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Abstract We present a detailed palaeoclimate analysis of
the Middle Miocene (uppermost Badenian–lowermost
Sarmatian) Schrotzburg locality in S Germany, based on
the fossil macro- and micro-flora, using four different
methods for the estimation of palaeoclimate parameters:
the coexistence approach (CA), leaf margin analysis
(LMA), the Climate-Leaf Analysis Multivariate
Program (CLAMP), as well as a recently developed
multivariate leaf physiognomic approach based on an
European calibration dataset (ELPA). Considering re-
sults of all methods used, the following palaeoclimate
estimates seem to be most likely: mean annual tempera-
ture �15–16�C (MAT), coldest month mean tempera-
ture �7�C (CMMT), warmest month mean temperature
between 25 and 26�C, and mean annual precipiation
�1,300 mm, although CMMT values may have been
colder as indicated by the disappearance of the croco-
dile Diplocynodon and the temperature thresholds
derived from modern alligators. For most palaeoclimatic

parameters, estimates derived by CLAMP significantly
differ from those derived by most other methods. With
respect to the consistency of the results obtained by CA,
LMA and ELPA, it is suggested that for the Schrotzburg
locality CLAMP is probably less reliable than most
other methods. A possible explanation may be attribu-
ted to the correlation between leaf physiognomy and
climate as represented by the CLAMP calibration data
set which is largely based on extant floras from N
America and E Asia and which may be not suitable for
application to the European Neogene. All physiognomic
methods used here were affected by taphonomic biasses.
Especially the number of taxa had a great influence on
the reliability of the palaeoclimate estimates. Both
multivariate leaf physiognomic approaches are less
influenced by such biasses than the univariate LMA. In
combination with previously published results from the
European and Asian Neogene, our data suggest that
during the Neogene in Eurasia CLAMP may produce
temperature estimates, which are systematically too cold
as compared to other evidence. This pattern, however,
has to be further investigated using additional palaeofl-
oras.

Keywords Neogene Æ Palaeoclimate Æ Taphonomy Æ
Leaf physiognomy Æ Nearest living relatives

Introduction

Dealing with Global Change may become one of the
major challenges for humankind in the 21st century (e.g.
Steffen et al. 2004). A critical assessment of the possible
impacts of Global Change must not only refer to the
reliability of model predictions for the future, but also to
information about past climate and environmental
changes. In the terrestrial realm the reconstruction of
past climatic and environmental conditions and changes
is largely based on fossil plant remains. A large number
of different methods have been developed to derive
environmental data from these plants (e.g. Kershaw and
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D. Uhl
Laboratory of Palaeobotany and Palynology,
Department of Palaeoecology, Utrecht University,
Budapestlaan 4, 3584 CD Utrecht, The Netherlands
E-mail: dieter.uhl@gmx.de
Tel.: +31-30-2532634
Fax: +31-30-2535096

A. A. Bruch
Senckenberg Research Institute and Natural History Museum,
Senckenberganlage 25, 60325 Frankfurt, Germany

S. Klotz
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Nix 1988; Chaloner and Creber 1990; Mosbrugger and
Schilling 1992; Jones and Rowe 1999; Klotz et al. 2003).
However, only a few of these methods are able to pro-
duce quantitative data.

In general, two different approaches exist for the
Tertiary, which claim to be able to produce reliable
quantitative data based on plant fossils: (1) the nearest
living relative (NLR) approach and (2) the leaf physi-
ognomic approach.

The NLR approach has been used by palaeobotanists
at least since the days of Sternberg and Brongniart in the
early 19th century. Whereas these early authors and
even many authors today restrict the NLRs which they
use for the estimation of palaeoclimatic conditions to
some selected threshold taxa, recent modifications of
this approach make use of as many NLR taxa as
possible (e.g. Kershaw and Nix 1988; Kershaw 1997;
Mosbrugger and Utescher 1997; Zhao et al. 2004). These
various methods reconstruct palaeoclimate requirements
(intervals for different parameters) of a fossil flora on the
basis of the mutual climatic requirements of the indi-
vidual taxa, which participate in the fossil flora. Espe-
cially, the coexistence approach (CA), developed by
Mosbrugger and Utescher (1997), has been applied
repeatedly to floras (macro and micro) from the
European and Asian Tertiary (e.g. Mosbrugger and
Utescher 1997; Bruch 1998; Pross et al. 1998; Utescher
et al. 2000; Ivanov et al. 2002; Kvaček et al. 2002; Liang
et al. 2003; Uhl et al. 2003; Roth-Nebelsick et al. 2004).

In contrast to these NLR approaches, the leaf phys-
iognomic approach makes use of the fact that certain
leaf physiognomic traits of extant leaves may be strongly
correlated with certain climatic parameters. Widely used
in palaeoclimatology research is, for example, the cor-
relation between the type of leaf margin and mean
annual temperature (MAT) (e.g. Bailey and Sinnott
1915, 1916; Wolfe 1979; Wing and Greenwood 1993;
Wilf 1997; Greenwood et al. 2004). To overcome some
of the problems in using only an individual leaf physi-
ognomic trait, Wolfe (1993) has developed the Climate-
Leaf Analysis Multivariate Program (CLAMP), which is
currently based on 31 leaf physiognomic traits (Wolfe
and Spicer 1999).

Although CA and CLAMP have frequently been
used for the estimation of palaeoclimatic parameters by
various authors (e.g. Wolfe 1994a, b, 1995; Herman and
Spicer 1997; Mosbrugger and Utescher 1997; Bruch
1998; Pross et al. 1998; Utescher et al. 2000; Ivanov et al.
2002; Kvaček et al. 2002; Liang et al. 2003), so far direct
comparisons between the results obtained by both
methods on the basis of the same source-floras are very
rare (e.g. Mosbrugger and Utescher 1997; Utescher et al.
2000; Kvaček et al. 2002; Liang et al. 2003; Kvaček and
Walther, 2004). In most of these cases, however, the
CLAMP estimates for various temperature parameters,
as well as the estimates from leaf margin analysis (LMA)
for MAT, have been observed to be considerably lower
than the estimates from CA. The reason for this dis-
crepancy is absolutely unclear so far. However, for most

of these reconstructions, additional data tend to support
the estimates derived from CA rather than those by
CLAMP or LMA (e.g. Mosbrugger and Utescher 1997,
Kvaček et al. 2002). Especially, it has been argued that
probably taphonomic distortions may be the reason for
the cooler temperature estimates obtained by the phys-
iognomic approaches (e.g. Liang et al. 2003). Also the
fact that lakeside and riverside vegetation, which is
commonly the source of the dominating part of fossil
floras (e.g. Spicer 1981, 1991; Ferguson 1985), is often
characterized by smaller proportions of entire margined
taxa than the surrounding vegetation (Burnham et al.
2001; Kowalski and Dilcher 2003), may lead to an
underestimation of MAT by leaf physiognomic
methods. However, in some cases, leaf physiognomic
techniques and CA produced MAT estimates, which
were in good agreement with each other (e.g. Uhl et al.
2003; Roth-Nebelsick et al. 2004), although it could be
demonstrated that the physiognomic techniques were
strongly influenced by taphonomy at some of these
localities (Uhl et al. 2003).

Here, we present a detailed investigation based on the
fossil macro-flora from the Middle Miocene Schrotzburg
locality (‘‘oberes Pflanzenlager’’ sensu Hantke 1954) in S
Germany which includes a variety of palaeoclimate
parameters [i.e. MAT, warmest month mean tempera-
ture (WMMT); coldest month mean temperature
(CMMT), mean annual precipitation (MAP), growing
season precipitation (GSP) and the length of the grow-
ing season (GSL)], and also a wide array of methods.
These methods concern CA, LMA, CLAMP and a
recently developed multivariate leaf physiognomic
approach based on an European calibration dataset
(ELPA) (Traiser 2004; Traiser et al. 2005). Additionally,
we present the results of a first survey of the micro-flora
from this locality, and CA estimates derived from this
micro-flora.

Study site, material and methods

Study site

In the Bohlinger Schlucht, a small gorge located on
the northern flank of the Schienerberg in the west of
Lake Constance (S Germany) (cf. Fig. 1), sediments are
exposed, which have been deposited in the
Northern Alpine Foreland basin and which belong to
the Middle Miocene Upper Freshwater-Molasse
(‘‘Obere Süßwassermolasse’’, OSM). The sediments at
the Bohlinger Schlucht are slightly older than the Upper
Oehningen beds (Schreiner 1992), the flora of which has
first been described by Heer (1855, 1856, 1859). Sedi-
ments from the lower part of the profile exposed at the
Bohlinger Schlucht have been attributed to the mammal
zone MN-6, whereas the uppermost part (‘‘oberes
Pflanzenlager’’ sensu Hantke 1954), which we consid-
ered in the present study, most probably represents the
lowermost part of mammal zone MN-7 (uppermost
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Badenian–lowermost Sarmatian) (Giersch 2004). The
Schrotzburg palaeoflora, most likely representing a
riparian forest vegetation, has been studied in detail by
Hantke (1954) and Nötzold (1957), about one century
after the initial studies by Heer (1855, 1856, 1859).
Subsequently, several additional taxonomic publications
on the Schrotzburg flora appeared (e.g. Nötzold 1956;
Hantke 1965, 1966, 1980; Gregor and Hantke 1980;
Gregor, 1982; Herendeen 1992a, b), which dealt with
only one or with a few taxa. Despite the fact that there is
no modern revision, this flora can still be considered as
one of the best-known Miocene floras in Central Europe
(e.g. Mai 1995). The macro-flora has yielded about 40
species (including conifers, angiosperm leaves, fruits and
seeds) and several thousands of specimens. Although the
macro-flora of the Schrotzburg locality has been inves-
tigated in great detail, the micro-flora has not been
analysed so far.

The plant-bearing sediments of the ‘‘oberes Pflan-
zenlager’’ (sensu Hantke 1954) are very uniform and
consist of marls attaining a thickness of about 4 m
(Rutte 1956). The flora has initially been collected from
28 distinct layers, which may be interpreted as individual
flooding events, covering a time span of approximately
1,400–1,700 years (Hantke 1954).

Heer (1859) estimated MAT to be about 18–19�C
during the entire OSM in S Germany and N Switzerland.

Hantke (1954) studied the Schrotzburg leaf flora in detail
and—based on the climatic requirements of NLRs of a
few taxa of the fossil flora—estimated MAT to be about
16�C, CMMT to be about 7–8�C, WMMT to be about
24�C, and MAP to be about 1,300–1,500 mm. More
recently, Uhl et al. (2003) gave quantitative estimations
of MAT for this locality of 14.4–16.5�C (using CA) and
17.8 ± 2.6�C (using LMA), which are in full agreement
with Hantke’s (1954) results.

Material

For this study, we considered not only the more than
14,000 macro-specimens which have been investigated
by Hantke (1954) and which are stored in the collection
of the ‘‘Eidgenössische Technische Hochschule Zürich’’,
Switzerland, but for the first time also palynomorphs
from this locality.

Concerning the macro-remains, we used a taxonom-
ically slightly revised and with respect to nomenclature
updated version of the original taxa list published by
Hantke (1954). The revised list and their NLRs are given
in Table 1. Important changes that have been made are
summarized in Table 2. To investigate the potential
taphonomic effects on the multivariate methods applied
in this study in detail, we used the florules from 26
individual layers as subsamples of the Schrotzburg flora
(for details see: Uhl et al. 2003). With respect to the
micro-flora assemblage of the Schrotzburg locality,
sediment samples were taken from the marl deposits.
For a preliminary study, palynomorphs were extracted
from two sediment samples following standard palyno-
logical techniques. For this purpose, 10–15 g of the
sediment material were decalcified with HCl (33%) and
subsequently treated with HF (40%). Oxidation with
HNO3, followed by neutralization with KOH, was used
to break down amorphous organic matter obscuring the
palynomorphs. After each of these steps, the material
was sieved through a 10 lm nylon mesh. Following this
procedure, strew mounts were prepared using glycerine
gelatine as mounting medium. Two slides (one for each
sample) have been counted completely with 280 and 170
grains, respectively. The slides are stored at the Institute
of Geosciences, University of Tübingen, Germany. A list
of the 31 palynomorph taxa identified in this samples
and their NLRs is given in Table 3.

Methods

For the reconstruction of the palaeoclimate parameters
represented by the macro- and micro-flora remains, we
applied the CA (cf. Mosbrugger and Utescher 1997),
LMA (cf. Wolfe 1979; Wing and Greenwood 1993),
CLAMP (cf. Wolfe 1993) and a recently developed
multivariate leaf physiognomic approach based on an
ELPA (cf. Traiser 2004; Traiser et al. 2005). Although
most of these methods claim to reliably give estimates

Hamburg

Berlin

Munich

Frankfurt/Main

Germany

Fig. 1 Map indicating the location of the Schrotzburg locality to
the West of Lake Constance (filled star)
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for more parameters as included in our study, we re-
stricted our investigation to climate parameters, which
at least can be reconstructed by two out of the different
approaches.

Coexistence approach

The CA is a recent and largely computer assisted vari-
ation of the NLR methodology. It has been introduced
by Mosbrugger and Utescher (1997) and has been
successfully applied to estimate palaeoclimate parame-
ters not only for the European Neogene and Palaeogene
(e.g. Bruch 1998; Utescher et al. 2000; Ivanov et al. 2002;

Kvaček et al. 2002; Uhl et al. 2003; Roth-Nebelsick et al.
2004; Mosbrugger et al., 2005), but also, at least in one
case, for the Neogene of East Asia (Liang et al. 2003).
For a detailed discussion of this approach see Mosb-
rugger and Utescher (1997), Mosbrugger (1999) and Uhl
et al. (2003). Here, we calculate the intervals of coexis-
tence for MAT, CMMT, WMMT and MAP for
the macro-remains (CAmacro), as well as for the pal-
ynomorphs (CAmicro). Assignment of NLR’s was done
according to the data stored in the palaeoflora database
on which the CA is based.

The CAmacro estimates for MAT, WMMT and
CMMT have been calculated for the entire flora, and
also for those sub-samples of the individual layers
(cf. Uhl et al. 2003) with more than ten taxa (the taxa
lists for the individual layers are available upon request
from the authors or see Hantke 1954).

Leaf margin analysis

Based on studies of modern floras, Bailey and Sinnott
(1915, 1916) were the first to observe a direct correlation
between the proportion of dicot woody species with
entire margined leaves within a flora, and MAT. Sub-
sequently, different modern calibration data sets have
been developed which allow the quantitative estimation
of MAT values based on fossil dicot leaves (e.g. Wolfe
1979; Wilf 1997; Kowalski 2002). Here, we used a
regression equation which is based on a modern dataset
from mesic forests of East Asia (Wolfe 1979; Wing and
Greenwood 1993), and which describes the correlation
between the proportion (P) of woody species with entire-
margined leaves in a flora and MAT by:

MAT ¼ 30:6P þ 1:14

The standard deviation or ‘‘sampling error’’ rMAT
of MAT was calculated after Wilf (1997) as:

Table 1 List of macro-remains from the Schrotzburg locality, and
their corresponding NLRs (NLRs used for the CAmacro in bold)

Fossil taxon NLR

Amblystegium schrotzburgense Hantke Amblystegium riparius
Pteridium oeningense (Unger) Hantke Pteridium
Salvinia formosa Heer Salvinia natans
G. europaeus (Brongniart) Heer Glyptostrobus lineatus
Alnus rotundata Goeppert Alnus
Fagus sp. Fagus
Castanea atavia Unger Castanea sativa
Quercus mediterranea Unger Quercus ilex,

Quercus coccifera
Comptonia oeningensis A. Braun Comptonia peregrina
Juglans acuminata A. Braun Juglans regia
Pterocarya castaneaefolia
(Goeppert) Menzel

Pterocarya fraxinifolia

Populus latior A. Braun Populus
Populus balsamoides Goeppert Populus balsamifera
Salix lavateri A. Braun Salix
Salix angusta A. Braun Salix
Ulmus longifolia Unger Ulmus
? Parthenocissus sp. ? Parthenocissus
Liquidambar europaea A. Braun Liquidambar styraciflua
Platanus aceroides Goeppert Platanus occidentalis
Magnolia ?rueminiana (Heer) Hantke Magnolia acuminata
D. polymorpha (A. Braun)
Ettingshausen

Lauraceae

Persea princeps (Heer) Schimper Persea
Phoebe integriuscula (Heer) Hantke Phoebe
Ceratophyllum schrotzburgense Hantke Ceratophyllum
Crataegus longepetiolata Heer Crataegus
Rosa sp. Rosa
Podocarpium podocarpum
(A. Braun) Herendeen

Leguminosae

Sapindus falcifolius A. Braun Sapindus
Acer tricuspidatum Bronn Acer saccharinum
Acer angustilobum Heer Acer trautvetteri,

Acer pseudoplatanus
Leguminosae indet. Leguminosae
Berchemia multinervis
(A. Braun) Heer

Berchemia

Cornus graeffii (Heer) Hantke Cornus
Diospyros brachysepala A. Braun Diospyros virginianum
Hydromystria expansa
(Heer) Hantke

Hydromystria laevigatum

Smilax sagittifera
Heer emend. Hantke

Smilax

Gramineae Gramineae
Cyperaceae Cyperaceae
Typha latissima A. Braun Typha latifolia

Table 2 Changes between Hantke’s original taxa list (Hantke 1954)
used by Uhl et al. (2003) and the modified list used in this study

Hantke (1954) This study

Fagus attenuata Goeppert Fagus sp.
Zelkova ungeri Kováts ? Parthenocissus sp.*
C. polymorphum (A. Braun) Heer D. polymorpha

(A. Braun) Ettingshausen
C. polymorphum f. scheuchzeri D. polymorpha

(A. Braun) Ettingshausen
C. polymorphum f. retusum D. polymorpha

(A. Braun) Ettingshausen
Gleditischia sp. Podocarpium podocarpum

(A. Braun) Herendeen
Podogonium lyellianum Heer Podocarpium podocarpum

(A. Braun) Herendeen
Acer trilobatum
(Sternberg) A. Braun

Acer tricuspidatum Bronn

*Kovar-Eder et al. (2004) explicitely mentioned this as a probable
relationship for the specimens figured by Hantke (1954) as Zelkova
ungeri
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rMAT ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pð1� P Þ
r

r

;

with P representing the proportion of leaf species with
entire margins of the r species in the flora, and c being
the constant in the regression equation (here 30.6).

Climate-leaf analysis multivariate program

The CLAMP technique has been introduced by Wolfe
(1993) and has subsequently been refined by Wolfe and
co-workers (cf. Wolfe and Spicer 1999). In its current

version, this technique considers 31 leaf physiognomic
characters. It is based on a modern calibration data set,
which includes 144 modern sample sites (CLAMP 3B
data set), mostly located in N America and in E Asia.
Mathematically, this technique is based on canonical
correspondence analysis, a direct ordination method,
which is widely used in plant ecology. For our analysis,
we used the spreadsheets provided by R.A. Spicer on his
CLAMP website (http://www.tabitha.open.ac.uk/spicer/
CLAMP/Clampset1.html) and the programme
CANOCO 4.02 for Windows. A list of the physiognomic
scores for the Schrotzburg flora used for the application
of CLAMP and ELPA is given in Table 4.

Table 3 List of palynomorphs
extracted from the Schrotzburg
locality, and their
corresponding botanical affinity
and NLRs (NLRs used for
CAmicro in bold)

Fossil taxon Botanical affinity NLR

Saxosporis sp. Anthocerotaceae
Retitriletes sp. Lycopodiaceae Lycopodium sect. Annotina
Leiotriletes triangulus
(Mürringer & Pflug ex Krutzsch)
Krutzsch

?

Corrugatisporites multivallatus
(Pflug) Planderova

Lygodiaceae Lygodium

Echinatisporis sp. Selaginellaceae Selaginella
Lusatisporis perinatus Krutzsch Selaginellaceae Selaginella
Laevigatisporites haardti (Potonie &
Venitz) Thomson & Pflug

?

Verrucatosporites favus (Potonie)
Thomson & Pflug

Dennstaedtiaceae

Pinuspollenites spp. Pinaceae Pinus
Piceapollenites spp. Pinaceae Picea
Cathayapollis sp. Pinaceae Cathaya
Zonalapollenites robustus Krutzsch
ex Kohlman-Adamska

Pinaceae Tsuga

Sciadopityspollenites serratus
(Potonie & Venitz)
Raatz ex Potonie

Sciadopityaceae Sciadopitys

Cupressacites insulipapillatus
(Trevisan) Krutzsch

Cupressaceae

Inaperturopollenites concedipites
(Wodehouse) Krutzsch

Taxodiaceae Taxodium/Glyptostrobus

Inaperturopollenites verrupapillatus
Trevisan

Taxodiaceae Taxodium/Glyptostrobus

Polyvestibulopollenites verus
(Potonie) Thomson & Pflug

Betulaceae Alnus

Polyporopollenites undulosus
(Wolff) Thomson & Pflug

Ulmaceae Ulmus/Zelkova

Intratriporopollenites instructus Mai Tiliaceae Craigia
Momipites punctatus (Potonie) Nagy Juglandaceae Engelhardia
Caryapollenites simplex
(Potonie) Raatz ex Potonie

Juglandaceae Carya

Pterocaryapollenites stellatus
(Potonie) Thiergart

Juglandaceae Pterocarya

Multiporopollenites maculosus (Potonie)
Thomson & Pflug

Juglandaceae Juglans

Tricolporopollenites staresedloensis
Krutzsch & Pacltova

Hamamelidaceae Distylium

Liquidambarpollenites stigmosus
(Potonie) Raatz

Hamamelidaceae Liquidambar

Quercopollenites petraea-type Nagy Fagaceae (deciduous) Quercus
Tricolporopollenites wackersdorfensis
Thiele-Pfeiffer

Fabaceae

Nyssapollenites kruschi (Potonie) Nagy Nyssaceae Nyssa
Ericipites sp. Ericaceae
Tubulifloridites sp. Asteraceae Asteroidae
? Araliaceoipollenites sp. Araliaceae?
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The CLAMP estimates for MAT, WMMT and
CMMT have been calculated for the entire flora, and
also for those sub-samples of the individual layers
(cf. Uhl et al. 2003) with more than ten taxa (the
physiognomic scores for the individual layers are avail-
able upon request from the authors).

European leaf physiognomy approach

The ELPA has recently been developed at the Institute
of Geosciences, University of Tübingen (cf. Traiser
2004; Traiser et al. 2005). This approach uses a grid-
based (0.5� lat. to 0.5� long.) calibration dataset covering
large areas in Europe. At the moment, this data-set
consists of 1,835 ‘‘synthetic floras’’ which are generated
on the basis of the distribution maps of 108 extant
woody angiosperm taxa that have been physiognomi-
cally characterised using floristic manuals. A synthetic
flora at a specific geographical co-ordinate is defined
exactly by the list of those taxa whose distribution maps
cover that locality (Klotz 1999; Klotz et al. 2003; Traiser
et al. 2005). So far, the ‘‘synthetic floras’’ included in the
actual calibration data-set are restricted to grid-cells
with more than 25 taxa and to an elevation between 0

and 400 m above sea-level. Details of this data set are
discussed in detail by Traiser et al. (2005). Physiognomic
data and climatic data (from New et al. 1999) are
processed with Redundancy Analysis (RDA), a linear
direct ordination technique, using CANOCO 4.02 for
Windows (see Traiser, 2004). Although the underlying
database has to be seen as preliminary (cf. Traiser et al.
2005), this approach has been included in our study to
evaluate its current and future potential for palaeocli-
matic analysis.

The ELPA estimates for MAT, WMMT and CMMT
have been calculated for the entire flora, and also for
those sub-samples of the individual layers (cf. Uhl et al.
2003) with more than ten taxa (the physiognomic scores
for the individual layers are available upon request from
the authors).

Results

‘‘Floristic’’ observations

The taxonomy and palaeoecology related to the macro-
flora of the Schrotzburg locality has been analysed in
detail by Hantke (1954) and Nötzold (1957). Therefore,
we restrict our ‘‘floristic’’ descriptions and observations
to a short comparison between the macro- and the
micro-flora, and to some preliminary palaeoecological
implications inferred from the micro-flora. A detailed
investigation of the palynoflora from the Schrotzburg
locality is in preparation and will be published else-
where.

Only a few taxa can be identified in both floras, i.e.
Alnus, Juglans, Pterocarya, Liquidambar, Quercus and
maybe Ulmus and Glyptostrobus, although the pollen
of the latter two taxa cannot be distinguished from the
pollen of closely related taxa (cf. Table 4). Whereas
the macro-flora contains only remains of a single
conifer taxon, Glyptostrobus europaeus, this group
occurs with at least eight pollen types belonging to
four different families (Table 4). Most of the source
taxa can probably be regarded as elements of the
hinterland-flora (i.e. Pinaceae, Sciadopityaceae,
Cupressaceae), which are in general poorly represented
in the macro-flora from this locality. Other
palynomorph-types point to taxa which are common
in palaeofloras from the Neogene of Central Europe
(e.g. Gregor 1982; Mai 1995), such as Engelhardia,
Carya, Nyssa or Craigia, but which have not been
identified in the Schrotzburg macro-flora so far. Other
palynomorph elements, which are not present in the
macro-flora, belong to herbaceous forms like liver-
worts, ferns and Asteraceae.

The observed qualitative differences in the macro-
and the micro-floras are also documented on account
of the quantitative differences in the climatically lim-
iting taxa when the CA is applied to both floras (cf.
Table 5).

Table 4 Percentages of leaf physiognomic characters of the
Schrotzburg palaeoflora

Leaf character Percentage

Lobed 17.2
No teeth 37.9
Teeth regular 25.9
Teeth close 25.9
Teeth round 24.1
Teeth acute 36.2
Teeth compound 17.2
Nanophyll 0.0
Leptophyll 1 0.0
Leptophyll 2 2.3
Microphyll 1 14.9
Microphyll 2 46.4
Microphyll 3 23.5
Mesophyll 1 12.6
Mesophyll 2 0.0
Mesophyll 3 0.0
Apex emarginated 0.0
Apex round 12.5
Apex acute 55.4
Apex attenuate 32.1
Base cordate 5.5
Base round 38.9
Base acute 55.5
L:W <1:1 10.3
L:W 1–2:1 38.8
L:W 2–3:1 26.7
L:W 3–4:1 6.0
L:W >4:1 18.1
Shape obovate 9.8
Shape elliptic 51.1
Shape ovate 39.1
Leaf simple 83.9
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Palaeoclimate estimates

Coldest month mean temperature

Estimates for CMMT differ markedly between the dif-
ferent methods (cf. Table 6, Fig. 2). CLAMP–CMMT is
hardly above 0�C (and may fall below this value if the
error is included), whereas all the other methods esti-
mate CMMT to be above 0�C. The results from these
methods, however, also differ among one another with
ELPA estimating the highest values ranging between 6.8
and 10.8�C. This interval, as represented by the standard
deviation, slightly overlaps with that of CAmicro. In
contrast, CAmacro suggests CMMT values considerably
lower than obtained by ELPA and CAmicro, which
overlap with the CLAMP estimate for this parameter.

Mean annual temperature

The MAT estimates obtained from CAmacro, CAmicro

and ELPA are in good agreement with one another,
suggesting MAT about 16�C (cf. Table 5, Fig. 2). In
contrast, the CLAMP and the LMA suggest lower
temperatures. In addition, the CLAMP estimate does
not overlap with any of the other estimates, whereas the
LMA estimate overlaps with the other estimates when
taking into account the standard deviation.

The MAT estimates derived by LMA based on the
revised macro-flora list (LMArev) used in this study are
conspicuously colder than LMA estimates published by
Uhl et al. (2003), which were based on Hantke’s (1954)
original taxa list (LMAorig) (Table 7). Values for the
complete flora differ by about 5.0�C. LMArev estimates
overlap with CAmacro estimates, as it has been observed
before for LMAorig estimates (Uhl et al. 2003). The
taxonomic changes (cf. Table 1, 2) resulted also in a

slightly lower boundary for CAmacro estimates (13.4�C as
compared to 14.4�C estimated by Uhl et al. 2003).

Warmest month mean temperature

The WMMT estimates from all approaches are more
or less in agreement with one another. All estimates
point to WMMT of about 25–26�C, or slightly above
this value (cf. Table 6, Fig. 2). The estimate obtained
by CAmicro is slightly higher than those by both
physiognomic approaches, but the lower boundary
(26.5�C) overlaps with the upper boundary of CAmacro

(26.7�C).

Mean annual precipitation

As both physiognomic approaches used in this work
cannot reliably estimate MAP, we can only compare the
results of CAmacro and CAmicro. Here, CAmicro estimates
for MAP are slightly higher than those of CAmacro,
suggesting values at about 1,300 mm (cf. Table 6).

Growing season precipitation

Only the two multivariate physiognomic approaches
used in this study claim to be able to estimate GSP,
suggesting, however, markedly different results (cf.
Table 6), with the ELPA estimate (503 mm) three times
higher than the CLAMP estimate (167 mm).

Growing season length

Similar to GSP, only the two multivariate physiognomic
approaches claim to be able to estimate GSL. The GSL

Table 5 List of the taxa, which
define the limits of the
palaeoclimate intervals of
coexistence for the macro- as
well as for the micro-flora of the
Schrotzburg locality

NLR taxa

CAmacro CAmicro

Min Max Min Max

MAT (�C) Sapindus Populus balsamifera Engelhardia Juglans
CMMT (�C) Quercus ilex Q. coccifera Populus balsamifera Engelhardia Juglans
WMMT (�C) Diospyros virginiana Juglans Engelhardia Nyssa
MAP (mm) Liquidambar styraciflua Populus balsamifera Lygodium Taxodiaceae

Table 6 Palaeoclimate estimates for selected palaeoclimate parameters obtained by the different methods used in this study (for LMA see
Table 7), and the original estimates from Hantke (1954), which were based on selected NLRs

CAmacro CAmicro CLAMP ELPA Hantke (1954)

MAT (�C) 13.4–16.5 15.6–17.2 12.0 ± 1.2 16.0 ± 1.1 �16
CMMT (�C) 0.4–4.8 6.2–7.0 0.4 ± 1.6 8.8 ± 2.0 7–8
WMMT (�C) 24.3–26.7 26.5–27.8 24.1 ± 1.9 23.8 ± 1.7 �24
MAP (mm) 897–1237 1300–1322 1300–1500
GSP* (mm) 167 ± 33.6 503 ± 81
GSL* (months) 7.4 ± 0.7 9.7 ± 0.7

*Temp. >10�C
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estimate suggested by CLAMP is slightly lower than
that by ELPA (cf. Table 6). When the errors of esti-
mation are considered a difference of about one month is
suggested.

Taphonomic observations

In a previous study on the Schrotzburg macro-flora it
was demonstrated that MAT estimates derived from
LMA are strongly influenced by taphonomic distortions,
due to the under representation of entire margined taxa
in layers with low specimen numbers (Uhl et al. 2003).
To investigate the potential influence of such distortions
also on the multivariate physiognomic methods
CLAMP and ELPA, MAT, WMMT and CMMT esti-
mates for the individual layers with at least ten taxa are
compared to the results obtained by LMArev (only
MAT) and CAmacro (cf. Table 7, Fig. 3). It could be
observed that such taphonomic distortions might have
had relatively little influence on CA (e.g. Uhl et al. 2003).
Only in layers with very few taxa, the width of the cor-
responding interval of coexistence was wider for all three
climatic parameters (Fig. 3).

In all sub-samples, the WMMT estimates derived
from CLAMP and ELPA did overlap and only in some
sub-samples were these values below the CAmacro esti-
mates. CLAMP estimates did overlap in several cases
with those of CAmacro, especially in layers with a low
number of taxa and thus with consequently relative wide
intervals of coexistence (Fig. 3). ELPA estimates for
WMMT tended to be slightly warmer than those of
CLAMP, and therefore did overlap more often with
CAmacro estimates.

For MAT, with the exception of three layers (5, 6
and 13) the LMArev intervals spanned by the standard
deviation did overlap with the two other physiognomic
methods. In these three cases, estimates and errors
derived from ELPA were higher than those from
LMArev. With the exception of five sub-samples (1–4,
7), MAT values derived from CLAMP were lower than
CAmacro estimates, whereas all but one (layer 6) of the
LMArev estimates overlapped with CAmacro estimates.
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tion, arrows = crocodilians (base of arrows indicate threshold
values for modern Alligator)

Table 7 MAT estimates
obtained by LMA, CAmacro,
CLAMP and ELPA for the
florules of the individual layers
with more than 10 taxa. For
further explanations see text.
LMAorig refers to the results by
Uhl et al. (2003), which were
based on the original taxa list
published by Hantke (1954),
whereas LMArev refers to the
revised list used in this study (cf.
Tables 1, 2)

Layer
(no. of taxa)

LMAorig (�C) LMArev (�C) CAmacro (�C) CLAMP (�C) ELPA (�C)

Complete
flora (29)

17.8 ± 2.6 12.8 ± 2.8 13.4–16.5 12.1 ± 1.2 16.0 ± 1.1

1 (25) 19.5 ± 2.7 14.6 ± 3.0 12.5–16.5 12.5 ± 1.2 18.0 ± 1.1
2 (15) 19.1 ± 3.7 15.4 ± 3.9 12.5–16.5 12.1 ± 1.2 16.4 ± 1.1
3 (21) 18.4 ± 3.2 14.3 ± 3.3 12.5–16.5 12.0 ± 1.2 16.5 ± 1.1
4 (16) 17.3 ± 3.7 12.6 ± 3.7 12.5–16.5 11.4 ± 1.2 15.7 ± 1.1
5 (19) 17.2 ± 3.3 12.4 ± 3.4 13.4–16.5 11.6 ± 1.2 17.5 ± 1.1
6 (19) 16.4 ± 3.1 9.2 ± 3.1 12.5–16.5 10.0 ± 1.2 15.5 ± 1.1
7 (21) 17.7 ± 3.1 12.8 ± 3.2 12.5–16.5 12.0 ± 1.2 17.0 ± 1.1
8 (22) 17.6 ± 3.0 12.3 ± 3.1 13.4–16.5 11.6 ± 1.2 16.5 ± 1.1
10 (11) 15.0 ± 4.6 12.3 ± 4.4 12.5–16.5 9.5 ± 1.2 14.0 ± 1.1
11 (14) 17.5 ± 3.9 12.1 ± 3.9 13.4–16.5 11.6 ± 1.2 16.2 ± 1.1
12 (11) 17.8 ± 4.6 12.3 ± 4.4 13.4–16.5 10.6 ± 1.2 14.0 ± 1.1
13 (18) 13.0 ± 3.5 9.6 ± 3.2 12.5–16.5 10.1 ± 1.2 16.0 ± 1.1
14 (11) 19.0 ± 4.4 12.3 ± 4.4 12.5–16.5 10.6 ± 1.2 14.5 ± 1.1
17 (12) 13.9 ± 4.4 8.8 ± 3.8 12.5–16.5 9.5 ± 1.2 12.1 ± 1.1
18 (11) 16.4 ± 4.4 12.3 ± 4.4 12.5–16.5 10.1 ± 1.2 14.1 ± 1.1
19 (10) 15.0 ± 4.6 7.3 ± 3.9 12.5–16.5 8.7 ± 1.2 11.7 ± 1.1
26 (20) 19.8 ± 3.1 14.9 ± 3.4 13.4–16.5 13.0 ± 1.2 18.2 ± 1.1
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The overlapping estimates were consistently on the
colder limits of the CAmacro estimates. A similar trend
to cooler MAT estimates derived from LMArev and
CLAMP can also be seen for the other layers, although
the standard deviations did overlap with CAmacro

estimates in these cases. Interestingly, all ELPA esti-
mates for MAT are significantly higher than CLAMP
estimates. Most of the ELPA estimates overlap with
CAmacro estimates and the remaining two ELPA esti-
mates, which do not overlap (one, 26), are higher than
the CAmacro estimates. Furthermore, the lowest ELPA
estimates have been derived from the layers with the
smallest number of taxa (<14 taxa).

Considering those layers with at least ten taxa
(Table 7), the range of MAT as derived from CLAMP
(4.3�C) was about half the range of that from LMA
(8.2�C), and the range of ELPA values was intermediate
between these two ranges (6.5�C). In that case, when
layers with fewer than 15 taxa were excluded, these
ranges were significantly reduced. The LMA range was

reduced to 6.2�C, the CLAMP range to 2.9�C, and the
ELPA range even to 2.8�C.

For CMMT, in almost all cases the CLAMP esti-
mates did overlap with those of CAmacro, although the
CLAMP estimates tend to overlap with the cooler part of
the CAmacro estimates. Only in one case (layer 19) is the
CLAMP estimate significantly colder than the CAmacro

estimate. Except for six ELPA estimates (10, 12, 14, 17,
18, 19), the others were significantly warmer than the
CAmacro estimates (Fig. 3). These six estimates came
from the layers with the lowest numbers of taxa (<14
taxa) (Table 7). For some of these layers, relative wide
intervals of coexistence are suggested with respect to
WMMT and MAT, with significantly colder lower
boundaries than in the other layers.

To test the influence of the type of leaf margin on the
reconstruction with CLAMP and ELPA, we correlated
MAT values derived from LMArev with both multivar-
iate leaf physiognomic approaches. As a first result, the
values as suggested by LMArev and CLAMP correlated
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rather well (cf. Fig. 4a). For all layers with more than 10
taxa, R2 is 0.73 (P < 0.8) and increases to 0.87
(P < 0.01) when those layers with at least 15 taxa are
considered. A further increase in the number of taxa,
however, did not increase R2, thus indicating a stable
correlation on the basis of at least 15 taxa. Next, the
correlation between ELPA and LMArev did result in R2-
values of 0.52 ( £ 10 taxa, P < 0.7) and 0.37 ( £ 15 taxa,
P < 0.4) (cf. Fig. 4b), thus maybe indicating a slightly
reduced influence of the type of the leaf margin on this
approach.

Discussion

The taxonomic composition of the macro- and the mi-
cro-flora at the Schrotzburg locality differs significantly
from each other. As could be expected, more elements
from the hinterland and also from herbaceous forms
have been found so far in the micro-flora than in the
macro-flora. Despite these differences, which can largely
be explained by variations in the taphonomic behaviour

of the different plant organs, most palaeoclimatic esti-
mates based on NLRs for both floras are remarkably
similar.

Palaeoclimate signals related to the entire Schrotzburg
flora

All methods used in our study are able to estimate
comparable values for WMMT for the entire Schrotz-
burg flora (Fig. 2), which are also in rather good
agreement with earlier estimates by Hantke (1954) (cf.
Table 6). Reconstructions for MAT and especially for
CMMT, however, show some differences between the
methods. For both parameters, the CLAMP estimates
are lower than those obtained by the other methods. In
the case of CMMT, also the CAmacro estimates are lower
than those of the other methods, overlapping with the
CLAMP estimate. This pattern leads to the question on
how to decide which of the different methods suggest the
most reliable results. In general, there are two ways to
deal with this problem: (1) If two or more estimates of
the five (more or less) independent methods overlap, it
could be assumed that these estimates are most proba-
ble. As a result of such a procedure it is suggested that
all WMMT estimates, MAT estimates from both CA
and ELPA, and from LMArev if the standard deviation
(or sampling error) is taken into account, as well as
CMMT from CAmicro and ELPA, but alternatively also
from CLAMP and CAmacro are most probable. Fol-
lowing such an argumentation, the following values for
palaeotemperatures would be most likely: MAT �16�C;
CMMT �7�C; WMMT = 25–26�C. These results are in
absolute agreement with previous reconstructions for
the Middle Miocene in S Germany and Switzerland (e.g.
Gregor 1989; Mai 1995). For MAT, however, also the
estimates derived from CLAMP and LMArev overlap, as
well as the CMMT estimates derived from CLAMP and
CAmacro, and thus may represent possible alternatives to
the results of the other methods. (2) Alternatively to
such an approach, estimates obtained from absolutely
unrelated proxies such as stable isotopes or palaeozoo-
logical proxies can be compared to our results as in-
ferred from the different methods used in this study. For
the Schrotzburg locality, remains of the crocodilian
Diplocynodon cf. ratelli POMEL, which have been recov-
ered from the lower part of the profile at the Bohlinger
Schlucht (Giersch 2004), may be used for this purpose.
This taxon is common in the lower part of the profile at
the Bohlinger Schlucht (belonging to mammal zone
MN-6; Giersch 2004), but becomes gradually more rare
towards the top of the profile, disappearing from the
fossil record about 65 m below the plant bearing locality
considered in our study (Giersch 2004). This author
estimated the time between the last occurrence of
Diplocynodon and our flora to be about 700,000 years.
The disappearance of this taxon at the Bohlinger
Schlucht roughly coincides with the extinction of this
taxon in the Northern Alpine Foreland basin at the end

A

B

Fig. 4 Correlation between LMArev and CLAMP (a), as well as
between LMArev and ELPA (b) estimates for MAT based on the
floras of the individual layers at the Schrotzburg locality. All
symbols = layers ‡10 taxa (dotted regression line), solid sym-
bols = layers ‡15 taxa (solid regression line)
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of mammal zone MN-6 (Böhme 2003). This extinction
has been correlated with a drop in temperatures (MAT
and CMMT) following the Middle Miocene climatic
optimum (Böhme 2003) and might give us some
threshold information about these parameters.

The most cold-hardy extant crocodilians (Alligator
mississippiensis and A. sinensis) have been considered
to show a northern limit, which approximately coin-
cides with a CMMT of about 4.4�C (Neill 1971)
(Fig. 2). So far, there is no evidence that crocodilian
populations can survive during longer periods of
subzero temperatures or of severe frosts (Hutchinson
1982; Markwick 1998). This would suggest CMMT to
be probably as cold as indicated by CAmacro or even
the CLAMP estimate and estimates from all other
methods would be rather too warm. In addition, for
modern Alligator the threshold for MAT is about
14.2�C (Markwick 1998). Again, this would favour the
estimates derived from CLAMP, and CAmacro, but
also LMA, whereas CAmicro and ELPA estimates
would be too warm for such a threshold. Following
such an argumentation we would come to the fol-
lowing conclusions: MAT �13–14�C; CMMT <4.4�C;
WMMT = 25–26�C.

Nevertheless, such an interpretation is in contrast to
other palaeobotanical evidence for the Upper Freshwater
Molasse from the Northern Alpine Foreland basin (e.g.
Gregor 1982, 1989; Mai 1995), although it is in better
agreement with values for minimal temperatures during
the coldest month estimated by Böhme (2003), who
based her palaeoclimate estimates on the climatic de-
mands of ectothermic vertebrates. How can such a con-
tradiction be solved? In recognition of this dilemma
Giersch (2004) argued that maybe Diplocynodon had
warmer climatic demands than modern Alligator. This
would result in higher thresholds for Diplocynodon,
which maybe would lie above the MAT and CMMT
values derived from CAmicro and ELPA, which are in fact
close to the thresholds given by the climatic demands of
modern Alligator (cf. Fig. 2). Although such an inter-
pretation might be possible, it does not solve our prob-
lem concerning the MAT and CMMT values derived
from the different methods.

Taking other palaeobotanical evidence from a wide
number of contemporaneous localities from the Upper
Freshwater Molasse of the Northern Alpine Foreland
basin in account (e.g. Gregor 1982, 1989; Mai 1995), the
results from our first approach seem to be more likely,
than the results indicated by the disappearance of Dip-
locynodon and the temperature thresholds derived from
modern alligators (A. mississippiensis and A. sinensis).

For precipitation (MAP, GSP) and GSL estimates,
the palaeoclimate pattern is also far from clear (cf.
Table 6). MAP values obtained by both CA methods
differ only slightly from each other, with a somewhat
higher value by CAmicro. This is in good agreement with
Hantke’s (1954) estimate relying on the precipitation
demands of some selected NLRs of the macro-flora.
Hantke (1954) based his analysis mainly on the

occurrence of Daphnogene polymorpha, determined by
him as Cinnamomum polymorphum, for which he used
the extant Cinnamomum camphora as a potential NLR.
Although D. polymorpha is defined as a morpho-taxon
of the Lauraceae which can not be assigned to any ex-
tant genus, it is possible that this taxon is closely related
to Cinnamomum as evidenced by associated fruits which
are apparently related to Cinnamomum at the Kreuzau
locality in the Lower Rhine embayment (Pingen et al.
1994). Nevertheless, we did not use Cinnamomum in our
analysis because no associated fruits of the Cinnamo-
mum type have been found at the Schrotzburg locality so
far. If this taxon were excluded from Hantke’s climatic
analysis, his estimate for MAP would probably have a
slightly lower limit and would thus better match our
CAmacro estimate. Thus, a MAP value of about
1,300 mm or even more seems to be likely for the
Schrotzburg locality.

Concerning GSP and GSL, only the two physiog-
nomic methods claim to be able to generate estimates
but here CLAMP values are significantly lower than
those obtained by ELPA. Only a part of the lower GSP
estimate can probably be explained by a reduction in
GSL. The results from both physiognomic methods
suggest that the greater part of the annual precipitation
(ca. 800–1,100 mm, assuming that the CA estimates and
Hantke’s original estimate are more or less reliable) did
not fall during the growing season. Although this is not
impossible, it contradicts the results of numerous studies
on the climate of the Northern Alpine Foreland basin
during the Late Miocene, predicting a climate of the Cfa
type (sensu Köppen) with precipitation almost equally
distributed throughout the year (e.g. Hantke 1954;
Gregor 1982). Hence, it can be concluded that both
physiognomic methods fail to produce reliable estimates
for GSP, although ELPA seems to be closer to a more
realistic value than CLAMP. Taking the error margins
into account, both estimates for GSL (CLAMP maxi-
mum, ELPA minimum) differ only by about 1 month.
Nevertheless, currently it is not possible to decide which
of these estimates, if any, is more reliable for GSP and
GSL.

All in all, it can be stated that for most palaeoclimatic
parameters the estimates derived by CLAMP differ from
those derived by most of the other methods used in this
study, pointing to colder temperatures and lower pre-
cipitation values. A possible reason for this discrepancy
of CLAMP may be the fact, that the correlation between
leaf physiognomy and climate as it is represented in the
calibration data-set of CLAMP (CLAMP 3B data-set)
may not be suitable to analyse palaeofloras from the
European Neogene. For the univariate correlation
between leaf margin type and MAT it has been repeat-
edly demonstrated that in many cases this correlation
varies across different regions of the world (e.g. Wilf
1997; Kowalski 2002; Greenwood et al., 2004; Traiser
et al. 2005). Taking into account that the temperature
signal in the CLAMP calibration data-set is obviously
dominated by leaf margin type (Wilf 1997; this article), it
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can probably be concluded that also the multivariate
correlation between leaf physiognomy and environment
may vary in different parts of the world. This observa-
tion was one of the reasons to develop the ELPA, which
seems to be better suited to produce reliable estimates
for temperature parameters than CLAMP for the
European Neogene, although the ELPA database has to
be seen as taxonomically incomplete at the moment.
Nevertheless, based on the ELPA approach it has been
demonstrated by Traiser et al. (2005) that there exist a
statistically significant correlation between extant leaf
physiognomic patterns and climatic conditions on a
European scale.

Influence of the taxonomic revision on palaeoclimate
interpretation

The comparison of the results for MAT relying on LMA
for the taxonomically revised and for the original flora
of the Schrotzburg (cf. Hantke 1954; Uhl et al. 2003)
revealed that such a taxonomic revision may have a
significant influence on palaeoclimate estimates. Such an
effect has also been discussed earlier by various authors
(e.g. Wolfe 1999). The LMA, MAT results for the re-
vised and for the original entire Schrotzburg flora dif-
fered at about 5�C, and that for the individual layers
between 2.7 and 7.7�C. Although the results by LMArev

were consistently lower than that by LMAorig, which
primarily reflects the reduction in entire margined taxa,
the LMArev estimates were still in rather good agreement
with estimates derived from CAmacro. Nevertheless, the
resulting intervals of coexistence derived from CAmacro

were slightly wider (i.e. slightly colder lower limits) fol-
lowing our taxonomic revision.

Palaeoclimate signals related to the individual layers
of the Schrotzburg flora

The CLAMP results for the floras of the individual
layers suggest that MAT is estimated to be systemati-
cally too cold as compared to CAmacro and ELPA, and
to other independent evidence. Although CLAMP esti-
mates for CMMT and WMMT often overlap with
CAmacro estimates they are systematically at the lower
limits of these estimates, also suggesting a tendency to
underestimate these parameters. Despite the potential
failure of CLAMP to produce reliable MAT estimates
for the Schrotzburg locality, the advantage of such a
multivariate approach with regard to taphonomic
biasses is still obvious: the range of MAT values as
obtained by CLAMP and ELPA is smaller than those
obtained by LMArev, thus indicating that CLAMP is far
less influenced by taphonomic biasses than LMA (cf.
Uhl et al. 2003). In the case of samples with a rather low
number of taxa (<15), ELPA seems to be slightly more
affected by taphonomic distortions than CLAMP.
However, when only layers with at least 15 taxa were

considered, estimates from both methods exhibited
virtually the same variation in MAT values.

With this study it also became obvious that the results
from CLAMP are strongly influenced by the propor-
tions of taxa with entire margined leaves, as indicated by
the rather high correlation between the MAT estimates
from LMArev and CLAMP (cf. Fig. 4a). In contrast,
correlation between LMArev and ELPA estimates for
MAT is less high, thus possibly pointing to a smaller
dependence of the latter approach on the type of leaf
margin. Wilf (1997) already pointed to the fact that the
temperature signal in the CLAMP calibration data set is
dominated by leaf margin and that the additional
characters used for CLAMP add only minimal statistical
precision. Hence, it does not appear to improve the
quality of a temperature estimate in practical use. In
addition, Wilf (1997) concluded that the univariate
LMA approach will give palaeotemperature estimates at
least as precise as the multivariate approach, which is
more complicated and time consuming. When compar-
ing the results from LMArev and CLAMP presented in
this study, we have on the one hand to agree with Wilf’s
interpretation, simply because of the fact that CLAMP
failed to produce reliable estimates for MAT at the
Schrotzburg locality. On the other hand, it could be
observed that taphonomy had greater effects on LMA
than on CLAMP at this locality. For new collections,
some of these taphonomic influences may be signifi-
cantly reduced by sampling as many taxa, facies types
and the longest possible transect per stratigraphical level
as possible, as already suggested by Wilf (1997). How-
ever, for old collections, especially from localities, which
are no longer accessible, as is often the case with ‘‘clas-
sical’’ 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 coals, lignites or limestone. In many cases,
the corresponding quarries or mines have long since
been abandoned and the fossil-bearing strata are no
longer accessible. Well known examples are the Oehn-
ingen limestone quarries (Heer 1855, 1856, 1859), or the
large open cast lignite mines in Eastern Germany (e.g.
Mai and Walther 1978, 1985) which have been renatu-
ralised and are no longer accessible for collecting fossils.
In these cases, other solutions have to be found to
enable us to extract reliable information about selected
palaeoclimatic parameters on the basis of fossil plants.
These solutions may include the development of new
calibration data-sets for the use of uni- and multivariate
leaf physiognomic approaches, as well as the constant
improvement of methods based on the NLR approach.

Conclusions

Considering the results of all methods used, as well
as of the palaeoclimatic implications of crocodilian
remains discovered at the Bohlinger Schlucht, the fol-
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lowing palaeoclimate estimates seem to be most likely
for the Middle Miocene Schrotzburg locality in SW
Germany: MAT �16�C, CMMT �7�C, WMMT
between 25 and 26�C and MAP �1,300 mm (although
CMMT may have been considerably lower, as indi-
cated by the disappearance of Diplocynodon and the
threshold derived from modern alligators). Despite the
uncertainty concerning CMMT these results are in
absolute agreement with earlier estimations for this
locality, which were based on the climatic demands of
only a few selected NLRs (Hantke 1954). CLAMP
estimates were consistently colder than temperature
estimates from most other methods used here and
additional evidence from other palaeofloras from the
Upper Freshwater-Molasse of the Northern Alpine
Foreland basin. A possible explanation for this dis-
crepancy may be the fact that CLAMP relies on an
extant calibration data-set based on North American
and East Asian vegetation. In contrast, the multivariate
leaf physiognomic method ELPA, which is based on an
(not yet complete) European calibration data-set pro-
vided estimates, which are in good agreement with
those of the other methods, as well as with independent
evidence. Both multivariate methods were less influ-
enced by taphonomic biases at this locality, as com-
pared to the univariate LMA.

All in all, our results suggest in combination with
previously published results from other localities from
the Neogene in Europe (e.g. Mosbrugger and Utescher
1997; Utescher et al. 2000; Kvaček et al. 2002) and in
Asia (Liang et al. 2003), that for the Neogene of Eurasia
CLAMP may produce temperature estimates, which are
systematically colder as compared to other evidence.
However, before the applicability of CLAMP is totally
disregarded for the European and maybe also for the
Asian Neogene, further studies on palaeofloras from a
variety of source vegetations and from depositional
settings have to be conducted. Then it can be assessed if
the observed deviation of CLAMP estimates has to be
considered as the rule, or as the exception for the
application on Neogene Eurasian palaeofloras. Addi-
tionally, the applicability of the ELPA has to be tested
further with the same floras, parallel to its ongoing
development and taxonomic completion.
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Paläontologie, Abhandlungen 102:143–282
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urn:nbn:de:bsz:21-opus-14947)

Traiser C, Klotz S, Uhl D, Mosbrugger V (2005) Environmental
signals from leaves—a physiognomic analysis of European
vegetation. New Phytol 166:465–484 (doi: 10.1111/j.1469-
8137.2005.01316.x)

Uhl D, Mosbrugger V, Bruch A, Utescher T (2003) Reconstructing
palaeotemperatures using leaf floras—case studies for a com-
parison of leaf margin analysis and the coexistence approach.
Rev Palaeobot Palynol 126:49–64 (doi:10.1016/S0034-
6667(03)00058-7)

Utescher T, Mosbrugger V, Ashraf AR (2000) Terrestrial climate
evolution in Northwest Germany over the last 25 million years.
Palaios 15:430–449

Wilf P (1997) When are leaves good thermometers? A new case for
Leaf Margin Analysis. Paleobiology 23:373–390

Wing SL, Greenwood DR (1993) Fossils and fossil climate: the case
for equable continental interiors in the Eocene. Philos T Roy
Soc B 341:243–252

Wolfe JA (1979) Temperature parameters of humid zo mesic for-
ests of Eastern Asia and relation to forests of other regions of
the Northern hemisphere and Australia. US Geol Surv Prof
Paper 1106:1–37

Wolfe JA (1993) A method of obtaining climatic parameters from
leaf assemblages. US Geol Surv Bull 2040:1–71

Wolfe JA (1994a) Tertiary climatic changes at middle latitudes of
western North America. Palaeogeogr Palaeoclimatol Palaeoecol
108:195–205

1084



Wolfe JA (1994b) An analysis of Neogene climates in Beringia.
Palaeogeogr Palaeoclimatol Palaeoecol 108:207–216

Wolfe JA (1995) Paleoclimatic estimates from Tertiary leaf
assemblages. Annu Rev Earth Planet Sci 23:119–142

Wolfe JA (1999) Early Palaeocene palaeoclimatic inferences from
fossil floras of the western interior, USA—comment. Palaeo-
geogr Palaeoclimatol Palaeoecol 150:343–345

Wolfe JA, Spicer RA (1999) Fossil leaf character states: multivar-
iate analysis. In: Jones TP, Rowe NP (eds) Fossil plants and
spores: modern techniques. Geological Society, London,
pp 233–239

Zhao LC, Wang YF, Liu CL, Li CS (2004). Climatic implications
of fruit and seed assemblage from Miocene of Yunnan,
Southwestern China. Quatern Int 117:81–89

1085


	Palaeoclimate estimates for the Middle Miocene Schrotzburg flora �(S Germany): a multi-method approach
	Abstract
	Introduction
	Study site, material and methods
	Study site
	Material
	Methods
	Coexistence approach
	Leaf margin analysis
	Climate-leaf analysis multivariate program
	European leaf physiognomy approach


	Results
	‘‘Floristic&rdquo; observations
	Palaeoclimate estimates
	Coldest month mean temperature
	Mean annual temperature
	Warmest month mean temperature
	Mean annual precipitation
	Growing season precipitation
	Growing season length

	Taphonomic observations

	Discussion
	Palaeoclimate signals related to the entire Schrotzburg flora
	Influence of the taxonomic revision on palaeoclimate interpretation
	Palaeoclimate signals related to the individual layers �of the Schrotzburg flora

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


