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ABSTRACT

Spicer RA 2008. Frontiers in Palaeobotany: Plant fossils and their role in predicting future climate change.  The

Palaeobotanist 57(3): 415-427.

Palaeobotany has a long history of providing insights into past climates. As the issue of climate change becomes of

global concern it is essential that the predictive capabilities of numerical climate models become more precise, accurate

and robust with regard to how fundamental aspects of the Earth system might react to future atmospheric compositions,

vegetation and ocean dynamics. The only way of testing model capabilities for conditions that depart from those of the

present is to retrodict the past, particularly for times when greenhouse gas loadings were as they are now, and as they are

likely to be over the next few centuries. This means successfully modelling pre-Quaternary climates. For model validation

over land surfaces the most useful proxies in terms of quantification of a range of climate variables are fossil plants. The

characteristics of palaeobotanical climate proxies for “deep time” are reviewed and examined. Both nearest living relative

and physiognomic techniques are then applied to the Vilui Basin, Russia which represents an ancient (Late Cretaceous)

continental interior where models display an inability to replicate conditions revealed by the proxies, and exhibit an

inherent conservatism that is likely to underestimate the degree of future change experienced by such regions.

Key-words—Palaeobotanical climate proxies, NLR, Plant physiognomy, Climate modelling, Continental interiors,

Climate model uncertainty.

iqjkouLifrfoKku esa lhek,a % ikni thok'e rFkk Hkfo"; ds tyok;q ifjorZu iwokZuqeku esa budh Hkwfedk

jkcVZ ,- Likblj

lkjka’k

iqjkouLifrfoKku eas foxr tyok;qvkas esa varn`f"V iznku djus dk yack bfrgkl gSA tSls gh tyok;q ifjorZu dk oSf'od ljksdkj gks tkrk gS ;g t:jh
gS fd i`Foh ra= ds ewyHkwr igyw Hkfo"; ds okrkoj.kh; la?kVuksa] ouLifr o egklkxj xfrfoKku dSls izfrfØ;k dj ldrh gS dk lE;d /;ku j[krs gq,
lkaf[;dh; tyok;q ekWMy T;knk lqLi"V] 'kqn~/k ,oa larqfyr gks tkrs gSaA fLFkfr;ksa ds fy, ekWMy {kerkvksa dks ijhf{kr djus dk ,d gh rjhdk gS fd foxr
ds i'pkuqeku ls orZeku dk irk pyrk gS fo'ks"kr% ml le; tc ikS/kk/kj xSl Hkkj bruk Fkk ftruk fd vc gS rFkk vkxkeh dqN 'krkfCn;ksa esa blds c<+us
dh mEehn gSA bldk rkRi;Z gS lQyrkiwoZd prqFkZegkdYi&iwoZ tyok;q izfr#i.kA LFky i`"Bh;ksa ij izfr:i izekf.kdrk gsrq tyok;q dh Js.kh esa ifjorZu ds
lanHkZ esa lokZf/kd mi;ksxh izfri= vankts esa thok'e isM+&ikS/ks gSaA ̂ xgu le;* gsrq iqjkokuLifrd tyok;q ds y{k.k iqujhf{kr ,oa ijhf{kr fd, x, gSaA nksuksa
utnhdh thfor lkis{k ,oa :ikRed rduhdsa tks ml le; foyqbZ nzks.kh] :l esa vuqiz;qDr dh xbZ Fkha tks izkphu ¼vafre pkde;½ var% egkn~ohih; :ikf;r
djrh gSa tcfd izfrif=;ksa n~okjk mtkxj nksgjkbZ xb± fLFkfr;k¡ vleFkZrk n'kkZrh gSa rFkk varfuZfgr :f<+okn izn'kZ djrs gSa tks fd ,sls izns'kksa n~okjk vuqHko fd,
x, Hkfo"; ifjorZu dh ek=k dk vYikuqeku gks ldrk gSA

eq[; 'kCn & iqjkokuLifrd tyok;q izfrif=;k¡] ,u-,y-vkj-] ikni :ikRedfoKku] tyok;q izfr#i.k] var%egkn~ohih;] tyok;q vfuf'prrkA
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INTRODUCTION

WHILE at Cambridge in 1892 Albert Charles Seward

submitted an essay for the Sedgewick Prize entitled

“Fossil Plants as Tests of Climate”. This of course was at a

time long before the reality of current global climate warming

had become a concern and global mean surface temperatures

(GMSTs) were 0.2 °C ± 0.1 °C below the 1951-1980 mean (GISS/

NASA, 2005) (Fig. 1). However, the anthropogenic causes and

processes underlying the present warming were already

embedded in the Earth system and, apart from a brief interval

around 1910, the GMST has been higher ever since.

Palaeobotanists are a group of scientists who have known,

perhaps longer than any other, that the climate of the Earth is

never constant. The earliest recorded instance of fossil plants

being used to determine past climate is that of Shen Kuo who

in 1086 used what he thought was fossil bamboo to speculate

on the ancient climate of China (Deng, 1976).

 Unfortunately Shen Kuo misidentified the specimen, it

was a fossil sphenophyte, but the principle of using plant

fossils as palaeoclimatic indicators has been shown

subsequently to be sound. Seward’s essay and numerous

palaeobotanical papers subsequent to it have sought to

improve and quantify palaeobotanical tools for charting the

patterns of climate change throughout the time that green

plants have occupied the land.

From Shen Kuo’s first faltering steps palaeobotanists

have been at the forefront of charting climate change,

exploiting the fact that plants are spatially fixed entities that

process the atmosphere, and therefore have to possess

adaptations to their local environment that allow them to

function efficiently and out-compete other plants. Competition

between individuals, coupled with selection, ensures that plant

form reflects the climate and edaphic conditions in which they

grow. This reflection occurs either at the level of individual

plant parts (e.g. leaves and wood) or as characteristics that

morphologically define species. This encoding of climatic

information in plant form ensures that plant fossils provide an

invaluable means of determining not only the patterns and

rates of past climate change and vegetation responses to it

but, coupled with modelling techniques, also inform future

climate change.

Climate change is a natural part of Earth system processes.

This is demonstrable from the geological record and what we

know about variations in the Earth’s orbit and changes in

solar energy flux over time.  What is different now is that the

present change is recognised by almost all climate scientists,

and many political leaders, as being uniquely attributable to

the activities of a single species – Homo sapiens (IPCC 4th

Assessment, 2007).  Moreover, the primary cause of that

change, a sustained rise in greenhouse gases in the atmosphere

over the last 300 years, is unprecedented in Earth history as

far as we can tell. In pre-industrial times at around 1750 the

atmospheric level of CO
2
 was 280 ppmv. Now it is 380 ppmv.

Taken together with other greenhouse gases recognised by

the Kyoto Protocol (CO
2
, methane, nitrous oxide, PFCs, HFCs

and SF6) the greenhouse gas CO
2
 equivalent is 430 ppmv.

This is rising at a rate of 2.3 ppmv per year (Stern, 2007) and we

Fig. 1—Summary global mean surface temperature observations between 1880 and 2005 relative to the 1951-1980 mean. Error bars are estimated

2σ (95% confidence) uncertainty (GISS/NASA, 2005).
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will soon have atmospheric greenhouse gas loadings higher

than anything seen in the last million years. We are heading

for an environment more similar to that of the Mesozoic than

the Quaternary. Never before has palaeobotany’s unique

insight into quantifying past greenhouse climates over land

surfaces, and illuminating the workings of the carbon cycle on

short and long timescales, been so relevant to society.

PLANT  FOSSIL  CLIMATE  PROXIES

Scepticism regarding the validity of global compilations

of direct observations and proxy data to obtain the GMST, in

particular that comprising what has become known as the

“hockey stick” graph (Mann et al., 1998), led the US Congress

to commission a report from the National Research Council to

examine the uncertainties inherent in such compilations for

the last 2000 years. The committee reported in 2006 (National

Research Council, 2006) and concluded that while overall it

agreed with the findings and use of proxies (tree rings, corals,

ocean and lake sediments, cave deposits, ice cores, boreholes,

glaciers, and documentary evidence) back to around 900 AD,

it also stated “very little confidence can be assigned to

statements concerning the hemispheric mean or global mean

surface temperature prior to about A.D. 900 because of sparse

data coverage and because the uncertainties associated with

proxy data and the methods used to analyze and combine

them are larger than during more recent time periods.” However,

it went on to state “…the committee finds that efforts to

reconstruct temperature histories for broad geographic regions

using multiproxy methods are an important contribution to

climate research and that these large-scale surface temperature

reconstructions contain meaningful climatic signals.” As

atmospheric concentrations of greenhouse gases rise to those

last seen further and further back in time, the relevance of data

more recent than 1 Ka becomes more and more limited. In fact

rising greenhouse gas concentrations now demand that proxies

applicable to “deep time” (> 1Ma), being more relevant than

ever, are made more precise, accurate and robust. The study

of palaeobotany has demonstrated that plant fossils are key

proxies for past climate over land and therefore, because of

the importance of climate change to us all, has a relevance to

society never before seen in the history of the subject.

Plant palaeoclimate proxies may be divided into two types:

1. Those based on environmental tolerances of assumed

living relatives (nearest living relative approach, and

2. Those that are based on aspects of plant architecture

constrained by environmental conditions (physiognomic

approaches).

Each has specific advantages and disadvantages that

will now be reviewed in turn.

Nearest Living Relative Techniques

Nearest living relative techniques (NLR) have had the

longest use in palaeobotany and the principle is the same as

that employed by Shen Kuo (Deng, 1976). Unfortunately this

early application of the method fell foul of the technique’s

greatest source of potential error, i.e. misidentification, in that

it identified the extinct sphenophyte Neocalamites to bamboo.

NLR techniques can be applied to all plant organs assignable

to modern taxa (including non-angiosperms), but are most

useful for those plant organs lacking known morphological

adaptations to the physical environment (e.g. seeds and

pollen). Of these pollen is by far the most abundant and

widespread and so is particularly useful as a palaeoclimate

proxy. However, all NLR techniques are restricted to timescales

where evolutionary change at the species level is unlikely. In

most cases this means <1-5Ma.

The underlying assumption of NLR techniques that there

has been little change in environmental tolerance within a

lineage over time, is hardly likely to be true for older material.

Errors due to evolutionary change may be minimized, however,

by using large numbers of taxa. In these cases those taxa that

exhibit environmental tolerances seemingly inconsistent with

those of the majority may be excluded. Where there is

consistency and the environmental tolerances show the

greatest overlap, there is likely to be most confidence in the

environmental relationship. This is the basis of Co-existence

Analysis (CoA) of Mosbrugger and Utescher, (1997), the

European Leaf Physiognomic Approach (ELPA) (Traiser, 2004;

Traiser et al., 2005) and Overlapping Distribution Analysis

(ODA) (Yang et al., 2007). All NLR techniques rely on correct

identification of the nearest living relative, ideally to the species

level, and for calibration it is assumed that the nearest living

relative occupies the entire geographic area over which the

climate to which it is adapted is experienced. This complete

range occupancy may not, of course, occur leading to potential

errors in palaeoclimate determination. The exact point in time

where NLR methodology becomes inappropriate is difficult to

define and will be dependant on biogeographic history. This

lack of certainty over when NLR techniques become unreliable,

and the undoubted increasingly large (but unquantifiable)

errors further back in time the NLR is applied, presents

problems.

Physiognomic Techniques

The temporal limits on the applicability of NLR techniques

do not exist with physiognomic techniques. Climatic signals

are encoded in plant architecture as a developmental and

growth response to the environment, honed by selection

favouring a maximization of functional efficiency. No single

architectural feature of a leaf, or whole plant, determines

adaptive success (Lande & Arnold, 1983), no single feature

can be expected to correlate with a single climatic variable,

and numerous interacting traits influence fitness (Ackerly et

al., 2000). Because physiognomic adaptations are grounded

in the time-stable physical laws governing, for example, fluid

flow in vascular systems, diffusion processes through stomata,

radiation absorbtion and emission from leaves, boundary layer
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processes over plant surfaces and structural mechanics, they

remain uniform through time. The degree to which individual

plant organs reflect climate does depend on biogeographic

history of the lineage to which they belong, but as with CoA

and ODA the most reliable results are obtained by examining

the physiognomy of populations of plant fossils.

Physiognomic environmental adaptation is achieved

within the context of the capabilities imparted by the genome

and is the product of long-term natural selection. Non-adapted

physiognomies fail to survive and over time there is a degree

of convergence largely independent of taxonomy. Of course

in reality environmental conditions are always in a state of

flux, as is inter-plant competition. Adaptation is a dynamic

process. Because of this, congruence between any aspect of

physiognomy and an inherently dynamic environment can

never be perfect. However, uncertainties are minimized by

examining signals across a number of plant characteristics

within populations of taxa.

Wood anatomy—Wood in trunks and branches serves

two primary functions; fluid conduction and mechanical

support. Unsurprisingly, these functions are reflected in wood

structure with spring (early) wood cells having large cross

sectional area and thin walls that facilitate fluid conductance

during leaf expansion and spring growth, but offer limited

mechanical strength. By way of contrast, autumnal (late) wood

cells have small cross sectional areas produced when demand

for fluids conduction is low, but thickened cell walls provide

strength. Variations in such cell characteristics as a tree grows

provide an almost daily record of conditions throughout the

period of growth and are the basis of tree ring studies. Strongly

developed rings mark the degree of seasonality, but so called

false rings formed within the growing season record temporary

variations in growth conditions. For deep time studies these

are difficult to calibrate in terms of a single climate parameter,

such as temperature, because cell growth is a response to a

number of environmental variables including drought,

waterlogging of the root system, temperatures outside the

optimum for that species and even insect attack (e.g. Fritts,

1976).

Stomatal analysis—Stomatal index (SI; the number of

stomata divided by the sum of the numbers of stomatal and

epidermal cells) and stomatal density (SD; the number of

stomata per unit leaf area) are often used as proxy indicators

of past atmospheric CO
2
 concentrations (e.g. Woodward, 1987;

Van Der Burgh et al., 1993; Royer, 2001). However,

environmental factors other than CO
2
 such as irradiance and

wind stress (Whitehead, 1965; Whitehead & Luti, 1962) are

known to affect stomatal number, size and distribution. The

observed SI and SD will depend upon several environmental

constraints each related to stomatal function – the

concentrations of CO
2  
in the atmosphere, the diffusion gradient

through the stoma of CO
2
 and water vapour as a function of

stomatal architecture, wind speed and photosynthetic activity,

and the genome.  Stomatal characteristics are highly species

dependant (Garbutt et al., 1990), a fact recognized when using

stomatal characteristics in palaeoaltimetry (McElwain, 2004),

and some taxa are not CO
2
 sensitive at all (Reid et al., 2003;

Raven & Ramsden, 1989). This strong variation between

species in terms of reliably reflecting atmospheric CO
2

concentrations raises serious concerns as to appropriate

calibrations for deep timed studies using extinct taxa. Those

plants that do demonstrate an inverse relationship between

pCO
2
 and SD or SI (mostly woody C

3
 taxa) do so in the context

of other atmospheric properties that may or may not be related

to CO
2
 concentrations. These properties include diffusion

gradients as a function of photosynthetic activity (which in

turn is temperature dependant) and, in the case of plants at

high altitudes, changes in atmospheric pressure (Gale, 1972a,

b; Smith & Geller, 1979; Smith & Knapp, 1990; Terashima et al.,

1995; Johnson et al., 2005). As with wood, stomatal

characteristics cannot be related to a single environmental

parameter such as pCO
2,
 but represent a compromise solution

to maximising efficiency in the face of often-antithetic

constraints. The strong species dependency of stomatal

response to pCO
2
 imposes limits on the applicability of the

technique to deep time studies, although this has not

prevented some useful work being carried out using long lived

taxa such as Ginkgo (Beerling & Royer, 2002; Retallack, 2001)

and even by the use of so called “nearest living equivalents”

(McElwain, 1998) – plants that have no genetic relationship

but only have architectural similarity.

Foliar physiognomic techniques—There are two foliar

physiognomic techniques in common usage. The first of these

is simple Leaf Margin Analysis (LMA) first introduced by

Bailey and Sinnott (1915; 1916) and more recently revisited by

Wolfe (1979), Wing and Greenwood (1993) and Wilf (1997).

LMA relies on the correlation that exists between the

proportion of toothed versus non-toothed (entire) woody dicot

leaves in a given patch of stable (non-pioneer) vegetation and

the mean annual temperature (MAT). In humid to mesic

vegetation the relationship is essentially a straight line, the

slope and intercept of which differs between the northern and

southern hemispheres.

MAT errors can be calculated by Wilf’s (1997) sample

error equation:

δ

where c = 30.6 and is the slope of the MAT vs. leaf margin

regression, r is the total species number, and p (0<p<1) is the

fraction of r species that have entire margins (Wilf, 1997). In

sub-humid and arid environments the relationship is

complicated by small leaf size leading to tooth loss and margin

adaptations to deter browsing. In sub-humid and arid settings
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LMA is unreliable but other aspects of leaf physiognomy can

indicate palaeoprecipitation (Wilf et al., 1998, 1999)

The relationship between margin form and temperature

has no simple explanation. It is likely to relate to the generation

of turbulence and thinning of the boundary layer, gas

exchange, water relations, transpiration and photosynthesis,

particularly early in the growing season (e.g. Mauseth, 1988;

Schuepp, 1993; Royer & Wilf, 2006). More than one factor is

likely to influence the adaptive morphology of any leaf

architectural characteristic (Spicer et al., 2005), so correlating

margin form with just MAT is over simplistic. However, the

advantage of LMA is that it is straight forward to compute.

The disadvantage is that it only returns one climate variable:

the mean annual temperature (MAT). More advanced

multivariate physiognomic analyses return far more information

on past climate.

CLAMP—An evolutionary development of LMA

introduced by Wolfe (1993) is the so-called Climate-Leaf

Analysis Multivariate Program (CLAMP). As its name

suggests CLAMP extends LMA beyond its underlying

simplistic assumption that a single leaf character (in this case

the geometry of the leaf margin) is correlated with a single

climate variable (the MAT). CLAMP is the most

comprehensive foliar physiognomic technique currently

available, and with the present calibration datasets

(PHYSG3AR and PHYSG3BR) it is capable of yielding values

for up to thirteen palaeoclimate variables, although eleven are

most commonly returned (see the CLAMP website cited in the

references for details).

Inevitably the multivariate nature of the technique means

that the computational simplicity of univariate methods such

as LMA is lost, but this cost is more than outweighed by the

precision obtained across an array of temperature related

parameters. Moreover, the use of a multiplicity of leaf characters

ordinated in the context of a multiplicity of climate parameters,

more properly reflects the complex interplay between both

foliar characters and climate parameters and the nexus of

correlations that exist between them all. For example the

distribution of leaf characters in multidimensional space can

be directly mapped on to the distribution of calibration sites

and climate vectors, and the degree to which vectors are co-

aligned reflects the degree of correlation between climate

parameters as recorded by foliar physiognomy. These

parameters include the length of the growing season and

enthalpy (a property of the atmosphere useful in determining

palaeoaltitudes; Forest et al., 1995; Wolfe et al., 1998; Spicer

et al., 2003). The CLAMP technique is founded on the

assumption that physiognomy is determined by the physical

laws related to fluid flow, diffusion, and irradiance/heat balance,

and that consequently constraints over plant architecture are

largely invariant over time. Like LMA, CLAMP is only

calibrated for woody dicots. For any given situation there will

be an optimum leaf architecture that satisfies the prevailing

constructional and environmental constraints whilst returning

maximum efficiency, particularly with respect to photosynthetic

productivity.

In CLAMP, 31 foliar physiognomic character states are

used including aspects of lobing, margin geometry, apex and

base shape, lamina size and shape. At each modern vegetation

stand used to calibrate CLAMP the full morphological range

of leaves of at least 20 taxa of woody dicots, including shrubs

and lianas, are numerically scored for the 31 character states

using defined protocols. This data array is analysed together

with a similar one composed of climate parameters observed

at each calibration stand site. Where possible thirty-year (or

greater) climate averages are used recorded within 1 km of,

and at the same altitude as, the stand site. Typically eleven

climate variables (MAT; warm month mean temperature,

WMMT; cold month mean temperature, CMMT; length of the

growing season, LGS; mean growing season precipitation,

MGSP; mean monthly growing season precipitation, MMGSP;

precipitation during the three wettest months, 3-WET;

precipitation during the three driest months, 3-DRY; specific

humidity, SH; relative humidity, RH; and Enthalpy) are

correlated with the foliar physiognomic data. This is done

using canonical correspondence analysis (ter Braak, 1986) in

the form of CANOCO v. 4 (see the CLAMP website for details).

This particular multivariate statistical engine is used because

it is robust to incomplete data (important when dealing with

fossil material where some character states may be missing),

makes no assumptions about the Gaussian distribution of

variables, and does not assume that the variables, either foliar

or climatic, are independent of one another (which they

obviously are not).

Fossil leaves are scored for the same 31 foliar character

states as for those living leaf forms making up the calibration

data sets. Like the modern leaves the full morphological range

of foliar form within a morphotype (fossil species) should be

scored. The fossil data, lacking any accompanying climate

data, are introduced into the analysis and behave as passive

samples, i.e. their inclusion does not change the structure of

the multidimensional physiognomic space defined by the

modern calibration samples. The relationship between modern

leaf physiognomy and modern climate data determines the

positions of vectors (one for each climate variable) running

through physiognomic space. These vectors are calibrated

from the observed climate.

The position of the fossil assemblage in physiognomic

space is determined only by the aggregate score of its foliar

characteristics and, when projected normally on to the

calibrated vector, yields the palaeoclimate prediction. In

practice 2nd order polynomial regressions are plotted between

the climate vector score (as defined by co-ordinates in the

first (greatest) four axes of variation), and the matching

observed climate variable. The standard deviation of the
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residuals about this line is used as a measure of the uncertainty

of the climate estimates.

The calibration data sets currently in use comprise either

173 sites from predominantly North America and Japan and

include sites where some significant cold is experienced (data

set PHYSG3AR), or 144 sites derived from within this dataset

where cold sites are excluded (PHYSG3BR). As such these

data sets are not relevant to tropical vegetation or sites in the

southern hemisphere. Exceptions to this are cited in Kennedy

et al., (2002).

Because CLAMP is designed to yield quantitative climate

information from the leaves of woody dicots its use in deep

time is restricted to deposits younger than around 100 Ma.

This is when angiosperms first become ecologically significant,

at least in environments likely to be represented in the fossil

record, and there is a realistic chance of assemblages containing

the minimum of 20 morphotypes necessary to obtain climatic

estimates with small uncertainties (e.g. MAT uncertainties less

than ± 2°C (2σ)). This does not mean, however, that non-

angiosperms do not carry a climatic signal.

Climate Signals from non-Angiosperm Foliar

Physiognomy—Compilations of Jurassic and Early Cretaceous

taxon lists, initially from China and Russia (Spicer et al., 1994)

and more recently globally (Rees et al., 2000), reveal

distribution patterns that show beyond doubt that non-

angiosperm plant physiognomies reflect climate. When conifer,

fern, sphenophyte, cycadophyte, pteridosperm and

ginkgophyte genera are ordinated using multivariate analysis

structure or groupings emerge that reflect their foliar

physiognomies. They may be grouped based on

morphological categories or “morphocats” such as

microphyllous or megaphyllous forms and they display

distribution patterns that reflect both latitude gradients and

the distributions of climatically sensitive sediments such as

coals, sand seas, evaporates etc.. This allowed Rees et al.,

(2000) to recognise five main biomes in the Jurassic: seasonally

dry (summerwet or subtropical), desert, seasonally dry

(winterwet), warm temperate and cool temperate. Tropical

everwet vegetation was, if present at all, highly restricted. The

boundaries of these biomes remained at near-constant

palaeolatitudes while the continents moved through them

(south, in the case of Asia, and north, in the case of North

America) demonstrating that no significant broad scale

patterns of climate change occurred throughout the Jurassic.

That is not to say that change did not take place at all or

that plants were insensitive to such change. In the mudrocks

of the Yorkshire coast, northeast England, three regularly

spaced negative carbon isotopic excursions each of -2 to -3

per mil in the early Toarcian  (approximately 183 Ma) are

interpreted to have been the result of astronomically forced

climate changes that triggered three rapid clathrate dissociation

(Kemp et al., 2005). The methane released, and the subsequent

oxidation product CO
2
, was sufficient to cause global warming

pulses of between 8 - 10 °C each lasting around a few 100 Ka

before the CO
2
 was absorbed by natural systems, mostly

photosynthetic organisms. Such short-term warmings are

reflected in the plant fossil record in central Siberia, (Ilyina,

1985; Vachrameev, 1991), Denmark (Wade-Murphy et al., 2006)

and China (Yang et al., 2006) demonstrating the sensitivity of

plant fossils for detecting short-term as well as long-term

climate change even before the advent of the flowering plants

and their well calibrated foliar physiognomy. Of particular note

here is that in all cases it was the apparently anomalous

occurrence of remains of the extinct Mesozoic thermophillic

conifer family, the Cheirolepidiaceae, which records the

warming.

Some members of the Cheirolepidiaceae such as

Frenelopsis and Pseudofrenelopsis display remarkable

physiognomic adaptations to drought (i.e. they have well

developed xeromorphic characters) with guard cells deeply

sunken in a pit overarched by papillae that conceivably might

have sealed the stomatal pit when in a flaccid state. At the

very least the guard cells would have been bathed in air with

a higher water-vapour content than in the free atmosphere. As

well as having thick cuticles and highly reduced adpressed

leaves, Frenelopsis and Pseudofrenelopsis had small hairs

fringing their leaf margins and thin cuticles between the leaf

and stem. This may have been an adaptation that nucleated

water from the atmosphere and when droplets had formed on

the hairs water ran down between the leaf and stem and could

be absorbed (Spicer, 1989). Such well developed xeromorphic

adaptations offer strong and unmistakeable climate signals,

but as global compilations show (Rees et al., 2000) other plants

inhabiting the pre-angiosperm world had just as specific

climatic tolerances but are harder to decode in terms of climate.

More detailed analysis, coupled with greater precision in dating

and isotopic studies, offer considerable scope for

understanding short-term climate variations in greenhouse

worlds.

DATA/MODEL  COMPARISONS

Rees et al. (2000) in their Jurassic study noted that in

general there was good agreement between the results of

general circulation (climate) models (GCMs) and the climate

determined from biome/sediment distributions. The match was

not perfect, however, with major discrepancies ocurring at high

latitudes where the models predicted cold temperate

conditions far beyond the tolerance limits indicated by the

plants. Such a data/model mismatch is not confined to the

Jurassic. Whenever models have been used to simulate past

greenhouse climates they have failed to reproduce the climate

characteristics suggested by the geological data in two key

areas: at high latitudes and in continental interiors. So

pronounced is this failure that it has become known as the

“continental interior paradox (Valdes, 2000). This tendency of
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the models to fail in these areas is particularly worrying

because it is precisely in these areas that the greatest rate of

observable change is taking place today. Here I will focus on

the issue of continental interiors.

Future changes in the climates of continental interiors

are of particular interest because these will significantly impact,

for example, agricultural productivity. To help understand how

well the models reproduce past climate in these regions detailed

quantitative comparisons are required between geological data

and model simulations. The Late Cretaceous was a time of

pronounced greenhouse warmth and yet the availability of

woody dicot leaves also offers the potential for quantitative

climate data over land using CLAMP. The largest Late

Cretaceous land mass not flooded by epicontinental seaways

was in northeastern Asia, and in the area today known as the

Vilui Basin (Fig. 2) abundant sediments bearing well preserved

plant fossils offer a detailed insight into the Cretaceous

vegetation and climate of the region.

The Timerdyakh Formation pollen and spore content

reveals a high floral diversity with ferns and angiosperms being

most strongly represented. Of over 170 taxa, 61 are spores (at

least 33 represent ferns), 14 are gymnosperm pollen, 10 are

monocot pollen (including two probable palm species), and

approximately 90 are dicot pollen. Not more than 10% of the

assemblage shows evidence of reworking from pre middle

Cretaceous rocks and forms such as Azonia calvata

(Samoilovitch) Wiggins suggest some samples are of latest

Campanian /earliest Maastrichtian age. Both Aquilapollenites

forms and representatives of the Normapolles group are

present.  The remarkable diversity of palynomorphs, together

with presence of thermophilic taxa representing the

Mastixiaceae, Araliaceae, Arecaceae and Cercidiphyllaceae,

indicates warm and humid atmospheric conditions throughout

the period of deposition of the Timerdyakh Formation (latest

Albian to Maastrichtian). This is consistent with the climatic

conditions suggested by clay mineralogy.

CLAMP analysis of leaves from clay partings in the lower

part of the Timerdyakh Formation (77 well preserved specimens

representing 25 morphotypes and all assigned to a Cenomanian

age) placed them within the physiognomic space occupied by

modern temperate vegetation, unlike test samples from the

modern Vilui Basin vegetation that plot in isolation (Fig. 3).

This shows that modern foliar physiognomic adaptations to

today’s extreme annual temperature range are not possessed

by the Cretaceous fossils. The CLAMP analysis yielded a

mean annual temperature (MAT) of 13.1 ± 3.5 °C (2σ), a warm

month mean (WMMT) of  21.1 ± 3.6 °C, and a cold month

mean temperature (CMMT) of 5.8 ± 5.1 °C. These CLAMP

data suggest at least parts of the Cretaceous continental interior

of Asia was remarkably equable with winter temperatures well

above freezing for all but the coldest days, and a warm summer.

This is in marked contrast with the wide annual temperature

ranges seen in continental interiors today (Spicer et al., 2004),

and with the results from variously configured climate models.

(DeConto et al., 2000; Sloan et al., 2001).

Results from numerous different Cretaceous simulations,

using different boundary conditions such as palaeogeography,

vegetation cover, atmospheric composition and using a variety

of sea surface temperatures (SSTs), all yield temperature values

substantially different from those derived from CLAMP and

qualitative estimates from palynological analysis or clay

mineralogy (Fig. 4). Although the uncertainty in both CLAMP

and GCM model results are large, the extent of the mismatch

greatly exceeds the errors in the methods. This test is clearly

showing that currently configured models do not reproduce

the Cretaceous Asian continental interior greenhouse climate

as currently interpreted from a variety of congruent geological

and biological data. This model-data mismatch is also seen in

models of the Eocene (Sloan & Barron, 1990; DeConto et al.,

2000; Sloan et al., 2001; Sloan & Barron, 1992) and the Jurassic

(Rees et al., 2000) and suggests that model-data discrepancies

Fig. 2—Map of the Vilui Basin, Russia.

Early Cretaceous sediments exposed in the peripheral

parts of the basin encompass stream channel sandstones

interbedded with floodplain fines, autochthonous coals and

stacked paleosols. Middle to Late Cretaceous successions of

the Timerdyakh Formation in the center of the Vilui Basin,

show strong reworking of floodplain deposits. River channel

deposits contain abundant mud and peat balls, slumped fossil

tree bases, drift wood and log jams. Rare immature paleosols

with leaf mats, rooting, destratification and slickensides

represent sites where ancient vegetation grew. Analyses with

respect to clay mineralogy in Early Cretaceous mudstones

and detrital mud balls show subequal kaolinite and smectite

contents, while in the middle to Late Cretaceous (the

Timerdyakh and overlying Linde formations) kaolinite

dominates, sometimes together with illite, but without any

notable smectite content. This suggests increasingly humid

weathering conditions from the middle Cretaceous and onwards

(Sellwood & Price, 1994).
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cannot be simply explained by incorrect boundary conditions.

Assuming the congruence of both geological and biological

proxies reflects reality, the model predictions may be a result

of other incorrectly specified boundary conditions, or intrinsic

inadequacies of the models (e.g. inappropriate parameterisation

of sub-grid scale processes such as clouds).

In regard to assessing the extent to which our

interpretation of the proxies might be in error, CLAMP-derived

climate estimates from coastal regions match climate model

simulations well (Herman & Spicer, 1997), and suggests that

calibration of the terrestrial climate proxies is comparable with

those from the marine realm (particularly oxygen isotope data)

Fig. 3—Axis 1/Axis 3 CLAMP analysis of the PHYSG3AR data set (open circles) with modern Siberian samples (solid circles) added as passive

samples. The position of the Late Cretaceous Vilui Basin fossil leaf assemblage is shown as a solid square and plots away from the modern

indicated a foliar physiognomy quite distinct from that seen today in Siberia and more similar that displayed by warm to cool temperate

vegetation. (Modified from Spicer et al., 2004).
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employed to inform model ocean temperatures (Kennedy et

al.,  2002). Moreover, when CLAMP analysis is used to estimate

palaeoaltitude (Spicer et al.,  2003) the results are identical

(within uncertainty bounds) to estimates derived from oxygen

isotopes (Currie et al., 2005).

One possible source of error in CLAMP applications in

deep time is that in some way leaf physiognomy might be

susceptible to changes in pCO
2
 levels. This is not an

unreasonable assertion given that pCO2 affects stomatal

characteristics and water relations. However, the agreement

of CLAMP derived MAT and enthalpy determinations with

those obtained by oxygen isotope analysis argues that if there

is an effect it is small compared to inherent uncertainties as a

function of the statistical analysis, taphonomy and the quality

and appropriateness of the calibration/training data sets.

Moreover experimental data points to CLAMP being immune

to CO
2
 effects (Gregory, 1996).

The systematic mismatch between the models and the

data, in which the models appear to impose a modern thermal

regime (i.e. a large mean annual range and a low mean annual

temperature) on greenhouse climate continental interiors, may

mean that models could underestimate the magnitude of future

climate change in such regions. It is clearly important that we

determine why the model-data mismatch exists.

Defining the boundary conditions for models for “deep

time” simulations is not straightforward. Describing the land/

sea distributions, ocean bathymetry and topography, is

actually one of the easier aspects of the past to determine.

Less certain and potentially more important is the composition

of the atmosphere, particularly the concentration of CO
2
.

Fig. 5 illustrates the best estimates we have of past CO
2

concentrations both from the point of view of proxies and

modelling (Berner, 1991, 1998, 1999, 2006; Berner & Kothavala,

2001; Petsch & Berner, 1998). Even this combined approach

yields little precision. For example CO
2
 levels for the

Cenomanian based on palaeosol proxies range between that

of the present to 12 x present. The GEOCARB model yields

values of 2 x present to 6 x present. One element in obtaining

these values is an estimate of weathering which in turn is a

function of palaeovegetation type; something that requires

detailed but comprehensive palaeobotanical research.

INTEGRATING  THE  PAST  AND  THE  FUTURE

Despite their limited spatial distribution for any given

time slice, palaeobotanical proxies clearly play an important

role in helping define past environmental conditions for

comparison with model simulations, and in the case of stomatal

measurements may help inform our understanding of ancient

atmospheric conditions. However, with deep time boundary

conditions poorly defined, modelling the past successfully

can be problematic. In these situations, to determine whether

models are capable of simulating reliably greenhouse climates

that are significantly different to those of the present, requires

numerous model runs, each with slightly different

configurations of boundary conditions. Each run can then be

examined to see which particular boundary condition

configurations yield results that best match the proxy data.

Model success, however, is not simply a function of

correctly defining boundary conditions. Inability to reproduce

reality may be the result of errors intrinsic to the model itself.

A widely recognised source of intrinsic model error is

inappropriate sub grid-scale parameterisation schemes. When

predicting the future or retrodicting the past, numerous Earth

system processes such as weathering, ice dynamics or even

growth of vegetation, operate over timescales measured in

centuries or millennia and to integrate over such intervals

coarse spatial grids and simplifications (parameterisations) are

Fig. 4—Summary of differences between CLAMP-derived palaeotemperatures for the continental interior Late Cretaceous Vilui Basin, Russia, and

model predictions for the same location. All uncertainties are ± 2 standard deviations about mean values.

 MAT (°C) WMMT (°C) CMMT (°C) 

CLAMP ± uncertainty (2σ) 13.1 ± 3.5 21.1 ± 3.6 5.8 ± 5.1 

    

Models:    

Maastrichtian (n = 41 ) 1.41 ± 6.88 29.55 ± 9.58 -24.21 ± 9.76 

Turonian (n = 16 ) 1.81 ± 6.06 28.92 ± 7.94 -22.76 ± 8.64 

Cenomanian (n = 4) -1.98 ± 3.66 25.57 ± 2.96 -24.75 ± 5.74 

 

Fig. 5—Summary plot of model-derived CO
2
 concentrations for the Phanerozoic and CO

2
 values estimated from a variety of proxies. For past

greenhouse climates such as those of the Mesozoic there are large uncertainties in both model and proxy estimates. Modified from Skelton

(2003), after Crowley &  Berner (2001).
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Fig. 5
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necessary to facilitate computation. Even for the present day

integrations, model decades are required for spin up and to

average weather processes into climate.

However, this does introduce parameterisations that go

beyond those used for the present. Exploring parameter space

in models configured to simulate present or near future

conditions is an important and ongoing process involving

small numbers of model versions (McAvaney et al., 2001) to

grand ensembles e.g. climateprediction.net (Stainforth et al.,

2005), but to date comprehensive explorations of parameter

space for models attempting to reproduce past greenhouse

conditions have not been undertaken.

FUTURE   DEVELOPMENTS

At the present time reasons for the model/data mismatch

remain unclear. It is possible that there may be a systematic

error in the palaeobotanical proxies although the congruence

displayed with non-biological proxies such as oxygen isotopes

and clay mineralogy suggests this if such an error esists, it is

likely to be small. Nevertheless, palaeobotanical proxies do

need to be improved. CLAMP and those methods based on

the Co-existance Approach are all susceptible to

biogeographic history effects, and in all cases the calibration

data sets that underpin them need to be enhanced so that

area-specific sets can be applied to obtain the highest precision

and accuracy. Particular attention needs to be paid to tropical

and sub-tropical climates and all climate/vegetation zones in

the Southern hemisphere. Sometimes CLAMP appears to yield

cooler results than CoA-based approaches (Uhl et al., 2003,

2006, 2007) due, possibly, to the fact that leaf physiognomy

reflects the local microclimate rather than the regional average

(Burnham et al., 2001; Kowalski & Dilcher 2003). Undoubtedly

this regional climate signal is better reflected by the species

composition of regional vegetation at the heart of the CoA.

family of techniques. Clearly taphonomic factors affecting the

fossil assemblage composition need to be understood when

undertaking a palaeoclimate analysis whatever method is

applied. If CLAMP does routinely underestimate regional

temperatures  then the correlation of CLAMP-derived MATs

and enthalpy values with oxygen isotope data is an interesting

one that demands further investigation.

As CLAMP calibration/training sets become more

comprehensive so the structure of physiognomic space

becomes more complex rendering climate variable derivations

from straight line vectors more problematic.  With the current

training sets it is obvious that no vectors pass through large

areas of physiognmic space suggesting that commonly used

climate measurements do not exlain all aspects of foliar

architecture. Edaphic factors are also likely to influence leaf

form but this has yet to be explored.

As the structure of physiognomic space becomes more

complex it seems appropriate to move away from the use of

linear vectors and return to the nearest neighbour approach

pioneered by Stranks and England (1997). Here sites would

still be plotted in multidimensional physiognomic space but

instead of using CANOCO to define that structure

correspondence analysis would be used (Hill, 1973, 1979) and

a weighted mean of the observed environmental factors

associated with the n nearest calibration sites to a fossil sample

would be used to derive palaeoclimate information. There are

several weighting schemes that could be used and the number

of nearest neighbours might vary depending on the density

of samples or the proximity to the margins of physiognomic

space. Again this is an area of research that remains to be

explored.

Tackling the issue of model uncertainty is more

problematic in that there are an extremely large number of

parameterisations and boundary conditions to examine. The

use of public participation and grid computing sensu

climateprediction.net (Stainforth et al., 2005) using “grand

ensembles” is the only realistic way of exploring both parameter

and boundary condition space when there are so many

unknowns, particularly as regards atmospheric composition.

Stomatal analysis could prove useful in constraining pCO
2

but issues such as wind effects, how leaves detect free air

pCO
2
 when exposed to high soil respiration pCO

2
 in shady

and humid sub-canopy space, and calibrating the sensitivity

of extinct species need to be resolved first.

Clearly palaeobotany has much to offer to the climate

change community, and society in general, over an above its

traditional contributions to biostratigraphy,  plant phylogeny,

and the chemistry/composition of fossil fuels. Unfortunately,

large parts of the climate change research community,

politicians, the media and the public at large remain unaware

of the importance of global vegetation present or past.

Nevertheless, if his precient essay on the relationship between

fossil plants and climate is anything to go by Professor Seward

would be fascinated and enthusiastic about the role

palaeobotany has to play in determing the future of our world.
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