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ABSTRACT. All methods and approaches used for the reconstruction of palaeoenvironmental and palaeoclimatic
information have inherent shortcomings, limitations, and problems. Consequently there is no optimal, universally applicable and absolutely reliable technique for deriving these from fossil plants. Recent data on the preservation and taphonomic history of fossil plant remains (i.e., permineralized wood and charcoal), the anatomy
and morphology of fossil leaves (i.e., cuticular adaptations and leaf physiognomy), as well as the interpretation
of Nearest Living Relatives (NLR) are summarised. Although there is undoubtedly information loss through
taphonomy, and taphonomical biases must be taken into account, especially when using quantitative methods,
the analysis of taphonomic processes also may be used to obtain informations about the palaeoenvironment,
whereas preservational modes may allow for the reconstruction of different and, sometimes complementary, palaeoenvironmental information. It is clear that the accuracy of quantitative methods, not only the accuracy of the
NLR approach, decreases with an increasing age of a palaeoﬂora. Consequently, all quantitative methods may be
applied most reliably to Cenozoic ﬂoras. Based on the results presented here, it is suggested that a combination
of different, independent techniques and proxies should be used, not only to overcome the shortcomings, limitations and problems associated with the application of individual methods, but also to combine the advantages
of individual methods. Such an integrated analysis of different proxies can lead to more reliable information
about palaeoenvironmental conditions and improve our knowledge about the comparability and applicability of
these methods.
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INTRODUCTION
As early as the beginning of the 19th century scientists have recognized the potential
of fossil plants as “keys” to past climates and
environments (Chaloner & Creber 1990, Uhl
& Mosbrugger 1999). Since then botanists and
palaeobotanists have accumulated an ever
increasing understanding of many aspects of
the morphology, anatomy, and physiology of
modern as well as fossil plant. Today, various
methods and approaches are available for the
reconstruction of palaeoenvironmental conditions (e.g. Jones & Rowe 1999). However, all
these methods and approaches have their
inherent shortcomings, limitations, and problems; in fact, there is no optimal, universally

applicable and absolutely reliable technique
for deriving palaeoenvironmental information from fossil plants (Birks & Birks 1980,
Chaloner & Creber 1990, Mosbrugger & Schilling 1992, Mosbrugger & Utescher 1997, Wilf
1997). Hence, a multitude of approaches and
techniques and continuous additional research
are needed to improve our understanding of
the various ways in which fossil plants can be
used as palaeoenvironmental proxies.
Four types of proxies are used with fossil
plants for the reconstruction of paleoenvironmental conditions. Each provide different,
and sometimes complementary, information
including:
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– the taphonomy and preservation of plant
remains
– their anatomy and morphology
– comparisons with the Nearest Living
Relatives (NLR) of fossil plants, and
– (geo-)chemical data (stable isotopes,
organic molecules, and their diagenetic derivatives)
The aim of the present synopsis is to
highlight some of the potentials, but also to
point out some of the limitations (especially
in connection with taphonomic constraints) of
selected approaches based on the ﬁrst three
proxy types. The stratigraphical focus of the
selected examples is on the late Palaeozoic
(the late Carboniferous and Permian) and
the Tertiary, because these two intervals are
of particular interest for our understanding
of the inﬂuence of climatic and environmental changes on vegetation, particularly with
regard to possible, anthropogenically inﬂuenced climate change (Steffen et al. 2004).

PRESERVATION OF FOSSIL PLANTS
The inﬂuence of taphonomy on palaeoenvironmental reconstructions has been studied and summarised repeatedly by various
authors (Ferguson 1985, 1995, Spicer 1989,
1991, Gastaldo et al. 1995, 1996, MartínClosas & Gomez 2004). Although there is
undoubtedly information loss through taphonomy, an analysis of taphonomic processes also
may lead to new insights in speciﬁc palaeoenvironmental conditions under which the plant
material was preserved. One aspect, which is
of special interest for the interpretation of palaeoenvironmental conditions, is the mode in
which plant remains are preserved. Different
preservational modes may contain different
and, sometimes, complementary anatomical
and morphological information which may
help to improve not only taxonomic knowledge of individual taxa, but also knowledge of
palaeoenvironmental conditions (Brown et al.
1994, Uhl & Kerp 2002a).
When fossil plants are examined from a distinct area and/or a distinct period, they are
preserved in more than one mode. An example
is the well studied Zechstein (Upper Permian) ﬂora of Central Europe. The diversity of
preservational modes has been documented
recently, including some modes previously

not known from the Central European Zechstein (Uhl & Kerp 2002a). Plants from this
period have been preserved as pyritic and
calcitic permineralizations, various forms of
compressions (including „mummiﬁed“ leaves)
and impressions, charcoal (fusain sensu Scott
1989, 2000), and authigenic cementations
(Uhl & Kerp 2002a). Some of these preservational modes, which are not only known from
the Zechstein but also from other periods of
Earth’s history, as well as their potential for
the reconstruction of palaeoenviromental conditions are treated in the following sections.
PERMINERALIZED WOOD REMAINS

The secondary wood produced by (pro-)gymnosperm and angiosperm trees is an important
source for information about palaeoenvironmental and palaeoclimatic conditions, as far
back as the late Devonian (Creber 1977, Creber & Francis 1999, Schweingruber 2001). The
taphonomic history of permineralized wood
remains record the conditions that occurred
prior to, or even during, the process of permineralization (Noll et al. 2003, Uhl 2004b).
Permineralized wood remains long have
been used for the reconstruction of selected
palaeoenvironmental information (Creber
& Chaloner 1985, Chaloner & Creber 1990,
Creber & Francis 1999). A well known
example is the presence or absence of growth
interruptions (i.e. growth rings, Fig. 1A),
which provide information about seasonally
changing environmental conditions (Schweitzer 1962, Falcon-Lang 1999, 2003, Francis
& Poole 2002) or even individual, short-term
events like ﬁre-scars as evidence of wildﬁres
(Lageard et al. 2000, Swetnam & Baisan
2003) or non-seasonal changes of environmental conditions, like occassional droughts
(Creber & Francis 1999, Falcon-Lang 2003).
However, not only the occurrence of growth
rings, but also detailed intra-ring analyses of
radial cell diameters, can provide information
about palaeoenvironmental conditions (Creber
& Chaloner 1985, Creber & Francis 1999, Falcon-Lang 2000).
Apart from information about palaeoenvironmental conditions during growth, permineralized wood also can store information about
processes and palaeoenvironmental conditions
that may have inﬂuenced the early taphonomy
prior to permineralization (Jones 1993, Brown
et al. 1994, Barthel & Rößler 1997, Noll et al.
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Fig. 1. A) Transverse section of siliciﬁed gymnosperm wood from the Rotliegend (Lower Permian) of Chemnitz-Hilbersdorf
(Saxony, Germany), exhibiting prominent growth rings; B) SEM-image of charcoal from the Zechstein (Upper Permian)
of Frankenberg/Geismar (NW-Hesse,Germany) exhibiting checked cell walls as a result of dessiccation prior to burial;
C) SEM-image of charcoal with charred fungal hyphae (arrow) from the Upper Permian of Jordan; D) transverse section of
pyritized wood from the Zechstein (Upper Permian) of Frankenberg/Geismar (NW-Hesse,Germany) showing pyritized and
non-pyritized areas; E) SEM-image of a stomatal complex of the inner surface of a cuticle of Peltaspermum martinsii from
the Zechstein (Upper Permian) of Frankenberg/Geismar (NW-Hesse, Germany), showing remains of the deeply sunken guard
cells of a stoma; F) SEM-image of the outer surface with overarching papillae of Peltaspermum martinsii from the Zechstein
(Upper Permian) of Frankenberg/Geismar (NW-Hesse, Germany)

2003, Uhl 2004b). Examples include insect
galls or borings, the latter sometimes with
in situ coprolites (Rößler 2001, Labandeira
& Phillips 2002), the occurrence of fungal
remains (Fig. 1C, Wilkinson 2003), anatomi-

cal alterations caused by dessiccation (Fig. 1B,
Jones 1993, Uhl 2004b) or microbial decay
(Kim & Singh 2000), as well as the occurrence
of permineralized (i.e., siliciﬁed) charcoal
as evidence of wildﬁres (Brown et al. 1994,
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Barthel & Rößler 1997, Noll et al. 2003, Uhl
et al. 2004).
Besides the potential to store information
about palaeoenvironmental conditions during
growth and early taphonomic history prior to
permineralization, permineralized woods also
may store information about the processes
and palaeoenvironmental conditions involved
in the permineralization processes itself (Dietrich et al. 2000, 2001, Grimes et al. 2001, 2002,
Noll et al. 2003, Uhl 2004b). Besides silica
and carbonate, pyrite (FeS2) and its oxidation
products frequently are found in fossil remains
(Fig. 1D, Kenrick 1999).
In many cases the formation of pyrite can
be linked to high levels of bacteriogenic decay
(Brown et al. 1994, Poole & Lloyd 2000). To
date little work has been done about the
actual processes involved in the pyritization of
fossil plants, and most studies have dealt with
plants from the Devonian (Kenrick & Edwards
1988, Tibbs et al. 2003), and Cenozoic (Allison
1988, Canﬁeld & Raiswell 1991, Grimes et al.
2001, 2002). Experimental studies on the processes involved in the pyritization of extant
plants have been carried out by Grimes et al.
(2001, 2002).
Knowledge about these processes now
can be used to reconstruct parts of the
taphonomic history of pyritized plant material, which occurs frequently in the fossil
record (Kenrick 1999). Well known examples
include abundant pyritized fossils from the
Eocene London clay (Allison 1988, Grimes
et al. 2002) and the Zechstein deposits of
NW-Hesse (cf. Ullmann 1803, Bronn 1828,
Göppert 1850, Uhl & Kerp 2002a, Uhl 2004b,
Fig. 1D). Although pyritized remains from the
latter region have been known for more than
200 years (Waldin 1778), little work has been
done to unravel the processes involved in
the formation of these remains, the so-called
“Frankenberger Kornähren”. Nevertheless,
in a ﬁrst taphonomic study of wood from
NW-Hesse, it has been demonstrated that
the taphonomic history of pyritized wood
included severe dessication, microbial decay,
and mechanical stresses – the latter probably
during transport and burial of the wood (Uhl
2004b). A combination of all these processes
may have played an important role during
permineralization of this particular wood,
and probably also during permineralization
of the abundant pyritized plant remains,

which have been found in the Zechstein of
NW-Hesse.
Taken all the cited studies together, it
now can be stated that there is no doubt,
that detailed investigations of pyritized plant
remains give us a wealth of information about
taxonomically and evolutionary important
anatomical details of the plants, as well as
information about the processes involved in
the formation of pyrite, although this proxy
has so far largely been neglected by many
authors.

MICRO AND MACRO MORPHOLOGY
OF FOSSIL LEAVES
Leaves, are the primary photosynthetic
organs of a plant and are optimally adapted to
environmental conditions. Thus these organs
react most sensitively to short-term environmental changes. The following synopsis focuses
on the use of cuticles and leaf physiognomy as
palaeoenvironmental proxies.
CUTICLE

The cuticle is a protective layer covering
almost all surfaces of higher plants, consisting of the organic polymers cutin and/or cutan
and an outer wax layer (Tegelaar et al. 1991,
1993). Cutan, a polymer of assumed diagenetic origin (e.g. Mösle et al. 2002), is highly
resistent against (further) physical and (bio-)
chemical degradation (Kerp 1990, Tegelaar
et al. 1991, 1993). The cuticle displays cellular
characteristics of the underlying epidermis in
many plant taxa and these epidermal patterns
are often speciﬁc for individual taxa. Hence,
cuticles are important and widely used tools
in plant taxonomy and certain cuticular characters also can be interpreted in terms of functional adaptations that can be used to extract
palaeoenvironmental informations from fossil
cuticles (Kerp 1990, Kerp & Barthel 1993,
Kvaček & Walther 1988, Uhl 2004a).
Palaeoenvironmental adaptations include
speciﬁc trichomes and tendrils which can be
interpreted as evidence for a climbing and/or
scrambling habit of a plant (Krings et al.
2003b) or as functional adaptations related
to the defence against herbivorous arthropods
(Krings et al. 2002, 2003a). Papillae on epidermal cells (Fig. 1F), deeply sunken stomata
(Fig. 1E–F) and papillae which overarch the
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stomata (Fig. 1F) are other cuticular traits
that may be interpreted as being effective in
reducing transpirational stress and are found
more often in taxa from arid than from mesic
or even humid environments. These features
have been observed from a number of taxa from
the Upper Permian of central and southern
Europe (Gothan & Nagalhard 1922, Schweitzer
1962, Poort & Kerp 1990, Uhl & Kerp 2002b,
Uhl 2004a). Recently, Thévenard et al. (2005)
provided an overview of such xeromorphic
adaptations, including cuticular adaptations,
in Mesozoic gymnosperms. However, it is difﬁcult to quantify most of these adaptations
and it is only possible to get qualitative information about palaeoenvironmental conditions
from observations of such adaptations. Other
cuticular charcteristics are the stomatal density (SD) and the stomatal index (SI), which
may be quantiﬁed more easily (Salisbury 1927,
Beerling 1999, Poole & Kürschner 1999).
SD and SI are of special interest with regard
to changes in atmospheric CO2 concentrations
over the geological past, and have attracted
a considerable amount of scientiﬁc interest
in the last decades (cf. Royer 2001). This is
due to the fact that CO2 is an important,
anthropogenically inﬂuenced, greenhouse-gas
(Houghton et al. 1995). It has been demonstrated by many authors that SD and SI are
negatively correlated with atmospheric CO2
concentrations in many extant plants (Woodward 1987, Woodward & Bazzaz 1988, Beerling & Royer 2002). Correspondingly, changes
of SD and SI in fossil cuticles are considered
to represent excellent proxies for changes of
CO2 concentrations in the geological past,
not only in the Cenozoic (Beerling 1993, van
der Burgh et al. 1993, Kürschner et al. 1996,
Kürschner 1997, Retallack 2001, 2002, Royer
et al. 2001, Roth-Nebelsick et al. 2004), but
also in the Mesozoic (McElwain et al. 1999,
Retallack 2001, 2002) and even the Palaeozoic
(McElwain & Chaloner 1995, 1996, McElwain
1998, Edwards et al. 1998, Cleal et al. 1999,
Retallack 2001, 2002). However, some problems remain especially for most Mesozoic and
Palaeozoic taxa which have no really close living relatives (same genus or species), which
have to be solved before SD and SI may be
used as reliable palaeoatmospheric proxies in
the Pre-Cenozoic.
One of these problems is the natural variability of SD and SI in fossil plants. It is well

known from studies on modern angiosperms,
that the variability of both parameters can be
relatively large, even within individual leaves
(Poole et al. 1996, 2000, Bruschi et al. 2003).
However, up to now systematic investigations on the variability of these parameters
in most Mesozoic and Palaeozoic plants are
rare, to date. Apart from some taxonomic
studies in which larger numbers of cuticles
have been investigated, mostly in order to use
SD as a taxonomic character (Clement-Westerhof 1984), only few data are available on
the variability of SD and SI in Mesozoic and
Palaeozoic plants. Nevertheless, these studies
show that SD and SI may vary considerably
not only within individual leaves, but also
within and between individual taphoﬂoras
(Uhl & Kerp 2005), probably depending on
external parameters, such as (micro-)climatic
and edaphic conditions. The data also suggest
that taphonomic biases (i.e. fragmentation of
individual needles, mixing of material from
different micro-habitats, mixing of different
taxa, time averaging) have to be taken into
account when stomatal densities and indices
of fossil plants are to be used for the reconstruction of palaeoatmospheric CO2 concentrations. This is especially true when only a small
sample size is available for investigation (Uhl
& Kerp 2005).
An additional problem has to be taken in
account with many Palaeozoic and Mesozoic
plants: SD and SI in plants with stomata
arranged in distinct patterns (many conifers
with stomata arranged in rows) can not be
used as potential indicators of atmospheric
CO2, due to the disturbing effects of these patterns (McElwain et al. 2002, Kouwenberg et
al. 2003). Unfortunately this type of stomatal
arrangement is present in many Palaeozoic
and Mesozoic plants, especially conifers and
other gymnosperms.
As a consequence the reliability of quantitative estimates of atmospheric CO2 concentrations during the Palaeozoic and probably
also the Mesozoic obtained by several authors
during the last decade must be reconsidered
(McElwain & Chaloner 1995, 1996, McElwain
1998, McElwain et al. 1999, Retallack 2001,
2002). In most of these studies only a small
number of cuticles (in many cases only small
cuticle fragments) have been used for determination of SD and SI. Considering the caveats
based on the data from modern angiosperms
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(Poole et al. 1996, 2000, Bruschi et al. 2003)
as well as Palaeozoic conifers (Clement-Westerhof 1984, Uhl & Kerp 2005) the reliability of
atmospheric CO2 values estimated from these
data must be questioned.
LEAF PHYSIOGNOMY

The fact that external forces may inﬂuence
certain leaf physiognomic traits is known since
the end of the 19th century (Stahl 1880, 1883,
Schimper 1898). However, Bailey and Sinnott
(1915, 1916) were the ﬁrst to quantify the correlations between a certain leaf physiognomic
trait and an external forcing factor. These
authors demonstrated that within woody
dicotyledonous angiosperms the type of leaf
margin is strongly correlated with the mean
annual temperature (MAT), entire margined
taxa predominate in the tropics, and taxa with
non-entire (toothed) margined leaves predominate in cold-temperate regions. A fact that has
been corroborated by many additional studies
since then (Wolfe 1979, Wilf 1997, Greenwood
et al. 2004, Traiser et al. 2005). Besides the
general botanical interest in such studies, leaf
physiognomy represents also a widely used
tool for palaeo-environmental and climatic
studies. A variety of different methods based
on leaf physiognomy are used (Wolfe 1979,
1993, Kovach & Spicer 1996, Wilf 1997, Wiemann et al. 1998, Jacobs 1999, 2002, Wolfe
& Spicer 1999, Kowalski 2002). Although several attempts have been made to recognize the
causal relationships between environmental
parameters and leaf physiognomic traits (Roth
et al. 1995, Baker-Brosh & Peet 1997, Sisó et
al. 2001, Royer et al. 2005, Royer & Wilf 2006),
they are not yet fully understood (Boyd 1994,
Jordan 1997).
One of the problems concerning the applicability of many leaf physiognomic methods,
is the fact that the relationships between leaf
physiognomy and climatic parameters (i.e. leaf
margin type and MAT) may not differ only in
some special habitats within a larger region,
like riparian forests (Burnham et al. 2001,
Kowalski & Dilcher 2003), but also between
different regions throughout the world (Wilf
1997, Kowalski 2002, Greenwood et al. 2004,
Traiser et al. 2005). Although today there
seems to be a global evolutionary convergence
of leaf physiognomy in response to the selection of temperature in mesic habitats, there

are also some differences between different
regions worldwide, which may be attributed
to differences in vegetation and climate history (Greenwood et al. 2004). Probably such
differences also can be found in fossil ﬂoras,
although this problem has been neglected to
date. Interestingly the observed evolutionary
convergence of leaf physiognomy in response to
climate can not only be found in angiosperms,
but also in late Palaeozoic gigantopterids
(Glasspool et al. 2004, 2005).
Taphonomic biases and sampling techniques are problems which may have an
impact on the use of leaf physiognomic methods (Boyd 1994, Jordan 1997, Wilf 1997, Wolfe
1993, 1995), although little work has been
done so far on this subject (Burnham 1989,
Greenwood 1992, Uhl et al. 2003, Traiser
et al., 2005, Spicer et al. 2005). As expected,
leaf physiognomic techniques, like leaf margin
analysis, are inﬂuenced by low numbers of taxa
and low specimen numbers (Uhl et al. 2003),
although multivariate techniques like CLAMP
seem to be less affected than the univariate
leaf margin analysis (Uhl et al. 2006). This is
in full agreement with previous assumptions
to exclude samples with less than 15 (Povey
et al. 1994) or even 30 taxa (Wolfe 1985) from
any leaf physiognomic analysis.
Considering the fact that not only species
richness, but also the total sample size may
inﬂuence the reliabilty of leaf physiognomic
studies (Uhl et al. 2003), there are uncertainties in some published palaeoclimate
reconstructions based on leaf physiognomic
analyses, which are based on small sample
size or which provide no information about
the sample size at all. In fact, many published
applications of leaf physiognomic methods
do not include information on sample size
(Povey et al. 1994, Davies-Vollum 1997) or
the sample size used is well below 1000 specimens [Wiemann et al. 1998 (> 500), Gregory
1994 (177), Gregory-Wodzicki 1997 (537)],
a threshold suggested on the data presented
by Uhl et al. (2003). Presumably, previous
applications without sampling control may
underestimate or overestimate the proportion
of entire-margined leaves and, hence, MAT,
depending on taphonomic effects. Therefore,
future applications should be restricted to
those leaf ﬂoras for which sample size is
known to be sufﬁcient, which amongst other
factors, depends on the original species-rich-
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ness of the source ﬂora (Burnham 1989,
1994a, b, Burnham et al. 1992).
Some of the taphonomic effects on leaf
physiognomic techniques may be signiﬁcantly reduced in new collections, by sampling as many taxa, facies types, and the
longest possible transect per stratigraphical
level as possible, as suggested by Wilf (1997).
However, for old collections, especially from
localities that are no longer accessible, as it
is often the case with “classical” localities in
Europe, this may not be practicable. Many of
these “classical” localities, whose ﬂoras have
been described during the 19th or even the
20th century, were related to the commercial
exploitation of mineral resources like coal,
lignite or limestone. In many cases, the corresponding quarries or mines long since have
been abandoned and the fossil-bearing strata
are no longer accessible. Well known examples are the Oehningen limestone quarries
(Heer 1855, 1856, 1859), and several large,
open cast lignite mines in Germany (Mai
& Walther 1978, 1985). In these cases, other
solutions have to be found to enable extractation of reliable information about selected
palaeoclimatic parameters on the basis of
fossil plants. These solutions may include the
development of new calibration datasets for
the use of uni- and multivariate leaf physiognomic approaches (Greenwood et al. 2004,
Traiser et al. 2005), as well as the constant
improvement of methods based on the nearest living relative (NLR) approach.

NEAREST LIVING RELATIVES (NLR)
Apart from the taphonomy and preservation of fossil plants, as well as anatomical and
morphological adaptations of different plant
organs, information about palaeoenvironmental conditions can be obtained by using the
NLRs of fossil plants (where applicable). The
NLR approach is one of the oldest palaeoenvironmental techniques (cf. Chaloner & Creber
1990, Mosbrugger 1999). Qualitative information has been derived from comparisons
with assumed NLRs of fossil plants since the
true nature of fossils was recognized by early
natural philosophers (Waldin 1778). The ﬁrst
true quantitative reconstructions based on the
NLR approach occurred in the middle of the
19th century by the Swiss palaeontologist Heer

(1855, 1856, 1859, 1868) and since this time
a variety of modiﬁcations of the NLR aproach
has been applied to fossil plants. For a detailed
overview of the NLR approach and its application to fossil ﬂoras see Mosbrugger (1999).
However, it should be clear that the accuracy of NLR methods decreases with the
increasing age of a palaeoﬂora and, consequently, the NLR approach may be applied
most reliably to Cenozoic ﬂoras (Mosbrugger
1999). Many Cenozoic plant taxa can be compared directly to extant taxa from the same
family or even genus. Hence, the taxonomic
composition of a taphoﬂora can provide information to which modern vegetation type the
fossil vegetation may have been similar. This
knowledge allows for quantitative statements
about palaeoclimatic conditions (Wolfe 1985,
Mai 1995). However, the climatic resolution
of such an approach is not very high because
most vegetation types have a rather wide climatic tolerance (Mosbrugger 1999). Nevertheless, this method has been used widely for palaeoclimate reconstructions in the Tertiary (cf.
Mai 1995, Kvaček & Walther 2001). Although
it is not always possible to reconstruct truly
quantitative data with such an approach, it
is possible to reconstruct the general type of
climate (sensu Köppen 1923) under which
a ﬂora lived.
One of the more sophisticated methods
based on NLRs is the Coexistence Approach
(CA) developed by Mosbrugger and Utescher
(1997) and applied repeatedly for Tertiary palaeoclimate reconstructions in Europe (Pross
et al. 1998, Utescher et al. 2000, Kvaček et
al. 2002, Uhl et al. 2003, 2006, Roth-Nebelsick et al. 2004), as well as East Asia (Liang
et al. 2003). The CA determines for all taxa
of a given fossil ﬂora the NLRs and their climatic tolerances (i.e., minimum and maximum
value) with respect to various climate parameters including mean annual temperature
(MAT) or mean annual precipitation (MAP).
The coexistence intervals are determined for
these climate parameters within which all (or
at least a great number of) NLRs of the fossil
plants can coexist (cf. Fig. 2). It is assumed
that the coexistence intervals best describe
the palaeoclimate of the fossil ﬂora (for a more
detailed discussion of the general advantages
and disadvantages of the CA, as well as other
methods based on the NLR approach see Mosbrugger 1999).
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Fig. 2. Illustration of the basic principle of the Coexistence
Approach. A´ and B´ are the NLRs of the fossil taxa A and
B. Black bars represent the MAT ranges tolerated by A´ and
B´. In the MAT interval between 8°C and 12°C both extant
taxa can (at least theoretically) coexist. This interval of
coexistence is considered to be the best estimate for MAT
of a fossil ﬂora with the fossil taxa A and B (redrawn from
Mosbrugger & Utescher 1997)

Although CA and various leaf physiognomic techniques frequently have been used for
palaeoclimate reconstructions (Gregory 1994,
Wolfe 1995, Gregory-Wodzicki 1997, Mosbrugger & Utescher 1997, Pross et al. 1998, Wiemann et al. 1998, Utescher et al. 2000, Kvaček
et al. 2002, Liang et al. 2003, Mosbrugger
et al. 2005), direct comparisons based on the
same source-ﬂoras are very rare to date (e.g.
Mosbrugger & Utescher 1997, Utescher et al.
2000, Kvaček et al. 2002, Liang et al. 2003,
Uhl et al. 2003, 2006). In most of these examples leaf physiognomic techniques provided
temperatures that are considerably cooler
than CA estimates. Additional data from independent sources often support the estimates
derived from CA rather than those derived
from physiognomic techniques (Mosbrugger
& Utescher 1997, Kvaček et al. 2002, Uhl
et al. 2006). Nevertheless, in a few cases CA
and leaf physiognomic techniques produced
temperature estimates that agreed well with
each other (Uhl et al. 2003, Roth-Nebelsick
et al. 2004).
Recently, the robustness of the CA against
taphonomic biases has been tested (Uhl et
al. 2003). In contrast to several leaf physiognomic methods, results based on the CA
were less inﬂuenced by taphonomic biases.
A widening of the intervals of coexistence
has been observed in samples with rather low
numbers of taxa, and such biases are similar
to the results obtained by other authors (Pross

et al. 1998). Such behaviour was predicted by
Mosbrugger (1999) based on theoretical considerations. Another example for this dependency of CA on taxonomic richness, but also for
the decreasing accuracy with an increasing
age is given in Figure 3. These results again
demonstrate that the CA still remains one of
the most robust methods for the estimation
of selected palaeoclimate parameters derived
from Tertiary ﬂoras (cf. Mosbrugger 1999).
However, due to taxonomic limitations of the
underlying database, the application of this
(and other NLR methods) may be restricted
to certain geographic areas or stratigraphic
intervals at the moment.

Fig. 3. CA estimates of mean annual temperature (MAT)
intervals for carpoﬂoras from the Paleoecene and Cretaceous
of Central Europe (based on taxonomical data from Knobloch
& Mai 1986). With increasing age the number of useable
NLRs (on the generic level) that can be included in a CA
analysis (number of taxa indicated above interval of coexistence) decreases and consequently the width of the interval of
coexistence increases

Another advantage of the CA is the fact
that it can be used with palaeoﬂoristic data
(i.e. reliable taxa lists of leaves, fruits/seeds or
pollen/spores) from the literature to estimate
palaeoclimatic data. Although it is possible
in some cases to use the literature for leaf
physiognomic analysis (cf. Uhl et al. 2003),
published monographs on fossil leaf ﬂoras do
not include all leaf physiognomic characters
in many cases, which may be needed for such
an analysis. Hence, the CA (as well as other
quantitative methods based on NLRs) may be
preferred to quantitative leaf physiognomic
methods, when only literature is available for
analysis. Such a uniform dataset may be necessary to compare the results of climate models with proxy data on a continental or even
global scale (Mosbrugger & Schilling 1992,
Steppuhn 2002, Micheels 2003).
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CONCLUSIONS
Although various methods for the reconstruction of palaeoclimatic and palaeoenvironmental information have been developed
during the last 200 years, only a few existing
methods are able to produce reliable, quantitative estimates for selected palaeoclimatic and
palaeoenvironmental parameters. Most information that can be extracted from fossil plants
is qualitative. However, even this qualitative
information can contribute signiﬁcantly to our
understanding of the interactions between
fossil plants and their environments in many
cases.
Different preservational modes may allow
for the reconstruction of different, and sometimes complementary palaeoenvironmental
information. An analysis of anatomical and
morphological adaptations provides information about palaeoenvironmental conditions
during growth (growth rings within wood,
cuticular adaptations, stomatal density and
–index), whereas an analysis of their preservational state can give us information about
palaeoenvironmental conditions and events
that occurred during the transfer of these
remains from the biotic to the abiotic realm.
However, there is undoubtedly an information loss through taphonomic processes, and
taphonomical biases must be taken into
account, especially when using quantitative
methods. Depending on the method, these
taphonomic biases may have more or less
considerable inﬂuence on the results obtained
by individual techniques (e.g. NLR versus leaf
physiognomy).
It should be clear that the accuracy of these
methods, not only the accuracy of the NLR
approach, decreases with an increasing age
of a palaeoﬂora. Consequently, all quantitative methods may be applied most reliable to
Cenozoic ﬂoras.
Based on the overview presented here, it
is suggested that a combination of different,
independent techniques and proxies is needed,
not only to overcome the shortcomings, limitations, and problems associated with the
application of individual methods, but also to
combine their advantages. Such a procedure
can lead to more reliable information about
palaeoenvironmental conditions, improving
our knowledge about the comparability and
applicability of individual methods.

ACKNOWLEDGEMENTS
Financial support by the Alexander von HumboldtFoundation (Bonn-Bad Godesberg, Germany) in form
of a Feodor-Lynen Research Fellowship is gratefully
acknowledged. I thank R.A. Gastaldo (Waterville, ME,
USA) for his most helpful and constructive review that
helped to improve the manuscript considerably.

REFERENCES
ALLISON P.A. 1988. Taphonomy of the Eocene London Clay biota. Palaeontology, 31: 1079–1100.
BAILEY I.W. & SINNOTT E.W. 1915. A botanical
index of Cretaceous and Tertiary climates. Science, 41: 831–834.
BAILEY I.W. & SINNOTT E.W. 1916. The climatic
distribution of certain types of angiosperm leaves.
Amer. Jour. Bot., 3: 24–39.
BAKER-BROSH K.F. & PEET R.K. 1997. The ecological signiﬁcance of lobed and toothed leaves in
temperate forest trees. Ecology, 78: 1250–1255.
BARTHEL M. & RÖßLER R. 1997. Tiefschwarze
Kieselstämme aus Manebach. Veröff. Naturhist.
Mus. Schleusingen, 12: 53–61
BEERLING D.J. 1993. Changes in the stomatal
density of Betula nana leaves in response to
increases in atmospheric carbon dioxide concentrations since the late-glacial. Spec. Pap. Paleont., 49: 181–187.
BEERLING D.J. 1999. Stomatal density and index:
theory and application: 251–256. In: Jones T.P.
& Rowe N.P. (eds), Fossil Plants and Spores:
Modern Techniques. Geol. Soc. London.
BEERLING D.J. & ROYER D.L. 2002. Reading a CO2
signal from fossil stomata. New Phytologist, 153:
387–397.
BIRKS H.J.B. & BIRKS H.H. 1980. Quaternary palaeoecology. E. Arnold, London.
BOYD A. 1994. Some limitations in using leaf physiognomic data as a precise method for determining
paleoclimates with an example from the Late Cretaceous Pautût Flora of West Greenland. Palaeogeogr., Palaeoclimat., Palaeoecol., 112: 261–278.
BRONN H. 1828. Untersuchung der versteinerten
Kornähren und anderer Pﬂanzentheile, zu Cupressus ullmanni gehörig, aus den Frankenberger
Erz-Flözzen. Zeitsch. Mineral., II: 509–531.
BROWN R., SCOTT A.C. & JONES T.P. 1994. Taphonomy of fossil plants from the Viséan of East
Kirkton, West Lothian, Scotland. Transac. Roy.
Soc. Edinburgh, Earth Sciences, 84: 267–274.
BRUSCHI P., GROSSONI P. & BUSSOTTI F. 2003.
Within- and among-tree variation in leaf morphology of Quercus petraea (Matt.) Liebl. natural
populations. Trees, 17: 164–172.
van der BURGH J., VISSCHER H., DILCHER D.L.
& KÜRSCHNER W.M. 1993. Paleoatmospheric

96
signatures in Neogene fossil leaves. Science, 260:
1788–1790.
BURNHAM R.J. 1989. Relationships between standing vegetation and leaf litter in a paratropical
forest: implications for palaeobotany. Rev. Palaeobot. Palynol., 58: 5–32.
BURNHAM R.J. 1994a. Patterns in tropical leaf litter and implications for angiosperm paleobotany.
Rev. Palaeobot. Palynol., 81: 99–113.
BURNHAM R.J. 1994b. Paleoecological and floristic
heterogeneity in the plant-fossil record – an
analysis based on the Eocene of Washington. U.S.
Geol. Surv. Bull., 2085-B: B1–B36.
BURNHAM R.J., WING S.L. & PARKER G.G. 1992.
The reﬂection of deciduous forest communities in
leaf litter; implications for autochthonous litter
assemblages from the fossil record. Paleobiology,
18: 30–49.
BURNHAM R.J., PITMAN N.C.A., JOHNSON K.R.
& WILF P. 2001. Habitat-related error in estimating temperatures from leaf margins in a humid
tropical forest. Amer. Jour. Bot., 88: 1096–1102.
CANFIELD D.E. & RAISWELL R. 1991. Pyrite formation and fossil preservation. In: Allison P.A.
& Briggs D. (eds) Taphonomy: Releasing the Data
Locked in the Fossil Record. Topics in Geobiology,
9: 111–222.
CHALONER W.G. & CREBER G.T. 1990. Do fossil
plants give a climatic signal? Jour. Geol. Soc.,
London, 147: 343–350.
CLEAL C.J., JAMES R.L. & ZODROW E.L. 1999.
Variation in stomatal density in the Late Carboniferous gymnosperm frond Neuropteris ovata.
Palaios, 14: 180–185.
CLEMENT-WESTERHOF J. A. 1984. Aspects of
Permian palaeobotany and palynology, IV. The
conifer Ortiseia Florin from the Val Gardena formation of the Dolomites and the Vicentinian alps
(Italy) with special reference to a revised concept
of the Walchiaceae (Göppert) Schimper. Rev. Palaeobot. Palynol., 41: 51–166.
CREBER G.T. 1977. Tree rings: A natural data-storage system. Biol. Rev., 52: 349–383.
CREBER G.T. & CHALONER W.G. 1985. Tree growth
in the Mesozoic and Early Tertiary and the reconstruction of palaeoclimates. Palaeogeogr., Palaeoclimat., Palaeoecol., 52: 35–60.
CREBER G.T. & FRANCIS J.E. 1999. Fossil tree-ring
analysis: palaeodendrology: 245–250. In: Jones
T.P. & Rowe N.P. (eds), Fossil Plants and Spores:
Modern Techniques. Geol. Soc. London.
DAVIES-VOLLUM K.S. 1997. Early Palaeocene palaeoclimatic inferences from fossil ﬂoras of the
western interior, USA. Palaeogeogr., Palaeoclimat., Palaeoecol., 136: 145–164.
DIETRICH D., GROSCH G., RÖßLER R. & MARX
G. 2000. Analytical x-ray microscopy on Psaronius sp. – a contribution to permineralization process studies. Mikrochimica Acta, 133: 279–283.

DIETRICH D., WITKE K., RÖßLER R. & MARX G.
2001. Raman spectroscopy on Psaronius sp.: a contribution to the understanding of the permineralization process. Appl. Surf. Sci., 179: 230–233.
EDWARDS D., KERP H. & HASS H. 1998. Stomata
in early land plants: an anatomical and ecophysiological approach. Jour. Exper. Bot., 49 (Special
Issue): 255–278.
FALCON-LANG H.J. 1999. The Early Carboniferous
(Courceyan-Arundian) monsoonal climate of the
British Isles: evidence from growth rings in fossil
woods. Geol. Mag., 136: 177–187.
FALCON-LANG H.J. 2000. The relationship between
leaf longevity and growth ring markedness in
modern conifer woods and its implications for
palaeoclimatic studies. Palaeogeogr., Palaeoclimat., Palaeoecol., 160: 317–328.
FALCON-LANG H.J. 2003. Growth interruptions in
siliciﬁed conifer woods from the Upper Cretaceous Two Medicine Formation, Montana, USA:
implications for palaeoclimate and dinosaur
palaeoecology. Palaeogeogr., Palaeoclimat., Palaeoecol., 199: 299–314.
FERGUSON D.K. 1985. The origin of leaf-assemblages
– new light on an old problem. Rev. Palaeobot.
Palynol., 46: 117–188
FERGUSON D.K. 1995. Plant part processing and
community reconstruction. Eclogae Geologicae
Helvetiae, 88: 627–641
FRANCIS J.E. & POOLE I. 2002. Cretaceous and
early Tertiary climates of Antarctica: evidence
from fossil wood. Palaeogeogr., Palaeoclimat.,
Palaeoecol., 182: 47–64.
GASTALDO R.A., PFEFFERKORN H.W. & DIMICHELE W.A. 1995. Taphonomic and sedimentologic characterization of roof-shale ﬂoras. Geol.
Soc. Amer. Mem., 185: 341–352.
GASTALDO R.A., FERGUSON D.K., WALTHER
H. & RABOLD J.M. 1996. Criteria to distinguish
parautochthonous leaves in Tertiary alluvial
channel-ﬁlls. Rev. Palaeobot. Palynol., 91: 1–21.
GLASSPOOL I.J, COLLINSON M.E., HILTON J.
& WANG S. J. 2005. Foliar physiognomy and
paleoclimate: applying angiosperm-based models
to Permian-aged gigantopterids. In: Lucas S.G.
& Zeigler K.E., (eds). The Nonmarine Permian.
Bull. New Mex. Mus. Nat. Hist. Sci., 30: 90–94.
GLASSPOOL I.J., HILTON J., COLLINSON M.E.,
WANG S.-J. & LI C.-S. 2004. Foliar physiognomy
in Cathaysian gigantopterids and the potential to
track Palaeozoic climates using an extinct plant
group. Palaeogeogr., Palaeoclimat., Palaeoecol.,
205: 69–110.
GOTHAN W. & NAGALHARD K. 1922. Kupferschieferpﬂanzen aus dem niederrheinischen Zechstein.
Jahrb. Preuß. Geol. Landesan., 42: 440–460.
GÖPPERT H.R. 1850. Monographie der fossilen Coniferen. Arnz, Leiden.
GREENWOOD D.R. 1992. Taphonomic constraints on

97
foliar physiognomic interpretations of Late Cretaceous and Tertiary paleoclimates. Rev. Palaeobot.
Palynol., 71: 149–190.

87–91. In: Jones T.P. & Rowe N.P. (eds), Fossil
Plants and Spores: Modern Techniques. Geol.
Soc., London.

GREENWOOD D.R., WILF P., WING S.L. & CHRISTOPHEL D.C. 2004. Paleotemperature estimation using leaf-margin analysis: Is Australia
different? Palaios, 19: 129–142.

KENRICK P. & EDWARDS D. 1988. The anatomy of
Lower Devonian Gosslingia breconensis Heard
based on pyritized axes, with some comments on
the permineralization process. Bot. Jour. Linn.
Soc., 97: 95–123.

GREGORY K.M. 1994. Palaeoclimate and palaeoelevation of the 35 ma Florissant ﬂora, Front Range,
Colorado. Palaeoclimates, 1: 23–57.

KERP H. 1990. The study of fossil gymnosperms by
means of cuticular analysis. Palaios, 5: 548–569

GREGORY-WODZICKI K.M. 1997. The Late Eocene
House Range ﬂora, Sevier Desert, Utah: paleoclimate and paleoelevation. Palaios, 12: 552–567.

KERP H. & BARTHEL M. 1993. Problems of cuticular
analysis of pteridosperms. Rev. Palaeobot. Palynol., 78: 1–18.

GRIMES S.T., BROCK F., RICKARD D., DAVIES
K.L., EDWARDS D., BRIGGS D.& PARKES R.J.
2001. Understanding fossilization: Experimental
pyritization of plants. Geology, 29: 123–126.

KIM Y.S. & SINGH A.P. 2000. Micromorphological
characteristics of wood biodegradation in wet
environments: a review. IAWA Journal, 21:
135–155.

GRIMES S.T., DAVIES K.L., BUTLER I.B., BROCK
F., EDWARDS D., RICKARD D., BRIGGS D.
& PARKES R.J. 2002. Fossil plants from the
Eocene London Clay: the use of pyrite textures
to determine the mechanism of pyritization. Jour.
Geol. Soc., London, 159: 493–501.

KNOBLOCH E. & MAI D.H. 1986. Monographie der
Früchte und Samen in der Kreide von Mitteleuropa. Rozpr. Ústř. Úst. Ggeol., 47: 1–219.

HEER O. 1855. Flora tertiara Helvetiae I. Wurster
& Comp., Winterthur.
HEER O. 1856. Flora tertiara Helvetiae II. Wurster
& Comp., Winterthur.
HEER O. 1859. Flora tertiara Helvetiae III. Wurster
& Comp., Winterthur.
HEER O. 1868. Flora fossilis Arctica 1. Die fossile
Flora der Polarländer enthaltend die in Nordgrönland, auf der Melville-Insel, im Banksland,
am Mackenzie, in Island und in Spitzbergen entdeckten fossilen Pﬂanzen. Friedrich Schulthess,
Zürich.
HOUGHTON J.T., MEIRA FILHO L.G., CALLANDER B.A., HARRIS N., KATTENBERG A.
& MASKELL K. 1995. The science of climate
change. The IPCC Scientiﬁc Assessment. Cambridge Univ. Press, Cambridge.
JACOBS B.F. 1999. Estimation of rainfall variables
from leaf characters in tropical Africa. Palaeogeogr., Palaeoclimat., Palaeoecol., 145: 231–250.
JACOBS B.F. 2002. Estimation of low-latitude paleoclimates using fossil angiosperm leaves: examples
from the Miocene Tugen Hills, Kenya. Paleobiology, 28: 399–421.
JONES T.P. 1993. New morphological and chemical
evidence for a wildﬁre origin for fusain from
comparisons with modern charcoal. Spec. Pap.
Palaeont., 49: 113–123.
JONES T.P. & ROWE N.P. (eds.) 1999. Fossil Plants
and Spores: Modern Techniques. Geol. Soc., London
JORDAN G. J. 1997. Uncertainty in palaeoclimatic
reconstructions based on leaf physiognomy. Austral. Jour. Bot., 45: 527–547.
KENRICK P. 1999. Opaque petrifaction techniques:

KOUWENBERG L.L.R., McELWAIN J.C., KÜRSCHNER W.M., WAGNER F., BEERLING D.J.,
MAYLE F.E. & VISSCHER H. 2003. Stomatal
frequency adjustment of four conifer species to
historical changes in atmospheric CO2. Amer.
Jour. Bot., 90: 610–619.
KOVACH W.L. & SPICER R.A. 1996. Canonical correspondence analysis of leaf physiognomy: A contribution to the development of a new palaeoclimatological tool. Palaeoclimates, 2: 125–138.
KOWALSKI E.A. 2002. Mean annual temperature
estimation based on leaf morphology: a test from
tropical South America. Paleogeogr., Paleoclimat., Paleoecol., 188: 141–165.
KOWALSKI E.A. & DILCHER D.L. 2003. Warmer
paleotemperatures for terrestrial ecosystems.
Proc. Nat. Acad. Sci., USA, 100: 167–170.
KÖPPEN W. 1923. Die Klimate der Erde. Walter de
Gruyter & Co., Berlin.
KRINGS M., TAYLOR T.N. & KELLOGG D.W. 2002.
Touch-sensitive glanular trichomes: a mode of
defence against herbivorous arthropods in the
Carboniferous. Evolut. Ecol. Res., 4: 779–786.
KRINGS M., KELLOGG D.W., KERP H. & TAYLOR
T.N. 2003a. Trichomes of the seed fern Blanzyopteris praedentata: implications for plant-insect
interactions in the Late Carboniferous. Bot. Jour.
Linn. Soc., 141: 133–149.
KRINGS M., KERP H., TAYLOR T.N. & TAYLOR
E.L. 2003b. How Paleozoic vines and lianas got of
the ground: on scrambling and climbing Carboniferous and Early Permian pteridosperms. The Bot.
Rev., 69: 204–224.
KÜRSCHNER W.M. 1997. The anatomical diversity
of recent and fossil leaves of the durmast oak
(Quercus petraea Lieblein/Q. pseudocastanaea
Goeppert) – implications for their use as biosensors of palaeoatmospheric CO2 levels. Rev. Palaeobot. Palynol., 96: 1–30.

98
KÜRSCHNER W.M., van der BURGH J., VISSCHER
H. & DILCHER D.L. 1996. Oak leaves as biosensors of late Neogene and early Pleistocene
paleoatmospheric CO2 concentrations. Marine
Micropalaeont., 27: 299–312.
KVAČEK Z. & WALTHER H. 1988. Revision der
mitteleuropäischen tertiären Fagaceen nach blattepidermalen Charakteristiken III. Teil – Dryophyllum Debey ex Saporta und Eotrigonobalanus
Walther & Kvaček gen. nov. Feddes Repertorium,
100: 575–601.
KVAČEK Z. & WALTHER H. 2001. The Oligocene
of Central Europe and the development of forest
vegetation in space and time based on megafossils. Palaeontographica, B, 259: 125–148.
KVAČEK Z., VELITZELOS D. & VELITZELOS E.
2002. Late Miocene Flora of Vegora, Macedonia,
N. Greece. University of Athens, Athens Greece.
LABANDEIRA C.C. & PHILLIPS T.L. 2002. Stem
boring and petiole galls from Pennsylvanian tree
ferns of Illinois, USA: Implications for the origin
of the borer and galler functional-feeding-groups
and holometabolous insects. Palaeontographica,
B, 264: 1–84.
LAGEARD J.G.A., THOMAS P.A. & CHAMBERS
F.M. 2000. Using ﬁre scars and growth release
in subfossil Scots pine to reconstruct prehistoric
ﬁres. Palaeogeogr., Palaeoclimat., Palaeoecol.,
164: 87–99.
LIANG M.-M., BRUCH A., COLLINSON M., MOSBRUGGER V., LI CH.-S., SUN Q.-G. & HILTON
J. 2003. Testing the climatic estimates from different palaeobotanical methods: an example from
the Middle Miocene Shangwang ﬂora of China.
Palaeogeogr., Palaeoclimat., Palaeoecol., 198:
279–301.
MAI D.H. 1995. Tertiäre Vegetationsgeschichte Europas. Gustav Fischer, Jena.
MAI D.H. & WALTHER H. 1978. Die Floren der
Haselbacher Serie im Weißelster-Becken (Bezirk
Leipzig) DDR. Abh. Staatl. Mus. Mineral. Geol.
Dresden, 28: 1–200.
MAI D.H. & WALTHER H. 1985. Die obereozänen Floren des Weißelster-Beckens und seiner Randgebiete. Abh. Staatl. Mus. Mineral. Geol. Dresden,
33: 1–260.
MARTÍN-CLOSAS C. & GOMEZ B. 2004. Taphonomie
des plantes et interprétations paléoécologiques.
Une synthèse. Geobios, 37: 65–88
McELWAIN J. 1998. Do fossil plants signal palaeoatmospheric CO2 concentrations in the geological past? Phil. Trans. Roy. Soc. London B, 353:
83–96.
McELWAIN & CHALONER W.G. 1995. Stomatal density and index of fossil plants track atmospheric
carbon-dioxide in the Paleozoic. Ann. Bot., 76:
389–395.
McELWAIN J. & CHALONER W.G. 1996. The fossil cuticle as a skeletal record of environmental
change. Palaios, 11: 376–388.

McELWAIN J.C., BEERLING D.J. & WOODWARD
F.I. 1999. Fossil plants and global warming at
the Triassic-Jurassic boundary. Science, 285:
1386–1390.
McELWAIN J.C., MAYLE F.E. & BEERLING D.J.
2002. Stomatal evidence for a decline in atmospheric CO2 concentration during the Younger
Dryas stadial: a comparison with Antarctic ice
core records. Jour. Quat. Sci., 17: 21–29.
MICHEELS A. 2003. Late Miocene climate modelling
with ECHAM4/ML – The effects of the palaeovegetation on the Tortonian climate. Unpublished
PhD Thesis, Univ. Tübingen.
MOSBRUGGER V. 1999. The nearest living relative
method: 261–265. In: Jones T.P. & Rowe N.P.
(eds) Fossil Plants and Spores: Modern Techniques. Geol. Soc., London.
MOSBRUGGER V. & SCHILLING H.-D. 1992. Terrestrial paleoclimatology in the Tertiary: a methodological critique. Palaeogeogr., Palaeoclimat.,
Palaeoecol., 99: 17–29.
MOSBRUGGER V. & UTESCHER T. 1997. The coexistence approach – a method for quantitative
reconstructions of Tertiary terrestrial palaeoclimate data using plant fossils. Palaeogeogr., Palaeoclimat., Palaeoecol., 134: 61–86.
MOSBRUGGER V., UTESCHER T. & DILCHER D.L.
2005. Cenozoic continental climatic evolution
of Central Europe. Proc. Nat. Acad. Sci., 102:
14964–14969.
MÖSLE B., COLLINSON M.E., SCOTT A.C. & FINCH
P. 2002. Chemosystematic and microstructural
investigations on Carboniferous seed plant cuticles from four North American localities. Rev.
Palaeobot. Palynol., 120: 41–52.
NOLL R., UHL D. & LAUSBERG S. 2003. Brandstrukturen an Kieselhölzern der Donnersberg
Formation (Oberes Rotliegend, Unterperm) des
Saar-Nahe Beckens (SW-Deutschland). Veröff.
Mus. Naturk. Chemnitz, 26: 63–72.
POOLE I. & KÜRSCHNER W.M. 1999. Stomatal density and index: the practice: 257–260. In: Jones,
T.P. & Rowe N.P. (eds), Fossil plants and spores:
modern techniques. Geol. Soc., London.
POOLE I. & LLOYD G.E. 2000. Alternative SEM
techniques for observing pyritised fossil material.
Rev. Palaeobot. Palynol., 112: 287–295.
POOLE I., WEYERS J.D.B., LAWSON T. & RAVEN
J.A. 1996. Variations in stomatal density and
index: implications for palaeoclimatic reconstructions. Plant, Cell and Environment, 19: 705–712.
POOLE I., LAWSON T., WEYERS J.D.B. & RAVEN
J.A. 2000. Effects of elevated CO2 on the stomatal
distribution and leaf physiology of Alnus glutinosa. New Phytologist, 145: 511–521.
POORT R.J. & KERP J.H.F. 1990. Aspects of Permian
paleobotany and palynology. XI. On the recognition of true peltasperms in the Upper Permian of
Western and Central Europe and a reclassiﬁca-

99
tion of species formerly included in Peltaspermum
Harris. Rev. Paleobot. Palynol., 63: 197–225.
POVEY D.A.R., SPICER R.A. & ENGLAND P.C. 1994.
Palaeobotanical investigations of early Tertiary
palaeoelevations in northeastern Nevada: initial
results. Rev. Palaeobot. Palynol., 81: 1–10.
PROSS J., BRUCH A. & KVAČEK Z. 1998. Paläoklima-Rekonstruktionen für den Mittleren Rupelton (Unter-Oligozän) des Mainzer Beckens auf
der Basis mikro- und makrobotanischer Befunde.
Mainzer Geowiss. Mitt., 27: 79–92.

SCHWEITZER H.-J. 1962. Die Makroflora des niederrheinischen Zechsteins. Fortschr. Geol. Rhein.
Westf., 6: 331–376.
SCOTT A.C. 1989. Observations on the nature and
origin of fusain. Intern. Jour. Coal Geol., 12:
443–475.
SCOTT A.C. 2000. The Pre-Quaternary history of fire.
Palaeogeogr., Palaeoclimat., Palaeoecol., 164:
297–345.

RETALLACK G.J. 2001. A 300-million-year record
of atmospheric carbon dioxide from fossil plant
cuticles. Nature, 411: 287–290.

SISÓ S., CAMARERO J.J. & GIL-PEREGRÍN E. 2001.
Relationship between hydraulic resistance and
leaf morphology in broadleaf Quercus species:
a new interpretation of leaf lobation. Trees, 15:
341–345.

RETALLACK G.J. 2002. Carbon dioxide and climate
over the past 300 Myr. Phil. Trans. Roy. Soc. A,
360: 659–673.

SPICER R.A. 1989. The formation and interpretation
of plant fossil assemblages. Adv. Botan. Research,
16: 95–191.

RÖßLER R. (ed.) 2001. Der Versteinerte Wald von
Chemnitz. Museum für Naturkunde Chemnitz,
Chemnitz.

SPICER R.A. 1991. Plant Taphonomic Processes. In:
ALLISON P.A. & BRIGGS D.(eds) Taphonomy:
Releasing the Data Locked in the Fossil Record.
Topics in Geobiology, 9: 71–113.

ROTH A., MOSBRUGGER V., BELZ G. & NEUGEBAUER H. J. 1995. Hydrodynamic modelling
study of angiosperm leaf venation types. Botanica
Acta, 108: 121–126.
ROTH-NEBELSICK A., UTESCHER T., MOSBRUGGER V., DIESTER-HAASS L. & WALTHER
H. 2004. Changes in atmospheric CO2 concentrations and climate from the Late Eocene to Early
Miocene: palaeobotanical reconstruction based on
fossil ﬂoras from Saxony, Germany. Palaeogeogr.,
Palaeoclimat., Palaeoecol., 205: 43–67.
ROYER D.L. 2001. Stomatal density and stomatal
index as indicators of paleoatmospheric CO2 concentration. Rev. Palaeobot. Palynol., 114: 1–28.
ROYER D.L. & WILF P. 2006. Why do toothed leaves
correlate with cold climates? Gas exchange at
leaf margins provides new insights into a classic
paleotemperature proxy. Intern. Jour. Plant Sci.,
167: 11–18.
ROYER D.L., WILF P., JANESKO D.A., KOWALSKI
E.A. & DILCHER D.L. 2005. Correlation of climate and plant ecology to leaf size and shape:
potential proxies for the fossil record. Amer. Jour.
Bot., 92: 1141–1151.
ROYER D.L., WING S.L., BEERLING D.J., JOLLEY
D.W., KOCH P.L., HICKEY L.J. & BERNER R.A.
2001. Paleobotanical evidence for near presentday levels of atmospheric CO2 during part of the
Tertiary. Science, 292: 2310–2313.
SALISBURY E.J. 1927. On the causes and ecological
signiﬁcance of stomatal frequency, with special
reference to the woodland ﬂora. Phil. Trans. Roy.
Soc. London B, 216: 1–65.
SCHIMPER A.F.W. 1898. Pflanzen-Geographie auf
physiologischer Grundlage. Verlag Fischer, Jena.
SCHWEINGRUBER F.H. 2001. Dendroökologische
Holzanatomie – Anatomische Grundlagen der
Dendrochronologie. Verlag Paul Haupt, Bern,
Stuttgart, Wien.

SPICER R.A., HERMAN A.B. & KENNEDY E.M.
2005. The sensitivity of CLAMP to taphonomic
loss of foliar physiognomic characters. Palaios,
20: 429–438.
STAHL E. 1880. Ueber den Einfluss der Lichtintensität auf Structur und Anordnung des Assimilations-parenchyms. Botan. Zeit., 38: 868–874.
STAHL E. 1883. Ueber den Einfluss des sonnigen
und schattigen Standortes auf die Ausbildung
der Laubblätter. Jena. Zeitsch. Naturwiss., 16:
162–200.
STEFFEN W., SANDERSON A., TYSON P.D., JÄGER
J., MATSON P.A., MOORE III B., OLDFIELD
F., RICHARDSON K., SCHELLNHUBER H.J.,
TURNER II B.L. & WASSON R.J. 2004. Global
Change and the Earth System – A planet under
pressure. Springer Verlag, Berlin, Heidelberg.
STEPPUHN A. 2002. Climate and climate processes
during the Upper Miocene: Sensitivity studies
with coupled general circulation models. Unpublished PhD Thesis, Univ. Tübingen.
SWETNAM T.W. & BAISAN C.H. 2003. Tree-ring
reconstructions of ﬁre and climate history in the
Sierra Nevada and southwestern United States.
In: Veblen T.T., Baker W.L. Montenegro G.
& Swetbam T.W. (eds), Fire and climatic change
in temperate ecosystems of the western Americas.
Ecol. Stud., 160: 158–195.
TEGELAAR E.W., WATTENDORFF J. & DE LEEUW
J.W. 1993. Possible effects of chemical heterogeneity in higher land plant cuticles on the preservation of its ultrastructure upon fossilization.
Rev. Palaeobot. Palynol., 77: 149–170.
TEGELAAR E.W., KERP H., VISSCHER H.,
SCHENCK P.A. & DE LEEUW J.W. 1991. Bias
of the paleobotanical record as consequence of
variations in the biochemical composition of
higher vascular plant cuticles. Paleobiology, 17:
133–144.

100
THÉVENARD F., GOMEZ B. & DAVIERO-GOMEZ,
V. 2005. Xermorphic adaptations of some Mesozoic gymnosperms. A review with palaeoclimatological implications. Compte Rendu Paleol., 4:
67–77.
TIBBS S.L., BRIGGS D.& PRÖSSL, K.F. 2003. Pyritisation of plant microfossils from the Devonian
Hunsrück Slate of Germany. Paläont. Zeitsch.,
77: 241–246.
TRAISER C., KLOTZ S., UHL D. & MOSBRUGGER
V. 2005. Environmental signals from leaves
– A physiognomic analysis of European vegetation. New Phytologist, 166: 465–484.
UHL D. 2004a. A new species of Ullmannia (Coniferophytina: Ullmanniaceae) from the Upper Permian of northern England. Neues Jahrbuch für
Geologie & Paläontologie, Monatshefte, 01/2004:
53–64.
UHL D. 2004b. Anatomy and taphonomy of a coniferous wood from the Zechstein (Upper Permian)
of NW-Hesse (Germany). Geodiversitas, 26:
391–401.

ison of leaf margin analysis and the coexistence
approach. Rev. Palaeobot. Palynol., 126: 49–64.
ULLMANN J.C. 1803. Mineralogische berg- und hüttenmännische Beobachtungen über die Gebirge,
Grubenbaue und Hüttenwerke der hessen-casselischen Landschaft an der Edder. Neue Academische Buchhandlung, Marburg.
UTESCHER T., MOSBRUGGER V. & ASHRAF A.R.
2000. Terrestrial climate evolution in Northwest
Germany over the last 25 million years. Palaios,
15: 430–449.
WALDIN J.G. 1778. Die Frankenberger Versteinerungen, nebst ihrem Ursprunge. Universitäts-Buchhandlung, Marburg.
WIEMANN M.C., MANCHESTER S.R., DILCHER
D.L., HINOJOSA L.F. & WHEELER E.A. 1998.
Estimation of temperature and precipitation
from morphological characters of dicotyledonous
leaves. Amer. Jour. Bot., 85: 1796–1802.
WILF P. 1997. When are leaves good thermometers?
A new case for leaf margin analysis. Paleobiology,
23: 373–390.

UHL D. & KERP H. 2002a. Preservation of fossil
plants from the Zechstein (Upper Permian) of
Central Europe. Freib. Forschungsh. C 497 –
Paläont. Stratigr. Fazies, 10: 29–43.

WILKINSON H.P. 2003. Fossil actinomycete filaments
and fungal hyphae in dicotyledonous wood from
the Eocene London Clay, Isle-of-Sheppey, Kent,
England. Bot. Jour. Linn. Soc., 142: 383–394.

UHL D. & KERP H. 2002b. Die Makroflora des ostthüringischen und sächsischen Zechsteins – Stand
der Forschung und Ausblick. Veröff. Mus. Naturk.
Stadt Gera, 29: 44–63.

WOLFE J.A. 1979. Temperature parameters of humid
to mesic forests of eastern Asia and relation to
forests of other regions of the northern hemisphere and Australasia. U.S. Geol. Surv. Prof.
Paper, 1106: 1–27.

UHL D. & KERP H., 2005. Variability of stomatal
density and index in the Upper Permian conifer
Quadrocladus Mädler – a taphonomical case
study. Palaeogeogr., Palaeoclimat., Palaeoecol.,
218: 205–215.
UHL D. & MOSBRUGGER V. 1999. Leaf venation
density as a climate and/or environmental proxy
– a critical review and new data. Palaeogeogr.,
Palaeoclimat., Palaeoecol., 149: 17–30.
UHL D., BRUCH A.A., TRAISER C. & KLOTZ, S.
2006. Palaeoclimate estimates for the Middle Miocene Schrotzburg ﬂora (S Germany)
– A multi-method approach. Intern. Jour. Earth
Sci., 95: 1071–1085.
UHL D., LAUSBERG S., NOLL R. & STAPF K.R.G.
2004. Wildﬁres in the Late Palaeozoic of Central
Europe – An overview of the Rotliegend (Upper
Carboniferous – Lower Permian) of the SaarNahe Basin (SW-Germany). Palaeogeogr., Palaeoclimat., Palaeoecol., 207: 23–35.
UHL D., MOSBRUGGER V., BRUCH A. & UTESCHER T. 2003. Reconstructing palaeotemperatures using leaf ﬂoras – case studies for a compar-

WOLFE J.A. 1985. Distribution of major vegetational
types during the Tertiary: 357–375. In: Sundquist
E.T. & Broecker W.S. (eds), The carbon cycle and
atmospheric CO2. Natural variations Archean to
Present. American Geophysical Union, Washington D.C.
WOLFE J.A. 1993. A method of obtaining climatic
parameters from leaf assemblages. U.S. Geol.
Surv. Bull., 2040: 1–71.
WOLFE J.A. 1995. Paleoclimatic estimates from Tertiary leaf assemblages. Ann. Rev. Earth Planet.
Sci., 23: 119–142.
WOLFE J.A. & SPICER R.A. 1999. Fossil Leaf Character States: Multivariate Analysis: 233–239. In:
Jones, T.P. & Rowe N.P. (eds), Fossil Plants and
Spores: Modern Techniques. Geol. Soc., London.
WOODWARD F.I. 1987. Stomatal numbers are sensitive to increases in CO2 from pre-industrial levels. Nature, 327: 617–618.
WOODWARD F.I. & BAZZAZ F.A. 1988. The response
of stomatal density to CO2 partial pressure. Jour.
Exper. Bot., 39: 1771–1781.

