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Abstract: Palaeoclimate interpretations based on geological proxies of climate are fundamental
to our understanding of climate change in the geological record. Most proxy definitions depend
upon analogy with modern-day relationships, and the validity of this has long been questioned,
especially for biological climate proxies. In the early 19th century the solution was to assume
that if multiple proxies indicated the same climate then this increased the probability that the
interpretation was correct. This probabilistic approach is advocated here. A further criticism has
been that climate interpretations based on proxies are mainly qualitative. This is a problem
when such data are used to constrain the output of computer-based numerical climate models,
which are inherently quantitative.
In this study, I examine the climatic and palaeoclimatic significance of a selection of climate
proxies (including crocodilians, turtles, amphibians, coals and evaporites), illustrating how each
can be quantitatively defined in the modern using the concept of ‘climate space’. ‘Climate
space’ is a concept taken from ecology, analogous to petrological phase space, that defines the
(usually multidimensional) environmental limits in which an organism can survive. This
concept can be also used for any climate proxy, including sedimentological features (‘facies’ or
‘depositional’ space). I then show how these derived climate interpretations are applied to geological climate proxy occurrences, which are then used to evaluate climate model output directly using
Geographical Information Systems (GIS). GIS combines the storage and querying functionality of
relational databases with the spatial context provided by maps. Unfortunately, the geological
record is neither a complete nor impartial witness to the past, and even quantitative interpretations
include inherent uncertainties that must be recognized and stated: viz., temporal and spatial heterogeneities and imprecision. This requires the careful compilation of large databases, and the use of
‘control’ groups to constrain significant absences of climate proxies. These spatial heterogeneities
are examined using a series of palaeogeographic maps for the Cretaceous to Recent, which are
provided here. Such maps are also important because they also act as one of the main boundary
conditions for palaeoclimate models.

The interpretation of past climates is largely derived
from geological phenomena, usually fossil or sedimentary, by analogy with the phenomena’s
modern climate limits. In most cases, these
climate proxies offer only the broadest guides to
contemporary climates: for example, evaporites
imply net evaporation during deposition (P , E:
precipitation is less than evaporation), but do not
relate to a specific value; coals and peats have
often been interpreted to represent ‘wet’ conditions,
without any reference to what ‘wet’ means, and
such generalizations can be misleading. For
example, peats are more an indication of contemporary productivity and local hydrological conditions, which may or may not reflect
precipitation (Lottes & Ziegler 1994). Similarly,
red beds are frequently associated with arid conditions; but while this is often the case, it is not
always so, and the description of ‘red beds’ in the
literature (without any other sedimentological
information) cannot be assumed to indicate past

arid conditions (Dubiel & Smoot 1994). Part of
the problem is that there have been few studies
that have examined any particular proxy in detail
in terms of its palaeoclimatic significance
(Bárdossy 1982; Gyllenhaal 1991; Lottes &
Ziegler 1994; Markwick 1994, 1996; Price et al.
1997). With the advent of GCMs (General
Circulation Models), the need for more
quantitative climate proxies has become critical
and the lack of well-constrained climate proxies
has become readily apparent.

The nature of the problem
Computer-based climate models, specifically
GCMs, are the key means of investigating the
dynamics and pattern of future (Houghton et al.
2001) and past climate change. They also provide
a powerful tool in frontier oil and gas exploration
by modelling many of the environmental processes
needed to predict the past distribution of source,
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reservoir and seal facies (Barron 1985; Huc 1990;
Kruijs & Barron 1990; Barron & Moore 1994;
Burggraf et al. 2006).
But, models are experiments that must be constantly tested against observations to assess their
veracity (Markwick 1998). For palaeoclimatology,
these observations are represented by geological
climate proxies: indirect indicators of the contemporary climate, which include fossil, sedimentary,
mineralogical and geochemical evidence (Wolfe
1971, 1978, 1993, 1994; Ziegler et al. 1987, 2003;
Price et al. 1995; Parrish 2001; Zachos et al. 2001).
Models are also quantitative and therefore the
proxies used to evaluate them must also be
defined quantitatively. Numerical climate ranges
have been assigned to many geological climate
proxies (Bárdossy 1982; Gyllenhaal 1991; Lottes
& Ziegler 1994; Markwick 1994, 1996; Price
et al. 1997), but invariably these relationships
have been defined in the modern, either through
comparison of the climate represented by the geographic limits of each proxy’s modern distribution
(Markwick 1996; Price et al. 1997), or through
experiment (Colbert et al. 1946). This also applies
to physiographic methods such as CLAMP (Wolfe
1993, 1994) or stomatal analysis (Beerling et al.
2001; Royer et al. 2001; Beerling 2002; Beerling
& Royer 2002). It also pertains to demonstrably
numerical methods, such as stable isotope geochemistry (Price & Sellwood 1997; Pearson et al.
2001; MacLeod & Bergen 2004), which is not
without caveats, including the influence of diagenesis, ‘vital’ effects, spatial and depth-related
isotope heterogeneity, and inter-species variations.
In the early 19th century, Fleming (1829, 1830)
questioned the validity of using modern-day
climate relationships as the basis for interpreting
past climate through analogy, especially for biological climate proxies (today often referred to as
NLR, nearest living relative, or NLE, nearest
living equivalent), and argued that there could be
no way of proving beyond reasonable doubt that
an organism in the past, no matter how similar it
resembled a living form, had the same climate tolerances. This is a criticism that has been raised by
numerous subsequent authors (Sloan & Barron
1992).
Fleming’s (1829, 1830) objections to using
climate proxies were countered by Conybeare
(1829) who argued that geologists do not rely on
any one climate proxy, but multiple proxies, and
that the combined force of these analogues
increases the probability that a palaeoclimate
interpretation is correct. This probabilistic approach
is still the most compelling (Markwick 1996, 1998;
Sinka & Atkinson 1999) and is that advocated here
(Fig. 1). But even accepting this, defining the
climate represented by each proxy is problematic

and a number of questions must be addressed,
especially when using fossils. These include the
following:
(1) To what extent does the modern distribution of a proxy represent its full potential range,
and therefore define the actual physical climate
limits that can then be applied to the past? For biological systems, this can include the consequences
of biogeographical and ecological limits independent of the immediate climate.
(2) Which climate/environmental variables
are the important limiting factors for any proxy?
Most proxies are the consequence of a number of
environmental factors and there is always the possibility of autocorrelation.
(3) To what extent is an observed proxy a consequence of local conditions rather than the general
state of the atmosphere at a resolution comparable
to model output?
(4) What is the consequence of temporal
climate variability? This relates to the problem of
equating climate in the meteorological sense (the
state of the atmosphere over decades) to palaeoclimate, which on a regional or global scale can be a
heterogeneic pastiche of various ‘climate’ states
that existed over millions of years (Markwick &
Lupia 2001).
In order to more rigorously define modern
climate tolerances, Markwick (1996, 1998) used

Fig. 1. Schematic representation of 2D climate space
(Markwick 1996, 1998) occupied by three different
climate proxies, A, B and C. The union of the three
(darker shaded area) is the mutual climate range (Sinka
& Atkinson 1999). In reality, the climate space occupied
by each individual proxy is multivariate, and like
petrological phase space, the addition of more variables
can change the shape of that space. The more climate
proxies that can be used to refine the interpretation of
palaeoclimate, the greater the probability that the
interpretation is true.
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the concept of climate space taken from ecological
studies (Porter & Gates 1969) to define geological
proxies (Fig. 1). This concept is analogous to
phase space in igneous and metamorphic petrology;
like mineral phase space, climate proxies are rarely
defined by a single environmental variable: for
example, crocodilians are not just limited by
coldest-month temperatures, but also by the presence of standing water, which provides a buffer
against temperature extremes (Smith 1979; Gans
1989). The intersection in climate space of multiple
proxies should therefore provide the most probable
interpretation of palaeoclimate for an interval/
location. This idea was developed by Sinka &
Atkinson (1999) and named by them Mutual
Climate Range analysis (MCR; see Fig. 1), which
they applied to climatic interpretations of Quaternary fossil floras.
With the climate of each proxy defined, and
accepting the associated caveats, interpretations
can be assigned to geological occurrences. But
how significant is each occurrence? The geological
record is neither a complete nor an impartial witness
to the past such that any palaeoclimate conclusion
must also take into account spatial and temporal
heterogeneities and imprecisions (Lupia &
Markwick 1998; Markwick & Lupia 2001;
Markwick & Valdes 2004). For any studied timeslice, the distribution of rocks of that age is
limited by the distribution of accommodation
space, which in turn is dictated by tectonics, sediment supply and base-level. The distribution of
this outcrop and subcrop (notwithstanding issues
of accessibility and collection logistics; Markwick
1996, 1998) represents the maximum extent of
possible occurrences that have any significance
for comparing with model results. This should be
obvious, but the consequences are important since
it means that over large parts of the globe there is
no way of testing model veracity (i.e. the areas of
pre-time-slice outcrop). Within the area of potential
record (subcrop and outcrop), two assumptions
must be made: 1 that unless there is clear evidence
of transport, the presence of a climate proxy must be
assumed to represent contemporary conditions in
the location found (Lyell 1830); 2 the presence of
a biological climate proxy (fossil) must mean the
existence of a viable standing population rather
than an errant individual (Markwick 1996, 1998).
Thus, the presence of a biological climate proxy is
significant, but an absence need not be unless the
absence can be constrained by the presence of a
taphonomic ‘control group’, a concept developed
by Bottjer & Jablonski (1988). This can be
applied to all proxies, but as I have already stated
interpretations based on the presence of these
proxies become more probable the more proxies
that are available to support them.
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Palaeogeography provides the spatial context in
which to understand the distribution of climate
proxy data and the associated uncertainties discussed above, as well as providing the framework
within which to make data-model comparisons
through GIS. Palaeogeography is also the principal
boundary condition for the models themselves, and
since geography has long been known to influence
the distribution and nature of climate (Humboldt
1828; Lyell 1830), and thereby climate model
results (Barron 1981; Barron & Washington 1984;
Barron et al. 1993; Sloan 1994; Bice et al. 1998;
Poulsen et al. 1998), it must be explicitly defined.
In this study, I will also show how the interplay of
geography and model resolution can have an
important role in affecting data-model comparisons,
especially in areas of rapid changes in relief, which
unfortunately are usually typical of terrestrial
depositional systems (viz., foreland or extensional
basins, Markwick 1996).
The geological record is further complicated by
time. A time-slice represented by a palaeoclimate
simulation may be based on palaeogeographic
boundary conditions that stratigraphically occupy
millions of years of time (e.g. an ‘Early Eocene’
simulation chronostratigraphically encompasses
some 7.2 million years (Gradstein et al. 2004)),
with all the potential climatic, environmental and
tectonic variability that can occur during that
time. Because the data used to compile the map
(and the climate proxy data itself used to groundtruth the consequent model results) are unlikely to
represent the same ‘moment’ (horizon) within the
time-slice, any derived map may not represent a
world that ever existed contemporaneously, but is
in reality a patchwork of possible local or regional
geographies (Markwick & Valdes 2004). Correlation limitations over long distances mean that
this dilemma is currently irresolvable for regional
and global studies, such that any definitive representation of the palaeogeography of a time-slice
must therefore be viewed with care. In terms of
modelling, the solution is to run sensitivity
experiments that represent the possible range, or
end-member states, in the boundary conditions,
whether this be the atmospheric chemistry,
palaeogeography or other input variables. Ziegler
et al. (1983, 1985) set their palaeogeographies
to represent the maximum transgression within an
interval, and this would represent one possible
extreme, although with the caveat that the
maximum transgression need not be coeval
around the world due to local tectonic effects.
Consequently, the matrix of possible boundary
condition variations is quite large. The consequence
of this temporal heterogeneity for data-model comparisons is that the distribution of climate proxies
represents the maximum preserved extent of all
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the range variations during the time-slice. This can
best be thought of by analogy with a tidal strandline
on a beach, with the maximum landward strandline
marking the spring tide rather than the smaller daily
variations. Thus, the northward extent of Eocene
warm climate indicators such as crocodilians or
palms into Ellesmere Island (West et al. 1977;
Estes & Hutchison 1980; McKenna 1983) could
potentially represent the consequence of a single
warm spike such as the PETM (Palaeocene –
Eocene Thermal Maximum) (Hooker & Dashzeveg
2003; Wing et al. 2004), rather than the longer-term
state of the Eocene climate. The crucial thing is to
consider such heterogeneities when using climate
proxy data to evaluate model success or failure.
The net consequence of addressing these issues
is the need for robust datasets, both for defining
the climate tolerances of proxies in the modern
day, and reconstructing the palaeoclimatology of
the past. Because such datasets have to be global
to be robust, at least for the modern day when defining climate limits, they are consequently large and
this in turn requires the careful design of computerbased databases to store and analyse this information (Peuquet 1988; Markwick & Lupia 2001).
It is particularly important to ensure that data provenance and quality are attributed correctly, because
they impinge on quantifications of uncertainty,
which must be defined in probabilistic approaches
to palaeoclimatology.

This study
This paper presents a summary of some of the major
climate proxies, in particular fossil terrestrial vertebrates, indicating their general climatic significance, a description of the datasets upon which
these interpretations are based (as used in this
study), and examples of how some of the climate
limits are defined (with associated uncertainties).
This is followed by a survey of the spatial distribution of each proxy from a polar perspective by
using a series of Cretaceous and Tertiary palaeogeographic maps. These also illustrate the spatial and
temporal heterogeneity of the data. I then examine
and discuss several methods of data-model comparison using GIS and how this is a powerful tool
with which to quantitatively compare and analyse
data and model results, and a means of identifying
sources of uncertainty.

Data and interpretation
Data-model comparisons for palaeoclimate simulations require the compilation and analysis of two
broadly defined datasets: 1 the distribution of
climate proxies in the modern (with the associated
collection of climate data) with which to define

the climate space occupied by a proxy; 2 the distribution of proxies for each studied time-slice in the
geological record. This in turn requires the design
of large global databases with which to compile
and store the data (since GCMs are themselves
global and therefore it is essential to ‘ground
truth’ them with global datasets that allow assessment over different and geographically disparate
areas). The logistics of these large databases have
been discussed by many authors (Peuquet 1988;
Markwick & Lupia 2001); I draw on over 20
years of published experience including the
design, compilation and analysis of the lithological,
palaeogeographic and palaeoecological databases at
the University of Chicago (Raup 1972; Sepkoski
1982; Ziegler et al. 1985; Crane & Lidgard 1989;
Markwick 1996; Lupia 1997).
The whole process of data compilation, visualization and analysis has been greatly facilitated
over the last ten years with the increasing availability and development of desktop GIS. Throughout this study we have used ESRI’s ArcGIS
software. GIS is a computer-based spatial, relational database system, in which geographic features are represented by points, lines, polygons
and rasters (grids and images). Each feature is an
individual record, which has associated data attributable to it. These records can be linked (‘joined’) to
other records, based on spatial relationships or
common attributes, and can be thoroughly interrogated by way of queries. A crucial strength of GIS
is the ability to query across different data types,
for instance point data (such as fossil occurrences)
with gridded data (climate model output).

Datasets of the modern
The definition of modern climate space attributed
to each proxy used in this study is based on a
survey of published biogeographical, geographical,
ecological and climate datasets compiled over the
last 15 years (Markwick 1996). Data types include
polygons (e.g. geographic range maps), rasters
(e.g. climate grids) and points. Of these, point
data are the most precise and carry the most
confidence because they can be tied to a documented occurrence at a particular time and place.
However, this spatial and temporal precision must
be balanced with the need to define the climate:
the general state of the atmosphere over several
decades. To be of use, climate data representing a
statistically significant time-series must co-occur
with the climate proxy occurrence, and this is
rare. Terrestrial vertebrates in particular, can
respond to short-term, synoptic changes in the
environment by moving, sometimes over great distances, and so care must be taken in using such
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precise occurrence data. For floras and sedimentological proxies, these issues are less important
because such proxies can be considered ‘static’
within the time-frame of the climate being defined.
To try to account for such heterogeneities,
Markwick (1998, 2001) generated ‘synthetic’
faunal lists by assigning faunas to 1060 global distributed climate stations compiled by Muller (1982)
for vegetation studies. Each of these stations
includes significantly long time-series of monthly
data for major climate variables including mean
daily temperature, mean precipitation, radiation
and potential evapotranspiration (PET). To these
have been added additional parameters, including
annual metrics, combinations of variables, biomes
(Walter 1985) and satellite-derived Normalised
Difference Vegetation Index, NDVI (Goward
et al. 1985; Cihlar et al. 1991; NOAA-EPA
Global Ecosystems Database Project 1992);
details are given in Markwick (1998). Faunal lists
are assigned to each station by overlaying climate
station distributions onto published species distribution maps (Hall & Kelson 1959; Van der Brink
1967; Little 1977; Arnold & Burton 1978; Cook
1984; Stebbins 1985; Uhl & Dransfield 1987;
Branch 1988; Bouchardy & Moutou 1989;
Eisenberg 1989; Kingdon 1990; Conant & Collins
1991; Grenard 1991; Cogger 1992; Iverson 1992a;
Redford & Eisenberg 1992; Strahan 1992). A
50 km radius circle is drawn around each station,
and an occurrence registered where the taxon’s
distribution intersects this circle. 50 km was
chosen as the radial limit as it represents a typical
de-correlation distance for precipitation, which is
the most sensitive climate parameter to spatial heterogeneity. Ecologically, this approach removes
local, small-scale faunal and floral heterogeneities,
and thereby emulates the spatial and temporal
time-averaging in the fossil record, with which
this modern dataset can thereby be directly compared. 50 km also approximately equates with
the scale of regional General Circulation Models
(0.58  0.58).
A detailed survey of all geological climate
proxies is beyond the scope of this paper, so the
aim here is to provide a brief discussion of a
series of examples to illustrate the methods that
we then apply to data-model comparisons (summarized in Table 1). Although the emphasis here is on
terrestrial vertebrate climate proxies, we also
include a brief analysis of the climate significance
of palms (Uhl & Dransfield 1987), evaporites and
coals, which includes a survey of published gazetteers and the compilations of Gyllenhaal (1991),
Lottes and Ziegler (1994) and Ziegler et al.
(2003). These datasets have been spatially interrogated using GIS with digital climatic, oceanographic and elevational datasets including the
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following: recorded monthly climate data for 1060
climate stations taken from Müller’s (1982) compilation for vegetation studies; gridded climatologies
(New et al. 1999); salinity and temperature
(NOAA-EPA Global Ecosystems Database Project
1992).
For biological climate proxies, biodiversity has
been used extensively to indicate the environmental
conditions given modern relationships between
species richness (diversity) and climate (Ostrom
1970; Pianka 1977; Currie 1991; Currie & Fritz
1993; Rosenzweig 1995; Markwick 2000, 2001).
This remains equivocal because the exact mechanism by which climate and diversity are linked is
unclear; however, as is shown below, the diversity
(richness) of a biological climate proxy increases
as the environment/climate becomes more conducive to survival, which equates with increasing distance in climate space from the climatic limits.
Therefore, whilst the presence or absence of a
proxy defines the proxy’s climate space extent (as
represented in the modern), increasing diversity
can be used as a measure of increasing probability
that the occurrence lies within the defined climate
space.

Reptiles
‘Reptiles’ have long been interpreted to represent
‘warm’ climates (Lyell 1830; Owen 1850a, b,
1851; Colbert 1964b; Ostrom 1970), given that
most modern members of the group are physiologically ectothermic and thereby dependent on
ambient thermal conditions (Gans 1982). For
palaeoclimatology, they also have the advantage
that they are a common component of fossil vertebrate faunas, with specimens that are easily identifiable, at least at a generic or higher level. Although
snakes and lizards have been used as climate indicators (Head 2005) and are included in the database,
this paper concentrates on the two most common
reptile climate proxies, crocodilians and turtles.

Crocodilians
A comprehensive study of crocodilians as climate
proxies (Markwick 1996, 1998) concluded that
modern crocodilians are limited to those areas
with coldest-month mean temperatures of at least
5 8C, and the presence of standing water to act as
a thermal buffer against extremes of temperature,
based on published physiological experiments
(Colbert et al. 1946; Smith 1975) and biogeographical analysis (Markwick 1998) (Fig. 3). 5 8C is the
critical thermal minimum found by Brisbin et al.
(1982). The critical thermal maxima and minima
are the limiting temperatures at which ectotherms
cease to be able to act independently and at which

MAT  22 8C p .1200 mm/yr, 9 mos p  40 mm

P , E (but with major caveats); indicates pH and Eh conditions

Ocean upwelling: concentration of nutrients leading to high
productivity

Depends on type of carbonate

Contemporary glaciers
Calving glaciers at sea-level or sea-ice; generally of local origin

Red beds

Phosphorite

Carbonates

Tillites
Glacial drop-stones

P , E (at least seasonally) usually indicative of low rainfall (the
modern distribution of evaporites corresponds to areas with
annual p , c. 500 mm)

Dependence on temperature and precipitation, but details vary
according to family
Non-freezing conditions (especially giant tortoises, genus
Geochelone)
Biodiversiy linked with temperature and especially precipitation
Although some palms can tolerate freezing conditions,
arborescent forms are typical of subtropical and warmer
climates
Hermatypic corals: water T . c. 20 8C; clear water (light is very
important)
Productivity: mos. T . 108 & p . 40 mm
Peat Prediction: percentage of months with T . 108 that also
have p . 40 mm

CMM .5.0 8C (today ¼ MAT  16.0 8C) standing water
(modern distribution coincides with annual p .500 mm)

Climate

Bauxites

Sedimentary proxies
Evaporites

Peats/Coals

Coral reefs

Amphibians
Palms

Tortoises (Testudinidae)

Turtles

Biological proxies
Crocodilians

Proxy

Table 1. A summary of selected climate proxies and their climatic interpretation

Differentiating ice-rafted dropstones from those rafted by other
mechanisms requires some care, Markwick & Rowley (1998)

Need to know type and nature of evaporites (composition, extent,
thickness: isolated pseudomorphs after halite compared with
for example, Zechstein salts)
The limit of 500 mm corresponds to that for semi-arid regions
(Glennie 1970; Sonnenfeld 1984); deserts, ,c. 250 mm
annually
Difficult to date, climate interpretation is based on comparisons
of modern climate to distribution of modern bauxites
(Bárdossy & Aleva 1990; Price et al. 1997)
Need to know sedimentological characteristics of red beds
(Dubiel & Smoot 1994)
To concentrate the phosphate requires that the organic matter be
removed (either through physical movement or more often
through oxidation
Dictated as much by light as temperature (Ziegler et al. 1984).
Sellwood and Price distinguished between warm water
carbonates dominated by Mg-calcite and aragonite, and
temperate carbonates dominated by low Mg calcite (Sellwood
& Price 1994)

Need to qualify what is meant by ‘reefs’. Importance of light
(Sellwood Price 1994; Kiessling 2001)
Need to also consider local hydrology, evolution of plants
necessary, tectonics, subsidence (Lottes Ziegler 1994)

Giant tortoises have been used extensively for palaeoclimate
studies in the Cenozoic (Hibbard 1960; Brattstrom 1961)
(Markwick 2001; Böhme et al. 2006)
This study

Crocodilians are dependent on local hydrology (the presence of
permanent water), which need not correspond to areas of high
precipitation; e.g. Nile River. Markwick (1998)
This study

Notes and references
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Fig. 2. Distribution of modern crocodilians showing their species diversity. The distribution of areas with
coldest-month mean temperatures (CMM) of greater than 5 8C, the critical thermal minimum for crocodilians
is also shown to indicate areas that fall within crocodilian climate space but do not have crocodilians.

if they are exceeded the animals will die (Cowles &
Bogert 1944; Brattstrom 1965). Not all of the
thermal crocodilian climate space is occupied as
shown in Figure 2, which reflects this need for
water, as well as the effects of human–crocodilian
interactions and habitat destruction (Mediterranean
coasts). This is an important consequence of this

biogeographic method of defining climate space
limits since it allows for apparent unfilled parts of
climate space to be tested for additional limiting
factors (Markwick 1998).
The value of 5 8C CCM also generally equates to
areas below which waters freeze for a sufficient duration such that airholes through the ice can no

Fig. 3. Distribution of modern crocodilians in bivariate thermal climate space. Small crosses represent distribution of
all climate stations and therefore significant crocodilian absences. MAT-mean annual temperature; MART-mean
annual range of temperature.
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longer by maintained by individual crocodilians and
they drown (Brisbin et al. 1982). This physical limit
must apply to fossil forms, if (like their modern
relatives) they are ectotherms and ecologically
used water as a thermal buffer. For members of
the crocodilian crown group (Benton & Clark
1988), this is probably a reasonable assumption,
but more disparately related groups may have had
different physiological and ecological preferences.
Willis & Stilwell (2000) claimed that crocodilians
have changed their physiology through time, but
provided no evidence to support this assertion.

Turtles
Fossil turtles, as ectotherms, are also commonly
associated with ‘warm’ climates (Lyell 1830); but
today, their range extends north into Scandinavia
and southern Alaska, and south into Argentina and
New Zealand (Iverson 1992a). The most poleward
occurrences are dominated by marine turtles that
migrate with the prevailing warm ocean currents,
for which oceanographic temperatures and salinities
are more appropriate than climate per se. Terrestrial
turtles also extend into relatively high latitudes
(Fig. 4) and occupy a variety of climate regimes,
which led Broin (1984) to recommend caution
when using turtles in isolation for reconstructing
palaeoclimate, especially for older time intervals.
Most turtle species are aquatic and, like crocodilians, freshwater turtles use water as a thermal
buffer against temperature extremes. Consequently,

winter freezing and consequent drowning are
important physical limits to turtle range, although
the use of burrows is also common (Brattstrom
1965). Storey (1990) has documented freezing of
small turtles (Storey & Storey 1988; Storey 1990),
but this is size dependent and documented cases
of turtle specimens that are subject to persistently
low winter temperatures show that they tend to
die the following year. Measurements of critical
thermal minimum temperatures are sparse: Brattstrom (1965) cites several approximate values of
about 5 8C for both chelydrid turtles and small tortoises, although the 5 8C CMM limit observed for
crocodilians does not seem to apply to turtles
(Fig. 5); in general, aquatic turtles appear to be
able to withstand colder climates than terrestrial tortoises (Figs 6 and 7). Tolerance to extreme warmth
is also moderated by water: Hutchison et al. (1966)
found that aquatic turtles had lower critical thermal
maxima than the fully terrestrial testudinids
(tortoises).
The importance of both water and temperature is
manifest in climatic relationships with turtle species
diversity (species richness) (Fig. 4), although published results show how this is not an unequivocal
relationship, and does vary with geography.
Studies by Schall & Pianka (1977, 1978) of turtle
species diversity in North America and the Iberian
Peninsula indicated a strong positive correlation
with temperature; but a subsequent ‘global’ study
by Iverson (1992b) found that the strongest correlation globally was with annual precipitation and

Fig. 4. Distribution of modern non-marine turtles with their species diversity.
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Fig. 5. Distribution of modern non-marine turtles in bivariate thermal climate space. Small crosses represent
distribution of all climate stations and therefore significant turtle absences.

not temperature. Correlations varied by turtle group.
Our own studies suggest that both precipitation and
temperature are important, although temperature
dominates. Using the unrotated scores of the Principal Components Analysis of 16 climate parameters
(used by Markwick (1996, 1998) in his analysis of
crocodilians), a Mann-Whitney test of turtle distributions shows a significant distribution along both
of the first two axes (Fig. 8).
Tortoises (members of the family Testudinidae)
appear to be more robust indicators of climate since
today they are exclusively terrestrial (Fig. 9).
However, most tortoises use burrows as buffers
against temperature extremes, and as long as these
dens remain in the range of 10–20 8C, tortoises

can survive in areas with short-term freezing temperatures (Brattstrom 1961). Giant tortoises (Geochelone spp.) are more sensitive to temperature,
given their size. In his study of Plio-Pleistocene
climates, Hibbard (1960) used giant tortoises to
indicate a lack of freezing conditions, noting that
today there is no evidence that this genus burrow
to avoid temperature extremes. This is borne out
by their modern limited extent in thermal climate
space (Fig. 7), although like other turtles there is
also a strong link with precipitation; however, the
results of the Mann-Whitney test would suggest
that this relationship is not as strong as for aquatic
turtles (Fig. 8). Similarities between Geochelone
and crocodilian climate space may be significant.

Fig. 6. Distribution of modern freshwater turtles in bivariate thermal climate space.
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Fig. 7. Distribution of modern tortoises (Family Testudinidae) in bivariate thermal climate space.

Amphibians
Today, amphibians occur in many environments,
but their general distribution, as measured by their
species diversity (Fig. 10), indicates a strong dependence on water and temperature as would be
expected from their physiology (Currie 1991;
Markwick 2001). However, amphibians have a
broad latitudinal range (Colbert 1964b) and are
also known to aestivate for prolonged periods to
escape drought periods (in the order of years in
the Australian deserts), which may complicate any
use of precipitation or temperature cut-offs. Nonetheless, broad palaeoclimate conclusions have
been made using amphibians (e.g. Colbert 1964a),
with their presence generally equated with ‘water
availability’. Böhme et al. (2006) have recently
used amphibian assemblages to reconstruct palaeoprecipitation in the Neogene, based on different
ecological groupings. Preservation may partly
explain the limited number of studies using amphibians as climate proxies: although common in
microvertebrate assemblages, the fragility of
amphibian bones means that for most vertebrate
localities diagnostic elements have been rarely preserved and documented (albeit at the level of
‘amphibians present’).

Dinosaurians
The use of non-avian dinosaurians as a climate indicator is problematic, given the fact that there are no
living members, and consequently the uncertainties
persist about their exact physiology (Ostrom 1970;

Hopson 1976; Paul 1992; Barrick & Showers
1999). Markwick et al. (2000c) found no clear link
between dinosaurian generic assemblages and modelled climate (either temperatures or precipitation)
for the Maastrichtian, with the geographic disparity
accounting for most of the variance in the data. If,
as many suggest, dinosaurians are endothermic or
at least gigantothermic, then their biodiversity and
distribution should show more similarities with
modern mammals than reptiles. For the time being,
we have included them on our maps, as a control
of taphonomic biases, but with the provision that
they (or at least some members of the Dinosauria)
may have some climate significance.

Mammals
There have been a number of excellent studies
linking mammal assemblages with their contemporary climate, usually through various mammalian
feeding strategies (Janis 1989, 1993; Collinson &
Hooker 2003). The endothermic physiology of
mammals means that they are relatively insulated
from direct correspondence with ambient climate,
as can be seen by the lack of a clear relationship
between mammalian biodiversity and climate or latitude, except through the filter of physiology and
feeding strategies (Markwick 2001). This is, in
essence, the basis of the Cenogram method of
Legendre (1989; also Legendre & Hartenberger
1992), which uses the relation between the body
mass distribution of all mammal species in a community and their environment, and includes the vegetation structure and climate. In this study, we use
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Fig. 8. (Continued ).

fossil mammals as a taphonomic control group for
more climate-sensitive vertebrates, but draw attention to their potential use in their own right.

Palms

Fig. 8. Location of modern crocodilian and turtle
localities (large circles) in relation to the population of
all available stations (small dots) plotted against
components 1 and 2 of a Principal Components Analysis
of 16 climate parameters (Markwick 1996, 1998). PC 1
is dominated by temperature variables and accounts for
52.7% of the scatter; PC 2 comprises mostly
Precipitation variables and accounts for 25.7% of the
distribution. The Mann-Whitney non-parametric test is
used to examine whether these crocodilian and turtle
localities are significantly distributed along either axis:
(a) crocodilians, (b) aquatic turtles, (c) Geochelone,
(d) tortoises.

Palms, like crocodilians and turtles, have long been
associated with ‘warm’ climates, and have been
extensively used in palaeoclimatology (Wing &
Greenwood 1993; Greenwood & Wing 1995). A
survey of the present-day distribution of ‘palms’
is shown in Figure 11, based on Uhl & Dransfield
(1987), which shows the broad latitudinal range.
Figure 12 shows palms in thermal climate space.
Numerous studies have suggested a cellular intolerance to sustained freezing conditions, but the survival of ornamental palms in many parts of northern
Europe and North America would suggest a
greater tolerance to cold, and this has long been
recognized by horticulturalists (Francko 2003).
Palms such as the Needle Palm (Rhapidophyllum
hystrix) can tolerate sub-zero temperatures. Arborescent forms are more sensitive to cold as indicated
by published lists of minimum temperatures (e.g.
Noblick 1998; Walters 1998; Francko & Wilson
2001). However, as with all plants, the survival of
an individual to temperature extremes (especially
when mediated by humans) need not indicate the
viability of a population, which is also dependent
on reproductive processes: flowering, and the ripening and germination of seeds. Larcher (1980) points
out that these latter processes generally require
warmer temperatures than is needed for plant
growth, with the rate of germination in most
plant species rising with increasing temperature.
This may account for why palm biodiversity, as
for vertebrates, also increases with increasing temperatures. Their position in climate space would
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Fig. 9. Distribution of modern giant tortoises (Geochelone spp.) in bivariate thermal climate space. Small crosses
represent distribution of all climate stations and therefore significant turtle absences.

suggest that temperature is a major limiting factor,
although again the presence of water is critical;
this includes groundwater within reach of root
penetration (Francko 2003). Today, palms are generally a minor element in most floras, and rarely
dominate except in specialist environments such
as mangrove swamps (e.g. Nypa). Consequently,
the palaeoclimatic significance must be in

agreement with other proxies. An additional
problem for palms is the taxonomic uncertainty.

Biomes
Biomes (or ‘zonobiomes’) are areas of the Earth
defined by a similar climate (originally based on
an analysis of 8000 climate diagrams from

Fig. 10. Distribution of modern amphibian species diversity for North America, Europe, Australia and southern Africa
showing correspondence to both temperature and precipitation. Markwick (2001) showed how the relative importance
of temperature and/or precipitation varied geographically: for Australia, the strongest correlation is with precipitation
(the limiting factor); in Europe, the strongest correlation is with temperature; for North America, taken as a whole,
amphibian diversity correlates with both temperature and precipitation (see Markwick 2001 for data sources).
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Fig. 11. Distribution of modern palms with their familial diversity using the taxonomy given in Uhl & Dransfield
(1987).

around the world, including monthly rainfall and
temperature; Walter & Lieth 1967) and a homogeneous vegetation type (Fig. 13; Table 2). The
method assumes that the present strong dependence of vegetation on climate applies throughout
time, such that similar biomes should be recognizable from fossil floras in the geological record. The
limitation of such assumptions has already been
discussed. Fossil floras are assigned to biomes in

two principal ways: 1 using the biome assignment
of the closest living relative for each taxon in a
fossil list and then assigning the biome that
scores the highest (Horrell 1991); 2 using multivariate statistical techniques (specifically correspondence analysis) to order the floras, and then
look for appropriate biome breaks from resulting
gradients (Ziegler 1990). However, while biomes,
in the sense of climatically delimited floral

Fig. 12. Distribution of modern palms in bivariate thermal climate space. Small crosses represent distribution of all
climate stations and therefore significant absences.

tropical deciduous forests
or savannas

evergreen tropical
rainforest

2

1

3

sclerophyllous woody
plants
subtropical desert
vegetation

none
tundra (treeless)
boreal coniferous forests
(taiga)
steppe to desert with cold
winters
nemoral broadleaf
deciduous forests
temperate evergreen forests

Present vegetation

4

5

6

7

10
9
8

BIOME

everwet

summerwet

subtropical desert

winterwet

warm temperate

cool temperate

mid-latitude desert

ice
arctic
cold temperate

Climate descriptor

Table 2. Biome definitions based on Ziegler 1990

subtropical: summer monsoon
tropical: summer extension of
ITCZ
tropical: coastal diurnal
equatorial: ITCZ

coastal: none due to cold
upwelling offshore
inland: none, descending
limb of Hadley cell

none due to distance or rain
shadows
winter frontal, summer
convective
winter frontal, summer
convective
winter frontal

orographic
some summer frontal
summer frontal

Precipitation systems

,11 mos p . 20mm

,3 mos p . 20 mm

coastal: limit of winter
rains
inland: winter T , 0 8C

10 mos p . 20 mm

winter T , 0 8C

,4 mos T  10 8C

,4 mos T  10 8C

none
0 mos T . 0 8C
,1 mo T 10 8C

Poleward boundary

bauxites, laterites, peats

tillites
periglacial features
podozol soils,
well-developed peats
chemozem or sierozem
soils, evaporites
occasional peats, grey and
brown forest soils
yellow and red podzolic
soils, peats locally
brown earth soils, very few
peats
coastal: phosphorites,
ORM, cherts, diatomites,
sabkhas
inland: aeolian dune sands,
evaporites

Sedimentary proxies
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Fig. 13. Distribution of modern biomes based on Walter (1985). See Table 1 for details.

assemblages, may be discernible in the fossil
record (pattern), it is less clear whether they can
be assumed to directly relate to Recent biomes
and thereby their climate. Nonetheless, this
method has been applied to the geological past
with some success: Maastrichtian (Horrell 1991)
and Permian (Kutzbach & Ziegler 1993).
Here, we have largely ignored the use of fossil
floral data, despite its importance, since, it is
covered in other chapters. However, biomes
provide a convenient and familiar context with
which to understand the climatic significance of
vertebrate climate proxies, coals and evaporites
(Figs 14– 19).

Coals and peats
Coals, as the lithified, compressed remains of plant
material, are commonly associated with warm,
humid vegetated environments (Moore & Bellamy
1974; Stach 1982); but today, peats (the precursors
of coal) can occur in a wide range of environments
(Fig. 20), where a high local water table prevents
desiccation and oxidation of accumulating plant
material, and acidic conditions limit the rate of bacterial degradation (Moore & Bellamy 1974).
Most predictors of peats start with the prediction
of plant productivity (Lottes & Ziegler 1994). At
the simplest physiological level, plants require
light, heat and water, and plant productivity is
closely tied to these factors, especially their persistence through the year (the growing season). As a

precursor to predicting coal distribution, Lottes &
Ziegler (1994) used the number of months with
mean temperatures greater than 108C and precipitation greater than 40 mm to emulate this growing
season, which they found matched well with the
satellite-derived Normalized Difference Vegetation
Index (NDVI), which is used as a proxy for terrestrial productivity (Goward & Dye 1987; Cihlar
et al. 1991; Weng et al. 2004). Temperature
affects metabolic processes and the 10 8C cut-off
used by Lottes & Ziegler (1994) is the approximate
limit used by Walter (1985) to define the general
temperature above which plant growth occurs;
Larcher (1980) discusses this in greater detail,
noting that although most plant activity occurs
between 5 and 40 8C (Larcher 1980, p. 27), there
is some geographic and species variation with
growth in tropical plants occurring above 12–
15 8C, whilst in the Arctic some activity can occur
down to 0 8C (Larcher 1980, p. 29). Water is of
course important, and peats are often used to contrast with evaporites as a measure of the contemporary hydrological regime in the geological record
(Parrish et al. 1982; Ziegler et al. 1987; Gyllenhaal
1991; Ziegler et al. 2003). The two proxies do
dominate different parts of precipitation climate
space, as shown in Figures 21 –22, and occur in
areas with more positive values of P –E
(Precipitation minus Evaporation) (Fig. 23).
Amphibian physiology has a similar dependence
and Markwick (2001) found a very strong correlation between North American angiosperm
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Fig. 14. Relative percentage of modern peats (black)
and evaporites (grey) in each Walter biome. Dominance
of evaporites in the desert biomes (3 and 7) is
clearly shown.

Fig. 17. Percentage of climate stations from Markwick
(1996, 1998) in each biome that falls within the range of
terrestrial tortoises.

Fig. 15. Percentage of climate stations from Markwick
(1996, 1998) in each biome that falls within the range
of crocodilians.

Fig. 18. Percentage of climate stations from Markwick
(1996, 1998) in each biome that falls within the range
of palms.

Fig. 16. Percentage of climate stations from Markwick
(1996, 1998) in each biome that falls within the range of
terrestrial aquatic turtles.

Fig. 19. Percentage of climate stations from Markwick
(1996, 1998) in each biome that falls within the range of
the giant tortoise, Geochelone spp.

DATA-MODEL COMPARISONS

267

Fig. 20. Distribution of modern peats from the Paleogeographic Atlas Project’s lithological databases (Ziegler et al.
1987, 2003; Lottes & Ziegler 1994) and Gyllenhaal (1991).

species diversity and amphibian species diversity.
Mammal biodiversity also equates with primary
plant productivity through the filter of feeding strategies (Markwick 2001).
Productivity does not necessarily guarantee peat
formation; high temperatures equate with increased
production, but also increased degradation rates.
High latitudes, in contrast, may have only short
growing seasons, but preservation may be enhanced

by low temperatures. Lottes & Ziegler (1994) modified their ‘production’ metric to reflect this preservational angle, by only considering those months
with precipitation greater than 40 mm and temperatures greater than 10 8C as a percentage of those
months with temperatures above 10 8C. This
formed their ‘peat prediction map’, which could
account for over 80% of their peat localities
(Fig. 24). This provides a useful starting point for

Fig. 21. Relative frequency diagram showing
percentage of all peat or evaporite localities in the
modern database that fall into each annual precipitation
category. 500 mm is commonly used as the maximum
limit for ‘deserts’ (Glennie 1970). Precipitation data
from the 1961–1990 CRU climatology (New et al.
1999). See also Gyllenhaal (1991).

Fig. 22. Relative frequency diagram showing
percentage of all peat or evaporite localities in the
modern database as a function of the number of months
with mean precipitation .40mm. Precipitation data
from the 1961– 1990 CRU climatology (New et al.
1999). This suggests that a measure of precipitation
continuity through the year (seasonality) can be
distinguished by the presence of evaporites dominant,
mixed evaporites and peats, peats dominant.
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grid cells, with no lateral transport (either as
groundwater or fluvial flow).

Evaporites

Fig. 23. Relative frequency diagram showing
percentage of all peat or evaporite localities as a function
of specified intervals of Precipitation minus
Evaporation. As can be expected, evaporites generally
occur to the left of this diagram (more-negative values of
P– E) and coals to the right (more-positive values). In the
absence of reliable observations of evaporation, this
graph is derived from GCM results for the modern
day (unpublished results Paul Valdes, University
of Bristol).

interpreting coal-forming environments in the geological record, but Lottes & Ziegler (1994) did
acknowledge that their peat dataset is heavily
biased by peats in cold temperate areas (Biome 8,
Walter 1985), which are largely an artefact of
Pleistocene glacial retreat. In addition (and this is
a problem that applies to many studies quantifying
climate proxies in the modern), their method
could not account for major peat depositional
systems in otherwise arid areas, such as the Sudd
of Sudan, where water is the consequence of precipitation in far-field upstream areas. This is a
also a weakness in many GCMs, which represent
runoff as a consequence of vertical filling of soil

Fig. 24. Percentage of peat localities in the modern
database that occur as a function of percentage of
months with mean temperatures .10 8C that also have
precipitation .40mm. This was used to generate the
peat prediction map of Lottes & Ziegler (1994).

Sedimentary evaporites (Fig. 25) form through salt
saturation of salt-bearing waters, and indicate
hydrological conditions in which net water loss
(through evaporation) is greater than net water
gain (via groundwater and/or surface flow and
direct precipitation). Consequently, evaporites
have been frequently used to identify arid areas in
the geological record, usually defined by limited
precipitation; today, arid ‘deserts’ (represented by
Biomes 3 and 7 of Walter (1985); Figs 13–14)
are restricted to regions with less than 500 mm of
precipitation a year (Glennie 1970), with 250 mm
being a convenient division between semi-arid
and arid conditions. This is supported by the
results shown here (Fig. 21).
Evaporites are not simply a consequence of low
precipitation per se, but low relative humidity and
high net evaporation (Sonnenfeld 1984). Unfortunately, neither variable (especially evaporation) is
unequivocally recorded at modern climate stations.
Consequently, the definition of climate space for
arid indicators is problematic. Because of this,
numerous indirect methods of defining evaporation
have been derived, such as that of Köppen (1931) or
Thornwaite (1948), which have then been applied
to various climate proxies (Gyllenhaal 1991).
Equations with high temperatures also need to be
tempered, with the highest evaporative losses in
arid and semi-arid areas today occurring in the
winter season, especially in continental areas
(Sonnenfeld 1984).
Evaporites do require water to form and Sonnenfeld (1984) noted that the majority of evaporites
today occur in semi-arid areas in which there is at
least a short wet season, as long as this does not
balance out the annual net evaporative loss.
However, periods of rainfall can lead to dissolution
of developing evaporite minerals and this needs to
be considered. Coastal evaporites, such as in
sabkhas, can form under extreme arid conditions,
given water replenishment from marine sources.
This juxtaposition of water and high evaporation
leads to the frequent co-occurrence of both ‘wet’
and ‘dry’ climate proxies in the geological record
(Sonnenfeld 1984), for example the Late Cretaceous –Palaeogene lake basins of South China (Wu
et al. 1997).
Gyllenhaal (1991) analysed a series of hydrological climate proxies in order to reconstruct precipitation gradients in the Palaeozoic. This multiple
proxy approach was summarized into a series of
proxy ‘assemblages’ (Fig. 26). These are in broad
agreement with my own analyses using a larger
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Fig. 25. Distribution of modern evaporites and other indicators of aridity used in this study.

modern-day dataset (Fig. 27). The crucial issue
again is not to rely on a single climate proxy.
Glennie (1970) provides a useful summary and discussion of other ‘desert’ indicators, with an emphasis on sedimentary factors, such as the presence of
detrital clays and ‘fresh’ feldspars indicative of
low rates of chemical weathering. Other aridity
proxies used by Gyllenhaal (1991) include sand
seas (dune fields over large areas, hundreds of kilometres, to differentiate them from coastal dunes),
which indicate the absence of vegetation, and low
annual precipitation values (,500mm and
generally , four months of precipitation greater
than 40 mm), but require a sand supply. Palaeosols,
such as caliches and calcretes, occupy a broader
precipitation range (Gyllenhaal 1991), and are
dependent on the nature of the parent material
(see also Retallack 1990); and vertisols, which
most importantly provide evidence of hydrological
seasonality. Seasonality can also be indicated by
sedimentary laminae in arid settings, especially
when evaporites, such as hopper crystals in the
Green River Formation, can be demonstrated to
occur in only one part of annual couplets.
‘Red-beds’ are commonly used to indicate aridity,
but are more an indication of Eh conditions, with
climatic interpretations depending on supporting
sedimentological evidence (Dubiel & Smoot
1994), and are not used further here. On a smaller
scale, mud-cracks and rain-pits indicate some

measure of evaporation but also explicitly need
some water to form.
Palaeontological evidence for aridity is generally negative, with a few exceptions such as Classopolis pollen, which is interpreted as evidence of
‘dry’ conditions (Vakhrameev 1981). In general,
however, it is the absence of fossil climate proxies
that is used (e.g. crocodilians and turtles require
standing water as a buffer against extremes of temperature, while amphibians need water for reproduction); but to be significant, such absences must be
qualified by the presence of taphonomic ‘control
groups’, as discussed earlier in this paper.
However, the presence of water in a region may
not reflect the ambient precipitation, but rather conditions upstream (e.g. Nile Valley). This potential

Fig. 26. Climate proxy assemblages defined by
Gyllenhaal (1991) based on his detailed survey of
modern climate proxies used to define precipitation
gradients in the geological record.

Fig. 27. A North African example of the modern hydrological indicator used in this study, showing the density of data. This is part of ongoing detailed study examining
hydrological proxies and hydrological results form GCM experiments. Of the parameters shown, only man-made ‘salt ponds’ and generic ‘salt-areas’ fall outside of the aridity limit
of 500 mm annual precipitation (Markwick et al. 2005).
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complication is compounded by preservational
biases in fossil vertebrates, which appear to be
preferentially (but not always) preserved in semiarid environments, with the acidity of many
wetter climates (conducive to peat and floral
preservation, due to the concentration of especially
humic acids) facilitating bone loss (Markwick
1996, 1998).

Datasets of the past
Having defined the ‘climate space’ represented by
different climate proxies, climate interpretations
can be applied to geological occurrences. As previously stated, such applications are not without
caveats, whether it be uncertainties in age assignments, or the consequences of time-averaging
(Behrensmeyer & Chapman 1993; Markwick
1998; Markwick & Lupia 2001). Although a
site-by-site assessment of multiple proxy interpretations is recommended, which also take account
of such uncertainties, as well as site-specified sedimentological data that might refine palaeoclimate
interpretations, the general pattern of climate
proxies provides useful information that can help
constrain the general validity of climate model
experiments. In this section, we show the distribution of fossil crocodilians, turtles, amphibians,
non-avian dinosaurians and mammals from the
Aptian to the Present. These are derived from a
fossil vertebrate database compiled by Markwick
(1996), which includes detailed specimen, environmental, lithological and stratigraphic information
on about 6000 Cretaceous and Cenozoic fossil
vertebrate localities, with taxonomic and ecological
data for 22,000 extant and fossil vertebrate and
floral taxa (including habitat, size and diet). These
are shown together with the contemporary
distribution of peats, coals, evaporites and tillites,
ostensibly from the lithological databases of the
Paleogeographic Atlas Project (Ziegler et al.
1985, 1987, 2003; Lottes & Ziegler 1994). Marine
phosphorites and reefs are also included from this
dataset, as a general indication of the coeval state
of the ocean, which plays such an important part
in regulating atmospheric conditions. These data
have been supplemented with phosphorite data
from various sources (BSC 1964; Notholt et al.
1989; Burnett & Riggs 1990; Orris & Chernoff
2002a, b).

Palaeogeography – defining the spatial
context
The global palaeogeographic maps (Figs 28 –49)
are based on a series of more limited time-slices
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constructed by the Palaeogeographic Atlas
Project at the University of Chicago (Ziegler
et al. 1983, 1985; Hulver et al. 1993; Markwick
et al. 2000a). These were modified in 1996–
1997 to include additional data and intervening
time-slices in order to provide a complete suite
of 22 Late Cretaceous to Recent Sub-epoch
(Cenozoic) and Stage (Cretaceous) maps, including sensitivity tests for the modern (þ100 and
2100m) (Markwick et al. 2000a). The methods
used to construct these maps are described in
Ziegler et al. (1985) and Markwick and Valdes
(2004), in which the observed relationship
between modern elevation and tectonophysiographic and environmental settings is used
to assign values to similar settings in the geological record. The geological data used are derived
entirely from published literature, utilizing the
large lithological and reference databases of the
Paleogeographic Atlas Project (Ziegler et al.
1985; Hulver et al. 1993), the databases of
Markwick (see Markwick 1996), and the libraries
of the universities of Chicago, Reading and
Leeds. Although only the terrestrial topography is
shown on these maps, palaeobathymetry is now
being systematically added to each as part of an
extensive update programme (Markwick &
Valdes 2004).
The original maps were drawn at Chicago onto
A3-sized basemaps (approximately 1:100,000,000)
on which were printed reconstructed plate outlines
(the plate reconstructions are those of Rowley,
1995 unpublished work), a simplified present coastline, and a modern five-degree grid (all rotated to
their appropriate past position). They were all subsequently redrawn at a scale of 1:45,000,000
(Mollweide) and 1:30,000,000 (polar orthographic).
Contours were then drawn, of which the first is
the shoreline, which of all the levels of elevation
is perhaps the least controversial. The mapping of
the other topographic contours assumes the
following: 1 that the modern relationship between
elevation and tectonics is an acceptable assumption
for reconstructing past topography (uniformitarianism); and 2 that mountain belts are generally longlived features. Additional information, including
sedimentological and palaeobiogeographical evidence, was used where available.
These maps were then digitized as ArcInfo coverages (a file format used in ESRI’s ArcInfo GIS
software) using polar projections for areas poleward
of about 50–608, and the Mollweide Projection for
the tropical and equatorial regions. Consequently,
these maps may be considered to be precise at
about 1:30,000,000, but it is not recommended
that they be enlarged above this scale. Since 1998,
the palaeogeographies have been converted to
ArcGIS shapefiles.
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Fig. 28. The map legend for Figures 29–49 which show the distribution of climate proxies and palaeogeography for
each time interval in the study. Maps are shown using north and south polar orthographic projections.

The resulting maps provide the opportunity for
better understanding not only the interaction
between geography, topography and climate, but
also the role of geography in delimiting past biogeographic and biodiversity patterns. They highlight
the coincidence of orographic changes, with the
known palaeoclimatic cooling of the Middle and
Late Eocene (e.g. the uplift of the Transantarctic
Mountains, Rocky Mountains, and those of central
Asia, coincident with increasing isolation of the
Antarctic continent). Changes in the distribution
of major mid-latitude seaways are also suggestive
of a link with at least regional climate changes.
The presence of highland in East Antarctica (Gamburtsev subglacial Mountains) continues to be
problematic, since their great height might be
assumed to be the locus of ice accumulation, even
during ‘hot-house’ intervals. However, Markwick
& Rowley (1998) have shown that even were
these mountains glaciated above 1500 or 2000m it
would only accommodate an ice-sheet comparable
to a eustatic sea-level change today of about 8 or
2m, respectively, which would probably not be
resolvable on a global scale in the geological
record. It is also interesting to note that the initiation
of glaciation of Antarctica in the Middle Eocene
coincides with the continent moving slightly off
of the pole.

Data-model comparisons
Model evaluation takes two forms:
1. Data-model comparisons: the assessment of
model veracity through the comparison of

2.

results with observations, which can include
modern-day weather station reports, satellite
data, present-day occurrences of climate
proxies, historical records, and geological
occurrences of climate proxies.
Sensitivity experiments: the investigation of
model behaviour in which input parameters
are varied systematically, usually through a
series of experiments that form the matrix of
possible scenarios. Sensitivity tests for palaeoclimatology usually focus on varying boundary
conditions: alternative palaeogeographic
reconstructions, tectonic models, orbital parameterization, and atmospheric compositions.
They can also be used to assess potential
intra-time-slice variations (Burggraf et al.
2006), as well as intrinsic variability due to
changing process representation in models,
inter-model variability (Harrison 2004; OttoBliesner et al. 2004), and potential analytical
error (factors such as inter-computer processing variability, interaction of different model
modules/components, coding issues, and
missing or incorrectly represented processes).

In this section, I provide some examples of
the logistics of data-model comparisons using the
climate proxy datasets described above and
the results from model simulations run in collaboration with Professor Paul Valdes, University
of Bristol (Markwick et al. 2000b, 2002, 2005;
Markwick & Valdes 2003; Haywood et al. 2004;
Burggraf et al. 2006).

Fig. 29. Palaeogeographic map of the Aptian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 30. Palaeogeographic map of the Albian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 31. Palaeogeographic map of the Cenomanian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 32. Palaeogeographic map of the Turonian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 33. Palaeogeographic map of the Coniacian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 34. Palaeogeographic map of the Santonian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 35. Palaeogeographic map of the Campanian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 36. Palaeogeographic map of the Maastrichtian. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 37. Palaeogeographic map of the Early Palaeocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 38. Palaeogeographic map of the Late Palaeocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 39. Palaeogeographic map of the Early Eocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 40. Palaeogeographic map of the Middle Eocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 41. Palaeogeographic map of the Late Eocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 42. Palaeogeographic map of the Early Oligocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 43. Palaeogeographic map of the Late Oligocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 44. Palaeogeographic map of the Early Miocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 45. Palaeogeographic map of the Middle Miocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 46. Palaeogeographic map of the Late Miocene. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 47. Palaeogeographic map of the Pliocene. The ice extent shown for Antarctica is the probable minimum suggested by Webb and others (Webb et al. 1984; Andersen 1990)
if their hypothesis on the age and origin of diatoms in the Sirius Group is correct. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 48. Palaeogeographic map of the Pleistocene (geography shows ice extent at Last Glacial Maximum from Peltier (1994). Data from the entire Pleistocene.
See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Fig. 49. Geographic map of the Recent. See Figure 28 for legend. Left, northern hemisphere; right, southern hemisphere.
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Models

Methods

The climate and ocean experiments presented in
this study were run using the HadCM3 coupled
atmosphere–ocean model developed at the Hadley
Centre of the Meteorological Office (Gordon et al.
2000; Pope et al. 2000). HadCM3 has no flux
adjustment, which makes it ideal for palaeoclimate
studies. It is a grid-point model, with 19 atmospheric levels with a horizontal resolution of 2.58
(latitude)  3.758 (longitude). The land surface
scheme includes surface runoff and soil drainage,
and is unique amongst the current generation of
coupled atmosphere –ocean models in that it
explicitly requires outfall points for terrestrial drainage to be defined (Cox et al. 1999). This in turn
necessitates an understanding of the hinterland
geography and palaeodrainage, but also means
that it can be used to directly model freshwater
and sediment fluxes to precise points within a
palaeogeography (Markwick et al. 2002; Markwick
& Valdes 2004). HadCM3 includes an interactive
vegetation model called ‘Triffid’ (Cox 2000,
2001). The radiation scheme is that of Edwards &
Slingo (1996). The ocean component comprises
20 levels with a horizontal resolution of
1.258  1.258.
The modern-day experiment used here is for
pre-Industrial conditions (i.e. prior to 1780),
which is designed to try to eliminate the major
anthropogenic affects of the last two centuries
and represent the ‘natural’ climate state, although
this is not without caveats (specifically, the role
of human activity on the natural environment and
thereby any climate signal). However, a major consequence of this is that comparisons with climate
station observations (which for robust records are
invariably 20th century), would be expected to
result in some mismatch, which must be taken
into consideration. For the Maastrichtian experiments, atmospheric CO2 is set at three different
levels (2, 3 and 4 pre-Industrial levels) consistent with the range of published estimates of
Late Cretaceous CO2 (Freeman & Hayes 1992;
Pearson & Palmer 2000; Berner & Kothavala
2001) and variations during the Maastrichtian
stage (see Table 3).
The Maastrichtian palaeogeography is that of
Markwick & Valdes (2004), which has been compiled in ArcGIS as a paleoDEM in order to facilitate
grid-based analyses. The Maastrichtian drainage
systems are based on an investigation of the subsequent evolution of each drainage, using the
modern as a tie-point (drainage analysis), and a
survey of the published literature. This is discussed
in detail in Markwick & Valdes (2004). The modern
drainage systems are based on those given in the
USGS Hydro 1K dataset (Verdin 2001).

ESRI’s ArcGIS software has been used throughout
this study and provides the GIS platform for data
compilation, data-model comparisons and analysis,
and visualization of results. Statistical analysis,
especially multivariate techniques, is external to
GIS, using several readily available software
packages: Excel, Statistica and Statview. GIS has
the advantage that diverse formats of spatial and
temporal data can be quantitatively queried and
analyzed within a spatial context (maps), which is
ideal for data-model comparisons, with model
results stored and manipulated as grids (rasters),
and geological climate proxies and other observational data stored as points (unique occurrences),
polygons (range data), and also grids (satellite
data, interpolated observational data such as the
CRU datasets (New et al. 1999), and climate
proxy masks, which represent the potential distribution of each climate proxy based on its defined
climate limits).
Logistically, model results were imported as
NetCDF formatted files, which were converted to
ArcGIS point shapefiles (points downloaded in
this way represent the centre of each model grid
box). These were interpolated into grids in whatever
map projection is required (equal area projections
are necessary for area-dependent analyses, such as
hydrological studies of drainage basins). Different
interpolation methods can impart analytic gridboundary issues that must be taken into account.
I have used various methods to generate grids,
including simple tension splines, and a bilinear
interpolation method that preserves area averaging.
An analysis of the results of these various techniques has allowed the consequences of interpolation for data-model comparisons to be
examined, although this is not discussed further
here. A further operational consideration, when
using the ArcGIS Spatial Analyst extension is that
only square grid cells can be dealt with. Since
model grid cells are usually rectangular for gridpoint models (2.5  3.75 degrees for the HadCM3
model), the original grid geometry cannot be
exactly replicated. In general, this is not a problem,
but in certain palaeogeographic settings, such as
narrow seaways, interpolations can lead to spurious
results (usually anomalously extreme values, which
are readily identifiable).
Two methods have been applied for comparing
models and data: direct comparison and proxy
models.

Direct comparison
The most direct method of data-model comparison
intersects each individual observation (as a point,

Model type

Coupled
Ocean-atmosphere

Coupled
Ocean-atmosphere

Coupled
Ocean-atmosphere

xaydc

xanir

Coupled
Ocean-atmosphere

Atmosphere only

xaydb

Maastrichtian
xayda

Early Eocene
xaokt

Present day (pre-Industrial)
xakxa
Coupled
Ocean-atmosphere

Model name

40

101

101

101

16

106

Total run
(years)

10

10

10

10

10

86

Averaging
period
(years)

1116

1117

838

558

560

279

CO2
(ppmv)

790

703

703

703

703

703

CH4
(ppbv)

284

276

276

276

276

276

N2O
(ppbv)

Notes

2 Pre-Industrial CO2; Palaeogeographic
boundary condition is that of Markwick and
Valdes (2004)
3 Pre-Industrial CO2; Palaeogeographic
boundary condition is that of Markwick and
Valdes (2004)
4 Pre-Industrial CO2; Palaeogeographic
boundary condition is that of Markwick and
Valdes (2004)
4 Pre-Industrial CO2; Palaeogeographic
boundary condition is that of Markwick and
Valdes (2004)

Palaeogeography is the same as that shown in
Figure 39 of this study. SST gradient used:
33cos (latitude)

The use of a pre-Industrial model experiment
would be expected to lead to some mismatches
between model and 20th century observational
data, but this should not be as great as observed
in this study

Table 3. Model experiments mentioned in this study (model results courtesy of Professor Paul Valdes, University of Bristol)
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Fig. 50. Schematic representation illustrating the ‘zonal statistics’ functionality in ArcGIS.

polygon or grid) with the spatially coincident model
result (usually gridded data). In ArcGIS, this can be
done in three main ways: spatial joins; zonal statistics; grid algebra (Fig. 50). ‘Spatial joins’ link
the attribute (database) tables of spatially coincident
features (in this case, observations and model
results), although this can only be applied
between point, line and polygon data types. The
‘zonal statistics’ functionality, on the other hand,
is used to assign grid values (or summary statistics
if more than one grid cell is involved) to points,
lines, polygons or integer grids that intersect the
grid cells, based on the ‘zone’ (category) they represent. This ‘zone’ can be designated by a locality
number, if the intersection is with individual observations, or a category representing associated features, such as species range for a biological
climate proxy, or a biome (Fig. 50). ‘Grid
algebra’ can be used in several ways: to calculate
difference grids between observations and model
results; to generate a grid of only those model
results that correspond with the presence of a
climate proxy (by multiplying a presence –absence
grid for a proxy by the model result grid). Of
these three methods, ‘zonal statistics’ is the most
efficient for comparisons between palaeoclimate
model results and climate proxies, and discussed
further here.
Model values extracted in this way can be
‘joined’ (or ‘linked’) to the observation record as

an additional attribute, or item, in its data table,
and then exported into external spreadsheet programs or statistical packages, where the results
can be analysed statistically to quantitatively
assess similarity. The advantage of this method
over proxy models is that results can be compared
directly within climate space, and provide information on not only whether a model agrees or disagrees with observations, but the nature and
magnitude of any differences (see Fig. 51 below).

Proxy models
The second method is to generate a model or ‘mask’
(a conditional grid) that shows the spatial distribution of a proxy’s climate space derived from the
model results being evaluated (Price et al. 1997).
Model success or failure is then based on the
degree to which the distribution of the proxy occurrences match the climate space distribution indicated by the model experiment.

Data-model comparisons using climate
proxies in the modern
The modern day provides the only opportunity to
directly compare model results with wellconstrained observations, whilst also providing
palaeoclimatologists with the means to examine

DATA-MODEL COMPARISONS

Fig. 51. Crocodilian climate space as indicated by
intersection of the modern geographic range with (a)
Climate Stations (Müller 1982); (b) CRU 1961–1990
climatology (New et al. 1999); (c) modelled
Pre-Industrial Present Day experiment (see Table 3).
The CMM value of 5 8C marks the modern thermal
limit for crocodilians (Markwick 1998).

the behaviour of proxies and climate models simultaneously. Here, I investigate the differences between
the climate space defined for climate proxies using
station-based observations, and those from model
simulations of the modern. Discrepancies between
these results are systematically examined in order
to identify the baseline of potential errors, which
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must be considered when interpreting data-model
comparisons for palaeoclimate experiments. The
modern also provides the means of investigating
sampling effects on data-model comparisons
(Markwick & Lupia 2001).
Figure 51 shows the climate space represented
by climate station locations that fall within the
modern range of crocodilians, for the weather
station values themselves (see also Figs 2 and 3),
the CRU 1961–1990 interpolated gridded climatology, which is itself based on climate stations
(New et al. 1999), and the results of a modern
(pre-Industrial) climate model simulation (experiment ‘xakxa’ in Table 3). In this example, the
grid values have been extracted from the model
results using the ‘zonal statistics’ function
described above.
The results show that this particular model
experiment indicates a slightly colder and slightly
more seasonal climate than the climate space
defined from observations, although only two
localities actually fall outside of the 58C CMM
‘limit’, which might be considered model ‘failures’
or ‘mismatches’ (i.e. .95% of localities fall within
crocodilian climate space and would, if this had
been a simulation of a geological time-slice, be considered as successful matches).
The question is how to explain this result and
assess what it means for data-model evaluations
of palaeoclimate experiments. At face value, any
discrepancies could be interpreted as evidence of
model failure, but this would be naive. As discussed
above, the definition of climate proxies themselves
comes with caveats, but in this case the discrepancy
is between modelled and climate station observations, which happen to also fall within the
modern geographic range of crocodilians, and so
the two should be similar (given the caveat that
the model is a pre-Industrial ‘present day’ simulation). The working assumption has to be that the
station data are relatively sacrosanct at the point
of observation, but this raises the prospect that
model resolution is the cause of discrepancies,
since a climate station observation is a function of
local factors, especially for hydrological variables,
which have short de-correlation distances. The
stations used by Muller (1982) are generally cityor town-based, chosen because they have relatively
long, consistent records, but which therefore also
inherently include the thermal effects of conurbations; for major cities, this can be up to a 1–2 8C
warming (Barry & Chorley 1987). The model resolution here is 2.5  3.75 degrees. If this is the case, it
should be apparent in how the model replicates
topography over a grid cell compared with the
elevation of the observation itself. Figure 52
shows regression plots for the points shown in
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Figure 51. The differences between stations and
CRU data are shown to be minor, but the disparity
with modelled thermal results is clearly seen. An
analysis of the residuals of this regression shows
the strongest correlation with elevation, which
would appear to support the hypothesis that model
resolution is at least partly responsible for the disparity found, and therefore something that must
be considered in palaeoclimate simulations.
Spatial resolution is clearly an important factor.
For biodiversity studies, Markwick (2001) used a
50 km radius ‘buffer’ around each climate station,
which was considered the area over which the
climate of the station could be considered applicable (except in areas of rapid relief changes). A
similar approach is used here to emulate the area
over which a climate proxy might be considered
to represent the same climate. Figure 53 shows
the results when buffered stations are intersected
with the model results, to see if this has an effect
on data-model discrepancies.
Temporal climate heterogeneity is also a potential issue, with the observations representing a
short-term signal and the model the longer-term
general state of the atmosphere (in this case, also
the model is for pre-Industrial conditions so
should be expected to be slightly different from
20th century observations, but not in the direction
or magnitude found). The modern climate values
used here represent the period 1961–1990 (New
et al. 1999) and approximately 1951– 1980
(Müller 1982), which is relatively short in relation
to the stability of the ecosystems occupied by biological climate proxies. We have examined this by
comparing the results for crocodilians using the

Fig. 52. Correlation for between-station and gridded
observations of CMM values for crocodilian localities
(a), and stations and modelled CMM (b). The residuals
(c) show the strongest correlation with the elevation of
each location (d).

Fig. 53. Crocodilian climate space using the xakxa
climate model results, for point extraction (black points),
and the minimum and maximum values for 50 km radius
areas around each locality. The differences between
these two approaches do not explain the points that fall
out of crocodilian climate space using the ‘xakxa’ result
(see Table 3).
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model behaviour are unclear, except to say that
annual evaporation may be being underestimated
(see evaporites section above), the implications
for data-model comparisons in the geological
record are that the extent of evaporite climate
space may be underestimated.

Data-model comparisons using climate
proxies in the past

Fig. 54. Frequency distribution of modern evaporite
localities (Gyllenhaal 1991) with respect to mean annual
precipitation (MAP), using precipitation values
extracted for each location using the CRU 1961–1990
climatology (New et al. 1999), and model xakxa (see
Table 3). The difference between them has been
examined using the Mann-Whitney Rank Test and found
to be statistically significant ( p , 0.0001).

CRU 1901–1930, CRU 1931 –1960 and CRU
1961–1990 climatologies and found no significant
differences between them, which would suggest
that for thermal parameters this is not the major
cause of the discrepancies between the station and
modelled results shown in Figure 51, unless longerwavelength fluctuations are the issue (greater than
century-scale).
These two issues do not negate the possibility of
model error, especially due to missing, or misrepresenting, a process, but would suggest that the major
cause of the discrepancies in proxy climate space
here are intrinsic resolution issues, which therefore
must comprise the operational error associated with
model results.
The differences between modelled and observed
thermal values are important, but as already discussed hydrological variables would be expected
to have larger potential errors, given shorter
de-correlation distances, and more uncertainties in
dynamical processes. Given that hydrology plays
such a crucial role in surface runoff, water availability and flood risk, it is important to understand
the degree of uncertainty in such variables.
Figure 54 shows the precipitation climate space
for evaporites based on observations and model
results (again using experiment xakxa). At low precipitation values, observations and model are statistically significantly different, with the model
being wetter. This is less apparent at higher precipitation values, and for peats and coals there is no
statistical difference between modelled and
observed precipitation values, although this also
reflects the broad range of values over which
peats can occur. Although the causes for such

The modern data-model comparisons provide an
indication of potential model behaviour that could
be true of simulations of geological time-slices
(especially for a model such as the HadCM3 that
has no flux correction and should therefore be
largely independent of modern-day tuning). The
question is: do we see the same trends? The same
methods used for the modern can be applied to
the palaeo-examples.
Figure 55 shows the CCM result for three
Maastrichtian sensitivity experiments, with varying
concentrations of atmospheric CO2 (Table 3). The
results show that for all three experiments, several
crocodilian localities fall out of the defined
climate space, indicating model ‘failure’ in those
areas, but the general pattern is very reminiscent
of the results for the modern, as can be seen when
these results are plotted in climate space (Fig. 56).
The vectors in Figure 56 show how different
localities respond to changing boundary conditions.
Fossil crocodilian sites from mid-latitude continental interior locations, tend to have higher MART
values, even at lower CO2 concentrations (bottom
right in Fig. 56), and respond to increases in CO2
by major increases in WMM, such that the trajectories are almost parallel with CMM isotherms in
this diagram. In contrast, maritime or low-latitude
sites tend to become warmer (increasing MAT),
but with little or no change in seasonality. If we
examine the three fossil crocodilian localities
from Figures 55 and 56 that remain outside of crocodilian climate space, even at 4 CO2, we can
again see the influence of topography and how it
is represented by the model (Fig. 57).
The same pattern of results is seen for other
time-slices, which further supports the idea that at
least part of the cause of these particular data-model
discrepancies may be intrinsic factors to the model
(resolution), rather than time-slice specific issues.
Figure 58 shows the modelled climate space for
Early Eocene crocodilians (Markwick et al.
2000b). In this case, the outliers to crocodilian
climate space lie principally in the continental
interiors of western North America and central
Asia, as well as the enigmatic Arctic locality of
Ellesmere Island (Fig. 59). The issue of model
failure in continental interiors has been raised by

Fig. 55. Maastrichtian model results for CCM for 2 (a), 3 (b) and 4 (c) pre-Industrial atmospheric CO2 concentrations (Table 3). Blue circles are crocodilian localities
that fall out of crocodilian climate space in each experiment, red are those with CMM . 5 8C. The position of these results in climate space is shown in Figure 56.
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Fig. 55. (Continued ).
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Fig. 56. Crocodilian climate space defined using the three Maastrichtian sensitivity experiments (Table 3), showing the
general warming as CO2 increases, which moves the crocodilian localities into crocodilian climate space. Trajectories
illustrate the behaviour of individual localities and how the response to changing CO2 varies. Localities below the
CMM threshold are those shown in blue in Figure 55.

numerous authors, and may also reflect geographic
resolution issues; Sloan (1994) showed how the
inclusion of lakes in the Eocene boundary conditions could warm modelled local climates. It is
also possible that higher CO2 experiments, and/or
increases in CH4, may generate enough warming
(Sloan et al. 1992; Beerling & Valdes 2003) to
move many of these localities into crocodilian
climate space, as they do for the Maastrichtian

Fig. 57. Outliers to crocodilian climate space for
4 CO2 from Figure 56 (blue), showing how in each
case the topography used by the model is higher than the
reconstructed elevation (right) using the DEM of
Markwick & Valdes (2004).

Fig. 58. Crocodilian climate space defined using the
Early Eocene model experiment (xaokt, see Table 3).
Outliers to crocodilian climate space are dominated by
continental interior locations and Ellesmere Island.
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Fig. 59. Distribution of those Early Eocene crocodilian localities that fall out of crocodilian climate space (blue circle)
when using the xaokt model experiment (CMM values from xaokt are given for each outlier). This may reflect the
consequences of elevational resolution, but also the effects of transient rapid climate events, such as the PETM.

experiments (Fig. 56). However, the Early Eocene
results, and especially the warmth indicated by the
Ellesmere Island fauna and flora (West et al.
1977; Estes & Hutchison 1980; McKenna 1980;
Francis 1988), raise again the issue of climate heterogeneity within time-slices. The Early Eocene
represents the warmest stage of the Tertiary
(Zachos et al. 2001) but the maximum poleward
extent of many warm climate proxies may in fact
be the result of short-term (10,000–20,000 years)
rapid warming events, of which the PETM is the
most well documented (Corfield & Norris 1998;
Bolle et al. 2000; Hooker & Dashzeveg 2003;
Bloch et al. 2004; Shellito & Sloan 2004; Wing
et al. 2004).
The importance of such major, transient events
to data-model comparisons is that they are currently
beyond the resolution of global-scale terrestrial

biological proxy datasets, because of the limitations
of global correlation. Only in a few wellconstrained terrestrial localities, such as the
Bighorn Basin, can such events be recognized
(Bloch et al. 2004; Wing et al. 2004). This places
greater emphasis on the use of sensitivity experiments to examine the range of possible climates
through an interval by changing boundary conditions. This requires the careful use of model-data
comparisons, because, as discussed throughout this
paper and elsewhere (Markwick & Lupia 2001;
Markwick & Valdes 2004), the proxy data are
highly heterogeneous.
Such heterogeneities also apply to hydrological
climate proxies. Transient events, such as the
PETM, would be expected to result in periods of
enhanced evaporation and precipitation as temperatures increase (Blecha & Gardner 2004; Bowen
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temporal variations within the data and modelling
issues. It may also reflect the problem of using precipitation in the modern as the basis for defining
hydrological climate proxies, especially when the
area applied to demonstrably more hydrological
intense intervals. The use of P–E (the difference
between precipitation and evaporation) or relative
humidity may be more appropriate, except for
their inconsistent reporting in modern climate
stations. Figure 61 shows the position of the same
Maastrichtian gypsums in terms of the minimum
monthly value of P–E, which must be negative if
evaporites are to form. The results are more convincing than for precipitation.
Fig. 60. Distribution of Maastrichtian gypsums defined
by the results of the 2 and 4 Maastrichtian sensitivity
experiments. The principal difference from the modern
(Fig. 54) is that results spill into much wetter conditions.
But as CO2 is increased, the distribution becomes
polarized, reflecting the overall precipitation results with
intensification of the wet and dry belts.

et al. 2004; Nicolo 2004). This is the same result as
found for the Maastrichtian due to increased atmospheric concentrations of CO2 (Markwick et al.
2002; Valdes & Markwick 2006). Evaluating
hydrological model results is problematic, with
floras giving the most precise estimates of precipitation though not without caveats (Wolfe 1993;
Wilf et al. 1998). Vertebrates and sediments are
more problematic still. Figure 60 shows the frequency distribution of Maastrichtian gypsums for
comparison with the modern climate space shown
in Figure 54.
Comparison between precipitation and gypsums
is inconclusive, in that the results are broadly distributed across the range of precipitation values.
This may be due to a number of problems including

Fig. 61. Distribution of Maastrichtian gypsums defined
by the precipitation and evaporation of the 2 and
4 Maastrichtian sensitivity experiments. The majority
of results lie in the net evaporation side of the graph as
has to be the case for evaporites to form.

Conclusion
Models are powerful tools for reconstructing and
understanding the dynamics of palaeoclimate, but
they are experiments that must be constantly
tested against observations, which for the geological past comprise climate proxies. Here, I have
used a selection of terrestrial climate proxies,
especially vertebrates, to show how climate
proxies must be defined, their palaeogeographic distribution during the Cretaceous and Cenozoic determined, the logistics of using them in GIS to evaluate
climate model results, and how data-model comparisons can tell us about the behaviour of models
and data alike.
Models are numerical and therefore the observations (climate proxies) used to evaluate them
must also be quantitative. This in turn requires the
compilation and analysis of large, diverse, global
datasets, compiled in well-designed databases that
record information on the nature of the data
(reliability, temporal and spatial heterogeneity) as
well as its presence and climatic significance. GIS
provides a powerful platform for this, as well as
the logistics of data-model evaluation itself,
especially through direct intersection of results
and observations, or through the construction of
proxy models. My preference is for direct comparison since this provides the opportunity for moredetailed analysis of results, such as examining the
trajectories of locations as boundary conditions
are changed (e.g. the Maastrichtian CO2 sensitivity
experiments reported here).
The results shown here indicate the effects of the
coarse elevational resolution used by the models,
and how this leads to cooler-than-observed temperatures, especially in mountainous areas or continental interiors (which results in discrepancies
between modelled temperatures and climate
proxies such as crocodilians, tortoises and palms).
These apply to both modern and geological experiments and highlight the importance of a thorough
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understanding of palaeogeography and correctly
representing this in the model. Hydrological variables are more problematic still, and geography is
again important in how it partitions precipitation,
through palaeodrainage systems that can then
affect sediment distributions. Comparison between
evaporites and modelled precipitation in the
modern finds that the model is wetter than observations, especially in arid areas (,500 mm annual
precipitation). But comparisons between Maastrichtian gypsums, and model results also suggest that
precipitation may not be the best variable for defining hydrological proxies, especially for ‘hot-house’
time intervals with a greatly enhanced hydrological
system (higher precipitation and evaporation rates).
Comparisons between evaporites and P –E give
more consistent results, but with the caveat that
evaporation records in the modern are generally
inconsistently reported.
These findings demonstrate the value of datamodel comparisons, but also illustrate the care
that must be taken. Neither models nor data come
without caveats. As Conybeare (1829) noted
almost 200 years ago, geologists do not rely on
any one line of evidence in reconstructing the
climate of the past.
I would like to thank Mark Williams and Alan Haywood
for the original invitation to contribute to this volume,
and John Gregory and Dave Martill for their very useful
reviews of earlier versions of the manuscript. The databases used in this study were initially compiled whilst I
was a member of Fred Ziegler’s Palaeogeographic Atlas
Project at the University of Chicago. My thanks go to
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