattern externodromous. Development basic. Mid-
rib stout (c. 2.6 % width of mid-lamina). First order
lateral veins, irregularly spaced, about 4–5 mm,
with very irregular course, angle of divergence
moderate to wide (c. 53-73°), relatively thin. Lateral
loops distinct. 

Taxon MANU–48
Figure 19.8

Reference Specimen: LX115 (Bannockburn–03)
Diagnostic features: An asymmetrical lamina with
a probable pulvinate base. 
Description. Size: length 19 mm, width 6.5 mm,
nanophyll. Shape: oblong, whole lamina asymmet-
rical, apex essentially obtuse (but with a slight
point), base truncate, slightly auriculate. Petiole
absent, replaced by a pulvinus. Margin entire. First
order venation pattern externodromous. Develop-
ment basic. Midrib massive (c. 4.1 % width of mid-
lamina). First order lateral veins, irregularly
spaced, about 2 mm, about 6–7 clear lateral loops
down each side of midrib, angle of divergence nar-
rwo to wide (c. 30 to 90°). At the base lateral veins
appear radiate from the midrib. 
Identification. This leaflet is inferred to belong
with the legumes that were described in (Pole et al.
1989b; Pole 1992c) as possible Serianthes.
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APPENDIX 5: KEY TO ALL MANUHERIKIA GROUP AND FOULDEN MAAR LEAF PARATAXA

Morphological terms follow Hickey (1973, 1979), Dilcher (1974), and Pole (1991).

1 Not thought to be from a pinnately compound leaf 2
1 Clearly leaflets of pinnately compound leaf MANU–48

2 Leaves known to be palmately compound MANU–21
2 Leaves or possibly leaflets 3

3 Lamina tri–lobed FOLD–13 [Sterculiaceae or Hernandiaceae]
3 Lamina not lobed, or not known to be lobed 4

4 Margins entire or some rare small teeth or undulate 5
4 Margins non–entire 54

5 Margin not undulate 6
5 Margin undulate 53

6 Venation brochidodromous MANU–10 [Ripogonum scandens]
6 Venation not brochidodromous 7

7 Basal laterals paired 8
7 Basal laterals not paired, or this character not known 14

8 Basal laterals paired above base of lamina 9
8 Basal laterals paired at base of lamina 10

9 Petiole slender MANU–24
9 Petiole stout FOLD–21

10 Leaf microphyll 11
10 Leaf notophyll or mesophyll 12

11 Apex acute MANU–1
11 Apex indented MANU–2

12 Second Order Externals prominent near base of leaf. MANU–22
12 Second Order Externals not prominent, or absent. 13

13 Lamina wide elliptic, strong pulvinus FOLD–14 [Sterculiaceae or Tiliaceae]
13 Lamina wide ovate, no clear pulvinus FOLD–11 [Euphorbiaceae or Leguminosae]

14 Leaves, leaflets known to be asymmetrical at base 15
14 Leaves, leaflets symmetrical (or assumed so) at base 17

15 Margin entire, base acute on one side and oblique on other 16
15 Margin with rare very fine teeth, base acute on both sides FOLD–17

16 One side of base very acute, laterals strong to margins FOLD–12 [Rutaceae or Meliaceae]
16 One side of base moderately acute, laterals not strong to margins MANU–41

17 First order venation not visible 18
17 Venation clear 19

18 Lamina narrow elliptic, size microphyll FOLD–15 [?Winteraceae]
18 Lamina elliptical, size nanophyll FOLD–25

19 Venation longitudinal (intramarginal) 20
19 Venation externodromous 23

20 Leaf elliptical 21
20 Leaf lanceolate MANU–7 Eucalyptus
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21 More than one longitudinal vein at base MANU–9
21 Only a single longitudinal vein 22

22 Lateral veins relatively closely spaced FOLD–4[Myrtaceae]
22 Lateral veins relatively widely spaced MANU–8[Myrtaceae]

23 Veins not markedly impressed or raised 24
23 Veins strongly indented or raised MANU–45

24 Second order venation (markedly) percurrent 25
24 Second order venation not markedly percurrent 26

25 Leaf microphyll FOLD–2 [Lauraceae]
25 Leaf notophyll MANU–3 [Lauraceae]

26 Leaf lanceolate MANU–19
26 Leaf not lanceolate 27

27 Lamina narrow–elliptical 28
27 Lamina not narrow–elliptical 29

28 Lateral veins closely spaced, petiole long, stout MANU–36
28 Lateral veins prominently looped, petiole short, thin MANU–21 [leaflet]

29 Prominent veins parallel and below First Order Laterals MANU–18
29 No prominent veins parallel and below First Order Laterals 30

30 Lateral veins markedly decurrent on mid–vein 31
30 Lateral veins not markedly decurrent on mid–vein 32

31 Basal segment developed MANU–13
31 Basal segment not developed MANU–28

32 Two or three orders of lateral veins MANU–11
32 Only one order of lateral veins, or preservation unclear 33

33 Vein network within lateral like fine mesh MANU–12
33 Vein network within lateral not like fine mesh, or preservation unclear 34

34 Midrib and lateral veins appear "sheathed" with different coulour/texture FOLD–9 [?Euphorbiaceae]
34 Midrib and lateral veins normal, no evidence of a "sheath" 35

35 Lateral loops with bases equal to or longer than height 36
35 Lateral loops with bases shorter than height 38

36 Looping zone more than one quarter lamina width MANU–40
36 Looping zone less than one quarter lamina width 37

37 Internal network possibly cascade (Pole 1991, fig. 6c) but not clear MANU–20
37 Internal network cascade (Pole 1991, fig. 6c) FOLD–28

38 Lateral vein angle of divergence >45° and not closely spaced 39
38 Lateral vein angle of divergence <45° and closely spaced 52

39 Lateral vein angle of divergence <70° 40
39 Lateral vein angle of divergence >80° MANU–43

40 Base not truncate, or base unknown 41
40 Base truncate 51

41 Leaf size microphyll–notophyll 42
41 Leaf size nanophyll 49

42 Lateral veins form prominent loops MANU–31
42 Lateral veins not forming prominent loops 43
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43 Shape narrow–ovate to narrow-obovate FOLD–20
43 Shape not narrow–ovate to narrow-obovate 44

44 Shape oblanceolate 45
44 Shape elliptical 47

45 Leaf size notophyll or larger 46
45 Leaf size microphyll FOLD–23

46 Interlateral segments irregular FOLD–16
46 Interlateral segments regular FOLD–19

47 Margin with rare, very small teeth MANU–42
47 Margin completely entire 48

48 Petiole thin, lateral veins faint MANU–37
48 Petiole stout, lateral veins visible MANU–39

49 Shape narrow-ovate 50
49 Shape ovate or rounded MANU–25

50 Apex rounded, no petiole FOLD–27
50 Apex emarginate, base petiolate FOLD–22

51 lateral veins thin, looping zone broad, petiole thin MANU–4
51 lateral veins unclear, no clear looping zone, petiole stout MANU–38

52 Apex acute, lateral veins flexuous, little looping zone FOLD–3 [cf. Ardisia]
52 Apex rounded, lateral veins basically straight, complex looping zone FOLD–18

53 Lateral veins run to margin MANU–44
53 Lateral veins loop well within margin MANU–46

54 Domatia in axils of veins 55
54 No domatia 57

55 Basal laterals paired 56
55 Basal laterals not paired MANU–5 [Elaeocarpus]

56 Base acute FOLD–1 [Euphorbiaceae]
56 Base auriculate MANU–23

57 Venation craspedodromous 58
57 Venation externodromous or mixed 60

58 Lateral veins regularly spaced 59
58 Lateral veins irregularly spaced FOLD–8 [Cunoniaceae or Elaeocarpaceae]

59 Leaf elliptical or ovate MANU–6 [Nothofagus]
59 Leaf lanceolate MANU–31

60 Venation externodromous 61
60 Venation mixed (craspedodromous–externodromous) 70

61 Teeth obscure and/or irregular 62
61 Teeth clear and regular 64

62 Teeth broad, few, apical margin only, length of lateral loops bases 
more than half of the loop height FOLD–24

62 Teeth very small 63

63 Teeth numerous, length of lateral loops bases less than one third 
of the loop height FOLD–26
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63 Teeth numerous, length of lateral loops bases about one half 
of the loop height, internal venation cascade MANU–17

64 Teeth blunt or rounded 65
64 Teeth sharp, probably no looping zone FOLD–5 [Sapindaceae]

65 Teeth crenate 66
65 Teeth not crenate 67

66 Second Order Venation percurrent MANU–16[Cunoniaceae or Elaeocarpaceae]
66 Second Order Venation at high angle to lateral veins MANU–26

67 Lateral veins form prominent loops. MANU–27
67 Lateral veins do not form prominent loops. 68

68 Looping zone wide FOLD–10 [?Euphorbiaceae]
68 Looping zone narrow or absent 69

69 Looping zone narrow MANU–47
69 Looping zone not clearly defined FOLD–7 [Cunoniaceae or Elaeocarpaceae]

70 Leaf lanceolate MANU–14
70 Leaf not lanceolate 71

71 Veins to center of sharp teeth MANU–29
71 Veins to apical margin of teeth or sinus 72

72 Leaf elliptical 73
72 Leaf obovate MANU–15

73 Teeth small, venation distinct FOLD–6 [Cunoniaceae or Elaeocarpaceae]
73 Teeth large, venation indistinct MANU–30
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APPENDIX 6. SUMMARY OF PARATAXA FROM THE MANUHERIKIA GROUP AND FOULDEN MAAR

Distribution of all angiosperm leaf parataxa in the Manuherikia Group and Foulden Maar in assemblages used for
physiognomic investigation. The number of specimens is given. The associated presence of conifers and Casuarina-
ceae is indicated by an asterix.

Taxon Margin F41/f208 F41/f214 F41/f220 Nevis Foulden

Araucaria *

Libocedrus *

Podocarpus *

Retrophyllum *

Casuarinaceae *

FOLD–1 E 1 3

FOLD–2 E 18

FOLD–3 E 3

FOLD–4 E 1

FOLD–5 NE 1

FOLD–6 NE 4

FOLD–7 NE 1

FOLD–8 NE 2

FOLD–9 E 1

FOLD–10 NE 10

FOLD–11 E 1

FOLD–12 E 1

FOLD–13 E 1

FOLD–14 E 1

FOLD–15 E 3

FOLD–16 E 12

FOLD–17 NE 2

FOLD–18 E 1

FOLD–19 E 1

FOLD–20 E 2

FOLD–21 E 1

FOLD–22 E 1

FOLD–23 E 1

FOLD–24 NE 1

FOLD–25 E 2

FOLD–26 NE 1

FOLD–27 E 1

FOLD–28 E 1

MANU–1 E 1

MANU–2 E 4

MANU–3 E 9 3

MANU–4 E 2 9

MANU–5 NE 21

MANU–6 NE 116 34 25

MANU–8 E 6 3 20

MANU–9 E 17 10 1

MANU–10 E 3 30 8

MANU–11 E 19 58 40
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MANU–12 E 10 23

MANU–13 E 1 24

MANU–14 NE 17 3 1 72

MANU–16 NE 18

MANU–17 NE 4

MANU–21 E 7

MANU–23 NE 1

MANU–25 E 1 10

MANU–29 NE 1 1

MANU–30 NE 24

MANU–32 NE 1

MANU–33 E 2 7 6

MANU–35 E 1

MANU–36 E 4 5 1

MANU–37 E 2 1

MANU–38 E 5 6

MANU–39 E 2 1

MANU–40 E 2

MANU–41 E 7

MANU–42 E (some teeth) 4

MANU–43 E 1

MANU–44 E 1

MANU–45 E 2

MANU–46 E 1

MANU–47 NE 2

MANU–48 E 1

Total broad–leaved 
angiosperm taxa

15 24 15 8 29

Total Specimens 205 185 209 115 86

Entire margined 80% 79% 73% 75% 71%

Greenwood et al., 2004 
(113 sites)

19°C 19°C 17°C 18°C

Greenwood et al., 2004 
(74 sites)

19°C 19°C 18°C 18°C

Steart et al., 2010 23°C 23°C 21°C 22°C

Wolfe, 1979; Wing and 
Greenwood, 1993

26°C 25°C 23°C 24°C

Taxon Margin F41/f208 F41/f214 F41/f220 Nevis Foulden
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APPENDIX 7. VARIATION IN THE METHOD OF CO–EXISTENCE

The Co–Existence Method attempts to find
the maximum overlap in the climate ranges of an
assemblage of taxa. The amount of overlap can be
represented as a histogram. Figure 20 shows a
variety of histograms that can be created for MAT
data for the Foulden Maar taxa listed by Reichgelt
et al. (2013). In each case the MAT range (x–axis,
in°C) has been rounded to the nearest degree. The
y-axis is the total number of overlaps. The first dia-
gram (Figure 20.1) redraws the data from Reich-
gelt et al. (2013, Supplementary data). The
following four histograms are based on GBIF data,
using either the global distribution of taxa (Figures
20.2–3), or restricted to the southwest Pacific (Fig-

ures 20.4–5) area as per Reichgelt et al. (2013).
For the global data, histograms are given based on
0.02–0.98 percentile (Figures 20.2, 20.4), as used
in the current paper, and 0.1–0.9 percentile (Fig-
ures 20.3, 20.5) as used by Reichgelt et al. (2013). 

Reichgelt et al. (2013) arrived at a MAT (0.1–
0.9 percentile) of 18–20°C, though on the histo-
gram here (A) there appear to be two modes
around 16°C and 18°C. In the other histograms,
modes appear several (up to five) degrees cooler
than the mean, which is 17°C in each case.
Skewed modes, plus the existence of ‘twin–peaks,’
suggests caution in interpreting precise values of
MAT from these data.
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GBIF Data SW Pacific only 
0.02-0.98 percentile
Mode = 13°C
Mean = 17  °C
SD=5.6

GBIF Data SW Pacific only, 
0.1-0.9 percentile
Mode = 12 and 19°C
Mean = 17  °C
SD=5.4

GBIF Data, Global, 
0.02-0.98 percentile
Mode = 13°C
Mean = 17  °C
SD=5.6
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GBIF Data, Global, 
0.1-0.9 percentile
Mode = 14-15°C
Mean = 17  °C
SD=5.3

Reingelt, adapted from their diagram 
0.1-0.9 percentile
Mode = 16 and 18 °C
Mean = 17  °C
SD=4.5
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FIGURE 20. Histograms of MAT overlap for Foulden Maar taxa as listed in Reichgelt et al. (2013). The amount of
overlap is indicated by the y-axis, and MAT range (rounded to nearest full degree) by the x-axis. 1. Based on
range figure in Reichgelt et al. (2013). 2. Based on global range of taxa, 0.02–0.98 percentile. 3. Based on global
range of data, 0.1–0.9 percentile. 4. Based on southwest Pacific data only, 0.02–0.98 percentile. 5. Based on
southwest Pacific data only, 0.1–0.9 percentile.



PALAEO-ELECTRONICA.ORG
APPENDIX 8: GBIF DATA SOURCE ACKNOWLEDGMENTS

Academia Sinica; Actualización del banco de
datos florístico de la Península de Yucatán (BAF-
LOPY); AdministraciÃ³n de Parques Nacionales,
Argentina (APN–AR); Agentes Bioactivos de Plan-
tas Desérticas de Latinoamérica (ICBG); American
Museum of Natural History (AMNH), Arctos (MVZ),
Avian Knowledge Network (AUDCLO, EBIRD_CL,
BSC–EOC, EBIRD_NZ, EBIRD_YARD,
EBIRD_AK, EBIRD_CA, CORBIDI, EBIRD_WI,
VCE, AUDUBON_MA, EBIRD_PR, EBIRD_COL,
EBIRD_CB, EBIRD_HISP, EBIRD_TX, EBIRD_-
MEX, CLO, EBIRD_KLAM_SISK), Bernice Pauahi
Bishop Museum (BPBM), , Biologiezentrum Linz
Oberoesterreich (LI), Borror Laboratory of Bio-
acoustics (BLB), Canadian Biodiversity Information
Facility (PMAE), Canadian Museum of Nature
(CMN), Field Museum (FMNH), Finnish Museum of
Natural History (MZH), GBIF–Spain (ARM), GBIF–
Spain (BDBCV–General), GBIF–Sweden (GBIF–
SE; Andes to Amazon Biodiversity Program,
Botanical Research Institute of Texas; Angiosperm
specimens of Shoji Sasamura of Iwate Prefectural
Museum; Angiospermatatophytina Collection of
Saitama Museum of Natural History; Antarctic
Plant Database, British Antarctic Survey (AAS);
Aranzadi Zientzi Elkartea (ARAN Herbarioa); Árbo-
les de la Península de Yucatán, Flora del Distrito
de Tehuantepec, Oaxaca y Familia Asteraceae en
México (IBUNAM); Árboles de la Península de
Yucatán, Flora del Distrito de Tehuantepec, Oax-
aca y Familia Asteraceae en México (IBUNAM);
Árboles y Arbustos Nativos para la Restauración
Ecológica y Reforestación de México (IE–
DF,UNAM); Arizona State University Vascular Plant
Herbarium (ASU); Arnold Arboretum, Harvard Uni-
versity Herbaria (A); Australian Antarctic Data Cen-
tre (ADT); Australian National Herbarium (CANB);
Avian Knowledge Network (AUDCLO, EBIRD_NZ,
BSC–EOC), National Museum of Natural History
(USNM), OZCAM (Online Zoological Collections of
Australian Museums) Provider (NMV), Yale Univer-
sity Peabody Museum (YPM), Arctos (MVZ), Ber-
nice Pauahi Bishop Museum (BPBM), American
Museum of Natural History (AMNH), University of
Kansas Biodiversity Research Center (KU), Con-
servation InternationalAvian Knowledge Network
(EBIRD_CA), Finnish Museum of Natural History
(MZH), , data.gbif.org, 2010–12–24).; Banco
Nacional de Germoplasma Vegetal; Berkeley Natu-
ral History Museums (BMHM); Bernice Pauahi
Bishop Museum (BPBM); Biodiversidad de Costa
Rica, Instituto Nacional de Biodiversidad (INBio),

Costa Rica; Biodiversity Information System for
Cheshire; Biodiversity Research Center (TaiBIF);
BIOECO; Biologiezentrum Linz Oberoesterreich
(LI); Bishop Museum Natural Sciences Data;
Botanic Garden and Botanical Museum Berlin–
Dahlem (BoGART); Botanic Garden and Botanical
Museum Berlin–Dahlem, Herbarium Berolinense
(B); Botanic Garden of the Finnish Museum of Nat-
ural History; Botãnica, Universidad de Leon (LEB);
Botánica, Universidad de León: LEB–Brasil; Botan-
ical Museum, Copenhagen (C); Botanical
Research Institute of Texas (BRIT); Botanical Soci-
ety of the British Isles – Vascular Plants Database;
Botanical specimens database of Mr. Jiro Ito col-
lection; Bristol Regional Environmental Records
Centre – October 2009 (BRERC); California Acad-
emy of Sciences Botany (BOT); California State
University; Cameroon National Herbarium (YA);
Canadian Museum of Nature (CANM); Catálogos
florísticos de México por entidad federativa e infor-
mación etnobotánica de la Colección del Herbario
Nacional Biól. Luciano Vela Gálvez (INIF); CeDoc
de Biodiversitat Vegetal: BCN–Seeds; CeDoc of
Plant Biodiversity (CeDocBIV), Univ. Barcelona;
Central– and East African Plants Databases
(Senckenberg); Centre d'Observation de Surveil-
lance et d'Information Environnementales
(COSIE); Chungnam University Natural History
Museum– Plant (NHMC–PL); CIBIO (Institute of
Biodiversity), Univ. Alicante; CIBIO, Universidad de
Alicante, Herbario ABH; Colección científica del
Museo de Historia Natural Alfredo Dugés; Colec-
ción de Monocotiledóneas Mexicanas (UAM–I);
Colecciones Instituto Alexander von Humboldt
(FMB); Colorado State University Herbarium
(CSU); Comisión Nacional para el Conocimiento y
uso de la Biodiversidad (CP–CT); Comisión Nacio-
nal para el Conocimiento y uso de la Biodiversidad
(IE–XAL); Comisión Nacional para el Cono-
cimiento y uso de la Biodiversidad (UNIBIO, IBU-
NAM); Comisión Nacional para el Conocimiento y
uso de la Biodiversidad(ND); Comisión nacional
para el conocimiento y uso de la biodiversidad,
Herbarium de Geo. B. Hinton, Mexico; condoncol-
lection, Museum of Natural and Cultural History –
University of Oregon; Conservatoire botanique
national du Bassin parisien; Consortium of Califor-
nia Herbaria; DAO Herbarium Type Specimens;
Departamento de Biología de Organismos y Siste-
mas, Universidad de Oviedo; Department of Envi-
ronment and Conservation, Western Australia;
Department of Natural Resources, Environment,
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the Arts and Sport, Northern Territory of Australia;
Department of Organisms and Systems Biology.
University of Oviedo, FCO–Briof; Department of
Premier and Cabinet representing the State of New
South Wales (OEH Atlas of NSW Wildlife); Desar-
rollo Tecnológico e Innovación de la Junta de
Extremadura(DGIDTI); Dibujos de la Real Expe-
dición Botánica del Nuevo Reino de Granada
(1783–1816), Real Jardín Botánico (CSIC); Direc-
ción General de Investigación, Desarrollo Tec-
nológico e Innovación de la Junta de
Extremadura(DGIDTI): (HSS); Dr Masatomo
Suzuki collection; DSMZ Collection on Plant Cell
Cultures ( Leibniz Institute DSMZ); Ecología y Fisi-
ología Vegetal (herbario_cofc), Facultad de Cien-
cias, Universidad de Córdoba; EcoRecord –
Vascular plant records held by EcoRecord for the
Birmingham and the Black Country area collated
prior to March 2013; Ejemplares tipo de plantas
vasculares del Herbario de la Escuela Nacional de
Ciencias Biológicas (ENCB); EKY_Darwincore
(University of Tennessee, Knoxville); Endemic Spe-
cies Research Institute (TaiBIF); Environment and
Heritage Service – EHS Species Datasets; Escuela
Técnica Superior de Ingenieros de Montes, UPM
(EMMA); Espèces vasculaires endémiques et
orchidées (CITES); Estudio de la avifauna y de las
interacciones ave–planta en la Reserva de la Bios-
fera de la Barranca de Metztitlán Hidalgo; Estudio
Florístico de la Sierra de Pachuca (ENCB, IPN);
European Environment Agency (EEA); Factual
Database of Native Flora Seeds in Korea, Korea
Institute of Science and Technology Information;
Fairchild Tropical Botanic Garden (FTG); Fairchild
Tropical Botanic Garden Virtual Herbarium Darwin
Core format; Field Museum (FMNH); Flora Atlas
N.T. (Department of Natural Resources, Environ-
ment, The Arts and Sport, Northern Territory of
Australia); Flora del Valle de Tehuacán–Cuicatlán:
II Fase; Florística y biogeografía de algunos
bosques mesófilos de la Huasteca Hidalguense;
Folklore and Natural History Museum– Plant
(JNHM–PL); Forest Research Institute, Depart-
ment of Natural Forests (IFR–DNF); Formación del
banco de datos del herbario (UCAM); Forster her-
barium, Göttingen (GOET); Fundación Biodiversi-
dad, Real Jardín Botánico (CSIC); Fundación Carl
Faust: Herbario del Jardí Botànic Marimurtra:
HMIM; Garhwal University Herbarium (HNB);
GBIF–Spain Real Jardin Botanico (Madrid); GBIF–
Sweden (UPS); GBR, Bioversity International;
GEO–Tag der Artenvielfalt; Gesellschaft fur wis-
senschaftliche Datenverarbeitung mbH Gottingen
(GWDG); Ghana Biodiversity Information Facility

(GhaBIF); Ghana Herbarium, Department of Bot-
any University of Ghana (LEGON–GC); Global
Mountain Biodiversity Assessment (GMBA);
Gothenburg Herbarium – General
(GBIF:IH:GB:Herbarium); Green Plant Herbarium
(TRT); Guadeloupe_Herbier (GUAD); Gyeong-
sangnam–do forest environment Research Insti-
tute–Plant (GFEI–PL); Halla Arboretum, Plant
(JJHA–PL); Harvard University (MCZ); Harvard
University Herbaria (HU); Herbaria of the Univer-
sity and ETH Zürich (Z+ZT); Herbario Amazónico
Colombiano (COAH); Herbario CDMB – Jard?n
Bot?nico Eloy Valenzuela; Herbario de la Escuela
Nacional de Ciencias Biológicas del IPN (ENCB);
Herbario de la Universidad de Arizona, EUA; Her-
bario de la Universidad de Salamanca (SALA);
Herbario de la Universidad de Sevilla (SEV–His-
torico); Herbario del CIBNOR; Herbario del Insti-
tuto de Ecología (XAL); Herbario del Jardín
Botánico–Histórico La Concepción (HBC); Her-
bario Los Tuxtlas (MEXU); Herbario Museo de La
Salle Bogotá (MLS); Herbario Nacional de Plantas
Vasculares – Museo Argentino de Ciencias Natu-
rales 'Bernardino Rivadavia' (MACN); Herbario
Nacional, Museo Nacional de Costa Rica (CR);
Herbario SANT, Universidade de Santiago de
Compostela (SANT); Herbario UNAP (Herbarium
Amazonense – AMAZ); Herbário, Instituto de
Investigação Científica Tropical (IICT, LISC); Her-
barium – Las Cruces Biological Station (HLDG);
Herbarium Amsterdam (AMD); Herbarium GJO (
Steiermärkisches Landesmuseum Joanneum);
Herbarium Hamburgense (HBG); Herbarium of
Kitakyushu Museum of Natural History and Human
History; Herbarium of Oskarshamn (OHN); Herbar-
ium of Taiwan Forestry Research Institute; Herbar-
ium of the California Academy of Sciences (CAS);
Herbarium of the Institute of Ecology, A. C., Mexico
(IE–BAJIO); Herbarium of The New York Botanical
Garden; Herbarium of the Universite Libre de Brux-
elles (BRLU); Herbarium of the University of Aar-
hus (AAU); Herbarium of Université de Montpellier
2, Institut de Botanique (UM2); Herbarium of Vas-
cular Plants Collection of the University of
Extremadura (Spain); Herbarium of Vascular Plants
Collection of the University of Extremadura (Spain)
(UNEX Herbarium); Herbarium Senckenbergianum
(FR); Herbarium specimen from "EA"; Herbarium
Specimen of the Institute of Traditional Medicine
Tanzania (TanBIF); Herbarium Specimens of Bonin
and Ryukyu IslandsNational Institute of Genetics,
ROIS; Herbarium specimens of Faculty of Symbi-
otic Systems Science, Fukushima University; Her-
barium specimens of Museum national d'Histoire
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Naturelle – Vascular plants (P); Herbarium Speci-
mens of Museum of Nature and Human Activities,
Hyogo Pref., Japan; Herbarium Specimens of
Tokushima Prefectural Museum; Herbarium speci-
mens of Université de Montpellier 2 (MPU); Her-
barium togoense (TOGO); Herbarium Universitat
Ulm (ULM),; Herbarium W, Natural History
Museum, Vienna; Herbarium Willing, Botanic Gar-
den and Botanical Museum Berlin–Dahlem; Her-
barium, University of Alabama Biodiversity and
Systematics (UNA); Herbier de la Guyane (CAY);
Herbier de Nouvelle Caledonie (NOU); Herbier de
Wallis et Futuna; Herbier du Bénin; Hortus Botani-
cus Sollerensis Herbarium (FBonafè); Ibaraki
Nature Museum; inatura – Erlebnis Naturschau
Dornbirn ; iNaturalist research–grade observations,
iNaturalist.org; Institut Botanic de Barcelona (BC);
Institut Botanic de Barcelona, BC–Histórico; Insti-
tute of Botany, University of Hohenheim (HOH);
Institute of Nature Conservation, Polish Academy
of Sciences (IOP–PAS); Instituto de Botanica Dar-
winion (CONICET); Instituto de Investigación de
Recursos Biológicos Alexander von Humboldt;
Instituto de Investigaciones de la Amazonía Peru-
ana, Herbario Herrerense; Instituto Nacional de
Pesquisas da Amazonia (INPA); Inventaire national
du Patrimoine naturel (INPN); Inventario florístico y
faunístico del Parque Nacional Barranca del Cupa-
titzio; Israel Nature and Parks Authority (INPA);
Jardín Botánico de Córdoba (COA); Jardin
botanique de Montréal (JBM); Karl Franzens Uni-
versity of Graz, Insitute for Botany – Herbarium
(GZU); KBIF Data Repository; Kochi Prefectural
Makino Botanical Garden; Korea National Arbore-
tum (Korea Forest Service), Plant (KNA_PL);
Korean Ethnobotany Database; Kurashiki Museum
of Natural History; Kyung Hee University Natural
History Museum– Plant (NHMK–PL); Landcare
Research Allan Herbarium (CHR); Las especies
endémicas de plantas en el estado de Jalisco;
Leiner–Herbar Konstanz; L'herbier de l'Université
Louis Pasteur de Strasbourg (STR); Louisiana
State University Herbarium (LSU); Lund Botanical
Museum (LD); Marie–Victorin Herbarium (MT);
MEXU/Colección de Plantas Acuáticas; MEXU/
Colección Histórica; MEXU/Flora de Oaxaca;
MEXU/Herbario Los Tuxtlas; MEXU/Plantas Vas-
culares; MEXU/Tipos de plantas vasculares;
Mokpo Museum of Natural History; Mokpo
Museum of Natural History–Plant (MNHM–PL);
Muhimbili University of Health and Allied Sciences
Herbarium (ITMH); Musée national d'Histoire
naturelle Luxembourg (MNHNL); Museum für
Naturkunde Berlin (MfN); Museum of Comparative

Zoology, Harvard University; Museum of Natural
and Cultural History – University of Oregon
(MNCH); Nationaal Herbarium Nederland; National
Biodiversity Data Centre (NBDC); National Chemi-
cal Laboratory (NCL); National Herbarium of New
South Wales (NSW); National Herbarium of Tanza-
nia (TanBIF); National Museum of Natural Science
NMNH (USNM); National Museum of Nature and
Science, Japan (HYO), (INM), (KYUM), (OSA);
National Science Museum of Korea; National Sci-
ence Museum of Korea– Plant (NSMK–PL);
National Taiwan University, Herbarium (TAI);
National Vegetable Germplasm Bank, Mexico
(BANGEV, UACH); National vegetation diversity
inventory and mapping plan, Taiwan Biodiversity
Information Facility (TaiBIF); Natural History
Museum Maastricht (NL) – Herbarium; Natural His-
tory Museum, University of Oslo; Natural History
Museum, Vienna (Herbarium W); NatureServe
Network Species Occurrence Data; Netherlands
Centre for Biodiversity Naturalis, section National
Herbarium of the Netherlands (L); New Mexico Bio-
diversity Collections Consortium database; New
York Botanical Garden (NYBG); New Zealand Bio-
diversity Recording Network, New Zealand
National Vegetation Survey Databank (GBIF New
Zealand); New Zealand National Vegetation Sur-
vey Databank (LCR) (GBIF New Zealand); NHT_-
flora (TanBIF); Northern Arizona University (NAU);
NSW Department of Environment, Climate
Change, and Water representing the State of New
South Wales; Oaxaca y Familia Asteraceae en
México (IBUNAM); Observations du Conservatoire
botanique national du Bassin parisien.; Oklahoma
Vascular Plants Database Provider; Organization
for Tropical Studies (OTS); Oxford University Her-
baria; Papua New Guinea National Herbarium
(LAE); Parcela Permanente en el Pantano Martos
(Fundación Estación Biológica Guayacanal); Paris
Service du Patrimoine naturel (SPN); Peabody
Botany DiGIR Service; Phanérogames recensés
aux Monts Nimba, Centre d'Observation de Sur-
veillance et d'Information Environnementales
(COSIE); Plant Observation Records of Japan,
National Institute of Genetics, ROIS; Plant Speci-
men Database of Tama Forest Science Garden;
Plant Specimens collections of the Kyushu
UNniversity Museum; Plant specimens depodited
in Osaka Museum of Natural History; Plant Speci-
mens of Kurashiki Museum of Natural History;
Plant Specimens of Oiso Municipal Museum; Plant
Specimens of The Shimane Nature Museum of Mt.
Sanbe; Plants of Papua New Guinea (National
Herbarium of New South Wales); PRECIS (Kwa-
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Zulu–Natal Herbarium); Private collection of
Helmut Dalitz, Juergen Homeier, Juergen Homeier,
Rainer Bussmann, Vindas Jorge, Institute of Bot-
any, University of Hohenheim; Queensland Herbar-
ium (AQ); Rapid Assessment Program (RAP)
Biodiversity Survey Database, Conservation Inter-
national; RBGE Herbarium (E); Real Jardin Botan-
ico (Madrid), Vascular Plant Herbarium (MA);
Registros biológicos en áreas protegidas obteni-
dos de documentos impresos, Administración de
Parques Nacionales, Argentina; Rio de Janeiro
Botanical Garden Herbarium Collection (RB);
Royal Botanic Garden Edinburgh (RBGE); Royal
Botanic Gardens, Kew (K); Royal Horticultural
Society – RHS monitoring of native and naturalised
plants and animals at its gardens and surrounding
areas; Royal Museum of Central Africa (RMCA);
Santa Barbara Museum of Natural History
(SBMNH); SBT–Living (GBIF–Sweden); Scientific
Research Centre of the Slovenian Academy of Sci-
ences and Arts, Institute of Biology (ZRC–SAZU);
Senckenberg (SMF); Seodaemun Museum of Nat-
ural History–Plant (SMNH–PL); Service du Patri-
moine naturel, Muséum national d'Histoire
naturelle, Paris (SPN–MNHN); Shizuoka Prefec-
ture Museum of Natural History; Siamazonia Pro-
vider (IIAPPoa); 'Sistema de apoyo a la toma de
decisiones para la reforestación rural en México',
'Recuento de la diversidad florística de Veracruz',
'Lista florística preliminar de Tamaulipas', 'Inven-
tario florístico de la Sierra de San Carlos', ' Inven-
tario florístico de la Frailescana (zona focal),
Chiapas, México', 'Historia natural del parque
ecológico estatal de Omiltemi Chilpancingo, Guer-
rero, México', 'Flora del Parque Nacional Cumbres
de Monterrey', 'Flora del Valle de Tehuacán–
Cuicatlán, Il Fase', 'Actualización e incremento del
banco de datos de la colección de herbario del Jar-
dín Etnobotánico de Oaxaca', 'Banco de infor-
mación sobre características tecnológicas de
maderas mexicanas', 'Base de datos de las
regiones prioritarias 113 y 120 en los municipios de
Zirándaro y Coahuayutla', 'Base de datos para la
xiloteca del Instituto de Biología de la UNAM',
'Base de datos sobre la flora de Durango',
'Catálogo y base de datos preliminar de la flora de
Sinaloa', 'Computarización de la xiloteca Dr. Faus-
tino Miranda del Instituto de Ecología', 'Diversidad
florística y endemismo en la Reserva de la Biós-
fera El Cielo', 'Diversidad y riqueza vegetal de los
substratos rocosos del centro del estado de Vera-
cruz', 'Estudio de la diversidad florística en la
región de la Chinantla', 'Flora vascular del cerro El
Zamorano', 'Flora y vegetación de la Sierra de San

Carlos en el municipio de San Nicolás', 'La etnobi-
ología de los recursos nutritivos en las comuni-
dades Tzeltales en los Altos de Chiapas'
(Comisión nacional para el conocimiento y uso de
la biodiversidad); Sistema de Información de la
vegetación Ibérica y Macaronésica (GBIF–Spain);
South African National Biodiversity Institute
(SANBI); South Australia Flora Observations,
South Australia, Department of Environment and
Natural Resources; South East Wales Biodiversity
Records Centre – CCW Regional Data ; Southern
Cape herbarium, South African National Biodiver-
sity Institute; Specimen Database of Colorado Vas-
cular Plants, University of Colorado Museum of
Natural History; Staatliche Naturwissenschaftliche
Sammlungen Bayerns (MB); Staatliches Museum
für Naturkunde Stuttgart; Suffolk Biological
Records Centre; Sukkulentensammlung Zürich,
Herbaria of the University and ETH Zürich (Z+ZT);
Swan Coastal Plain Survey, Department of Envi-
ronment and Conservation, Western Australia;
Swedish Museum of Natural History (S); Taiwan e–
Learning and Digital Archives Program (TELDAP);
Taiwan Forestry Research Institute (TAIF); Take a
Pride in Fife Environmental Information Centre
(Records for Fife from TAPIF EIC); The Danish
Biodiversity Information Facility (DanBIF); The
Danish Royal Veterinary and Agricultural Univer-
sity's Arboretum; The Deaver Herbarium (ASC);
The European Genetic Resources Search Cata-
logue; The European Genetic Resources Search
Catalogue (EURISCO); The Flora of County Water-
ford, The Flora of County Wexford, Heritage Trees
of Ireland, Ireland’s BioBlitz 2011, Irish vascular
plant data 1999–2009, Irish vascular plant data
2011, (National Biodiversity Data Centre); The Her-
barium of the Université Libre de Bruxelles (ULB);
The Himalayan Uplands Plant database (HUP Ver-
sion 1), Global Mountain Biodiversity Assessment
(GMBA); The Norwegian Biodiversity Information
Centre (NBIC) (NOF); The Shimane Nature
Museum of Mt. Sanbe, National Museum of Nature
and Science, Japan; The System–wide Information
Network for Genetic Resources (SINGER); The
Vascular Plant Collection at the Botanische Staats-
sammlung München; Tipos de plantas vasculares,
UNIBIO, IBUNAM (MEXU); Tiroler Landesmuseum
Ferdinandeum; Tracheophyta collection of Biodi-
versity Center of Japan, National Museum of
Nature and Science, Japan; Tropicos Specimen
Database, Missouri Botanical Garden; UAM Bot-
any Specimens; UCBG TAPIR Provider; UCJEPS
TAPIR Provider; UK National Biodiversity Network
(Thames Valley Environmental Records Centre;
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United States National Plant Germplasm System
Collection; Universidad de Extremadura; Universi-
dad de León; Universidad de Málaga; Universidad
de Málaga (MGC–Cormof); Universidad
Politécnica de Madrid; Universität Salzburg; Uni-
versitatsherbarium Gottingen; Université
d'Abomey–Calavi, Faculté des Sciences
Agronomiques (ABC); Université de Strasbourg
herbier de nouvelle–caledonie; University and Jep-
son Herbaria (DiGIR provider); University of
Alberta Museums (UA); University of Arizona Her-
barium (ARIZ); University of British Columbia Her-
barium (UBC) – Vascular Plant Collection;
University of California Botanical Garden (DiGIR
provider); University of California, Davis (UCD);
University of Connecticut (CONN); University of
Copenhagen Arboretum; University of Ghana –
Ghana Herbarium, Ghana Biodiversity Information
Facility (GhaBIF); University of Kansas Biodiversity
Institute; University of Michigan Museum of Zool-
ogy (UMMZ); University of Oslo (ZMO); University
of Washington Burke Museum (UWBM); USDA
PLANTS Database; Utah State University (UTC);
Utah Valley State College Herbarium (UVSC); Vas-
cular Plant Collection – University of Washington

Herbarium (WTU); Vascular Plant Specimen Data-
base of Kanagawa Prefectural Museum of Natural
History; Vascular plant specimens of Akita Prefec-
tural Museum; Vascular plants collection of Hirat-
suka City Museum; Vascular Plants Collection of
National Museum of Nature and Science; Vascular
Plants Collection of Sagamihara City Museum;
Vascular plants database of Atugi City Museum;
Vascular plants of south–central China (Harvard
University Herbaria); Visual Plants (144.41.33.158)
– Private collection of Helmut Dalitz and Vindas
Jorge, Herbarium specimen from “BIEL,” Plants
from Costa Rica, Plants from Southern Ecuador,
Plants from the Kakamega Forest, Kenya; Dana
Uster, Institute of Botany, University of Hohen-
heim.; Western Australian Herbarium (PERTH);
Wildlife Institute of India (WII); Wilson Botanical
Garden – Las Cruces Biological Station, Organiza-
tion for Tropical Studies; Wroclaw University, Fac.
Natural Sciences; Yale University Peabody
Museum (PB), (Accessed through GBIF Data Por-
tal, data.gbif.org, 2013–11–26).
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APPENDIX 9. NEW EXTANT LEAF LITTER SAMPLES

Summary of physiognomic data from extant leaf litter collections in New Zealand and Australia made by the author,
and predicted values for MAT according to methods of different authors.

Sample Lat., Long.
n 

(specimens)
Actual 
MAT

Av 
length

MAT from 
Greenwood

(1992)

MAT from 
Carpenter

et al. (2012)

n 
(species)

Bartle Frere–1 –17.37,145.77 348 21°C 87mm 19°C 19°C 33

Lamington–6 –28.19,153.12 428 17°C 69mm 16°C 17°C 28

Trounson –35.72,173.65 387 15°C 80mm 18°C 18°C 10

Tutamoe –35.71,173.74 491 13°C 43mm 11°C 12°C 9

Lake Wilkie –46.58,169.44 326 10°C 49mm 12°C 13°C 7
76



PALAEO-ELECTRONICA.ORG
APPENDIX 10. PODOCARPUS WIDTHS

Figures 21 and 22 indicate the spread of MAT ranges for Podocarpus species in order of approximate leaf size.
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Podocarpus ekmanii (84)

Podocarpus tepuiensis (85)

Podocarpus lambertii (95)

Podocarpus glomeratus (96)

Podocarpus cunninghamii (100)

Podocarpus urbanii (100)

Podocarpus nubigenus (114)

Podocarpus sprucei (120)

Podocarpus capuronii (131)

Podocarpus roraimae (138)

Podocarpus brassii (140)

Podocarpus lophatus (150)

Podocarpus parlatorei (150)

Podocarpus spinulosus (154)

Podocarpus elongatus (169)

Podocarpus aracensis (179)

Podocarpus brevifolius (184)

Podocarpus latifolius (190)

Podocarpus gibbsii (193)

Podocarpus buchii (206)

Podocarpus transiens (206)

Podocarpus pilgeri (210)

Podocarpus novaecaledoniae (240)

Podocarpus rusbyi (260)

Podocarpus affinis (281)

Podocarpus angustifolius (281)

Podocarpus rubens (293)

Podocarpus drouynianus (300)

Podocarpus decumbens (365)

Podocarpus salignus (385)

Podocarpus costalis (413)

Podocarpus oleifolius (450)

Podocarpus trinitensis (450)

Podocarpus madagascariensis (473)

Podocarpus  hispaniolensis (489)

Podocarpus purdieanus (550)

Podocarpus steyermarkii (570)

Podocarpus crassigemmis (578)

10 12 14 16 18 20 22 24 26864

Podocarpus lawrencii (18)

Podocarpus perrieri (20)

Podocarpus acutifolius (24)

Podocarpus gnidioides (25)

Podocarpus nivalis (30)

Podocarpus humbertii (33)

Podocarpus rostratus (34)

Podocarpus glaucus (68)

Podocarpus totara (79)

MAT/˚C

FIGURE 21. MAT ranges (0.02–0.98 percentile) of extant Podocarpus species according to GBIF data arranged
according to midpoints of estimated area (in brackets after species name. See text for method). 
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Podocarpus insularis (580)

Podocarpus sellowii (585)

Podocarpus polyspermus (595)

Podocarpus borneensis (604)

Podocarpus longifoliolatus (612)

Podocarpus atjehensis (630)

Podocarpus pallidus (640)

Podocarpus sylvestris (675)

Podocarpus polystachus (680)

Podocarpus brasiliensis (683)

Podocarpus globulus (690)

Podocarpus guatemalensis (700)

Podocarpus nakaii (700)

Podocarpus fasciculus (723)

Podocarpus confertus (765)

Podocarpus pendulifolius (765)

Podocarpus elatus (788)

Podocarpus henkelii (800)

Podocarpus milanjianus (803)

Podocarpus macrocarpus (840)

Podocarpus macrophyllus (850)

Podocarpus subtropicalis (850)

Podocarpus pseudobracteatus (945)

Podocarpus matudai (998)

Podocarpus ridleyi (1035)

Podocarpus salicifolius (1050)

Podocarpus magnifolius (1085)

Podocarpus lucienii (1113)

Podocarpus costaricensis (1120)

Podocarpus smithii (1120)

Podocarpus archboldii (1140)

Podocarpus bracteatus (1150)

Podocarpus celatus (1200)

Podocarpus spathoides (1200)

Podocarpus levis (1320)

Podocarpus rumphii (1438)

Podocarpus deflexus (1485)

Podocarpus teysmannii (1523)

Podocarpus micropedunculatus (1563)

Podocarpus salomoniensis (1663)

Podocarpus coriaceus (1778)

Podocarpus laubenfelsii (1820)

Podocarpus grayae (1898)

Podocarpus neriifolius (1950)

Podocarpus dispermus (3600)

Podocarpus ledermannii (3630)

10 12 14 16 18 20 22 24 26 28
MAT/˚C

4

FIGURE 22. MAT ranges (0.02–0.98 percentile) of extant Podocarpus species according to GBIF data arranged
according to midpoints of estimated area (in brackets after species name. See text for method.).
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Celtis

Darlingia

10 12 14 16 18 20 22 24 2686 28

Ilex

Nothofagus sg Brassospora

MAT/˚C

Noth. sg Lophozonia

Phyllocladus

Araucaria
Agathis

Largarostrobos

Ceratopetalum

Banksia integrefolia

Elaeocarpus

Quintinia
Randia

Tasmannia
Weinmannia

Sphenostemon

Macaranga/Mallotus

Cunoniaceae (tricolporate)

FIGURE 23. MAT ranges (0.02–0.98 percentile) of the taxa in Sluiter et al. (1995) based on GBIF records.

APPENDIX 11: REEVALUTION OF SLUITER ET AL. (1995)

The extensive GBIF database available today used in association with DIVA–GIS and its climate database allow a
reevalution of Sluiter et al. (1995). These authors arrived at a MAT of c. 18°C for the Miocene of the Australian Latrobe
Valley coal. The most important result is that the cooler end of some climate envelopes can be extended (Figure 23).
These include the genera Macaranga, Mallotus and Ilex. Tropical data also fill the apparent ‘gap’ pointed out by Sluiter
et al. (1995) between the climatic ranges of the Australian and New Zealand Agathis. Of interest is that although there
is now greater overlap between the cool Phyllocladus and Nothofagus sg. Lophozonia and the warmer taxa, they
remain cool outliers. This broadening of the climate envelopes focusses attention on genera or even species, whose
presence in the Latrobe fossil record has never been rigorously demonstrated, for example Banksia integrefolia and
Tasmannia. Essentially, the precision of Sluiter et al.,’s (1995) Latrobe Valley MAT estimate of 18°C can no longer be
maintained. 
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