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ABSTRACT 

The Cretaceous Period was a time of extreme greenhouse warmth and a time of major global 

events. Hence, the Cretaceous represents an interesting geologic time to study a biota that lived 

under a very different evolutionary context and climate dynamics compared to the present. This 

thesis examines the geographic patterns of plant biomes based on a global quantitative analysis of 

palaeobotanical evidence. The distribution, ecology, and composition of Cretaceous floras are 

assessed through the analysis of databases built from information found in museums, collections, 

electronic resources and literature published since the 1800s. Biogeographic analyses of Cretaceous 

woods reveal that araucarioid and podocarpoid conifers were globally codominant in equatorial 

regions during Early Cretaceous times while cupressoid conifers were most common in mid-

latitude. The analysis of pinoid wood reveals these conifers were mainly distributed at high 

latitudes and exclusively restricted to the Northern Hemisphere since the Cretaceous. Spatial 

analysis suggests that the loss of conifer forests was linked to the rise of co-occurring angiosperms, 

which spread and dominated high latitudes until the Late Cretaceous, somewhat latter than 

indicated by palynological studies. Biogeographic analyses of Cheirolepid conifers show a 

significant spatial correlation between the distribution of arid climate-sensitive sediments 

(evaporites and calcrete) and cheirolepid occurrences during the Early Cretaceous. In contrast, Late 

Cretaceous cheirolepids show a stronger correlation with sediments that indicate humid tropical 

environments (coal, kaolinite, and bauxite). This finding adds evidence to the fact that the presence 

of cheirolepid fossil does not exclusively indicate arid environments as previously thought. 

Biogeographic analyses of Cretaceous plants improve the knowledge of Cretaceous vegetation 

biomes and allow to investigate possible macroevolutionary patterns over extended spatiotemporal 

scales, offering a valuable quantitative comparison to integrate with computer climate models 

proposed for the Cretaceous. Furthermore, two putative Cretaceous woods were examined to 

clarify their age, provenance and affinity. Results show the valuable use of biogeography, 

taphonomy, wood anatomy and morphometrics as an essential tool for taxonomic revision of 

Cretaceous fossil material. An extensive taxonomic re-examination of problematic fossil samples is 

recommended in order to improve data quality to develop more accurate biome reconstructions.  
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  CHAPTER 1: THESIS RATIONALE 

1.1. SUBJECT OF THESIS 

This thesis investigates the influence of paleogeography, climate and evolution on 

Cretaceous vegetation biomes. Current understanding about the geographic distribution 

of Cretaceous vegetation is still limited and most hypotheses are either based on climate 

model reconstructions (e.g. DeConto et al., 2000; Otto-Bliesner and Upchurch, 1997) or 

information from specific localities (e.g. Cantrill and Poole, 2005; Mendes et al., 2010a) 

rather than on a global survey of palaeobotanical evidence (e.g. Chumakov et al., 1995). 

However, the task of completing a global scale study including all kinds of fossil plant 

material is unpractical for obvious difficulties, such as funding. Thus, in this thesis, the 

two major datasets obtained, one dealing with fossil wood (Appendix 1), and the other 

with the record of cheirolepid conifers (Appendix 3), are limited to the collection and 

analysis of literature available on the internet and information from museums. 

Unfortunately, this means that a significant amount of relevant studies has not been 

included in this thesis due to research published in journals of difficult access or not 

available in electronic media. Literature in other languages, for example, Russian or 

Chinese was obtained from review papers and not always from the original source. 

Among the diversity of fossil plant material, fossil wood represents an especially 

good subject of study because it comprises a record of arborescent vegetation and 

therefore allows analysis of canopy-forming trees. Although fossil wood, under fluvial 

or oceanic conditions, may be transported very long distances (Blokhina, 2004), most 

fossil wood occurrences have experienced limited transport (up to a few tens of 

kilometres) from the site of growth (Philippe et al., 2008) and therefore comprise a 

geographic faithful picture of ancient forest distribution. In addition, preservation of 

anatomical characters allows identification of general groupings of ancient trees 
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(Philippe et al., 2003), and tree-rings offer insights into tree growth rates (Creber and 

Chaloner, 1984a,b; Creber and Francis, 1999; Falcon-Lang, 2005). The present work 

synthesizes knowledge of Cretaceous woods collected over the last 150 years to address 

some of the following questions such as 1) How well sampled are Cretaceous rocks? 2) 

What is the relative abundance of different types of Cretaceous wood, and how have 

they changed through time? 3) Are biogeographic patterns evident that can be related to 

climate and physiognomy? 4) What can we learn about the timing and rate of 

angiosperm diversification and its impact on other forest trees? 5) Was forest 

productivity elevated in the Cretaceous greenhouse? 

The second dataset comprising remains (palynoflora and megaflora, i.e., wood, 

shoots, leaves, fertile remains) of cheirolepid conifers was developed to understand the 

evolution, extinction, and ecological tolerances of this extinct family of conifers. This 

enigmatic and diverse group of plants has long been considered indicative of hot, dry 

environments (e.g. Vakhrameev, 1970; Kunzmann et al., 2006) as well as costal 

depositional environments (e.g. Gomez et al., 2002; Upchurch and Doyle, 1981). This 

study assesses 1) the abundance, decline, and extinction of cheirolepids through the 

Cretaceous, 2) the geographic correlation between the distribution of cheirolepid 

conifers and climate-sensitive sediments (such as calcretes and evaporites), and 3) the 

distribution of cheirolepid conifers in the context of proposed palaeoclimatic 

reconstructions, to elucidate more about the paleoecology of this extinct conifer family. 

A final study in this thesis emerged out of the fossil wood analysis. In the course 

of checking the ‘quality’ of the literature of fossil woods, I developed an interest in 

some controversial fossil wood samples comprising putative dipterocarps, whose 

identity, age and provenance seemed uncertain. Extensive biogeographic, anatomical, 

and quantitative analyses were employed to help clarify the age, provenance and affinity 

of these samples, improving the veracity of the fossil record, and solving some long-
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running palaeontological disputes. In the discussion, I stress the important of critically 

reviewing the fossil record, in this way, if global scale evolutionary and biogeographic 

studies are to be meaningful. For example, some studies based on the Palaeobiological 

Database (which has been developed on an ad hoc basis, without proper critical review 

in some cases) are questionable because datasets have not been fully checked.  

In the discussion, the new findings of this thesis are examined in relation to 

previous studies dealing with the evolution and biogeography of Cretaceous floras to 

augment knowledge of this key time interval in the evolution of plants and the Earth 

System. In doing so, I stress the importance of fossil plant biogeography as the ultimate 

proxy (as Humboldt, 1805, 1806 noted) for the calibration of computer climate models. 

1.2. AIMS AND OBJECTIVES  

1.2.1. Aims 

• To evaluate the abundance and distribution of Cretaceous woods at a global scale. 

• To assess the abundance and distribution of the main groups of arborescent plants to 

describe major shifts in vegetation composition during the Cretaceous. 

• To estimate biome productivity by comparing Cretaceous tree-rings to recent tree-

ring measurements.  

• Describe the biogeography of cheirolepid conifers and assess possible distribution 

differences between pollen, meso- and megafossils of this family at a global scale. 

• Test the hypothesis of cheirolepid conifers as an indicator of aridity by analysing 

occurrences versus climate-sensitive sediment distribution at a global scale. 

• Identification of the sample RGM 232138 from Naturalis, Leiden, The Netherlands 

to clarify the age, provenance and taxonomic affinity of this sample.  
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• Demonstrate the value of biogeographic, anatomical and taxonomic analyses as 

quantitative tools to determine the age and provenance of the controversial 

Woburnia porosa Stopes, thereby providing some ‘cleaning’ for the fossil wood 

database. 

1.2.2. Objectives 

• Create an inventory of all Cretaceous fossil woods published in the literature and 

housed in major museum collections by developing a palaeobotanical database. 

• Analyse the distribution and biogeographic patterns of Cretaceous woods using GIS 

tools to plot occurrences in palaeogeographic maps of four different time intervals. 

• Build a collection of tree-ring measurements from samples in paleontological 

collections and the literature to compare Cretaceous and present plant growth 

characteristics and their variation along the latitudinal gradient. 

• Produce a database of the fossil record of the extinct conifer family 

Cheirolepidiaceae. 

• Produce a biogeographic spatial analysis of Classopollis and other (meso) 

macrofossils of Cheirolepidiaceae conifers with the help of GIS tools 

• Identification of the sample RGM 232138 found in the Naturalis collection, Leiden, 

The Netherlands by anatomical comparison with wood of extant families housed in 

Leiden and Kew Gardens collections. 

• Perform a quantitative analysis (PCA and CA) of anatomical characters in extant 

families and similar fossil woods to establish the systematic affinity of RGM 

232138. 
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• Perform a biogeographic analysis of extant wood and other fossils samples with 

similar anatomical characters to constrain probable age and provenance.   

1.3. THESIS OUTLINE 

This thesis investigates Cretaceous vegetation at a global scale.  

Chapter 2 reviews the origin of the biome concept and explains the importance of 

the study of ancient life and the different methods used for its investigation.  

Chapter 3 places the present work in context by providing a brief description of 

the world in Cretaceous times, including major events in the evolution of life and the 

dynamics of the Earth System during that period. 

Chapter 4 comprises a global analysis of the Cretaceous fossil wood record 

investigating two newly collected datasets. The first database documents occurrences to 

address forest evolution and biogeography (n = 2238). The second dataset (n = 284) is 

composed of measurements of growth rings in fossil wood and is used as a proxy to 

assess biome productivity. 

Chapter 5 focuses on the biogeographic analysis of the Cheirolepidiaceae to test 

the hypothesis that these plants are important indicators of aridity and water stressed 

environments. A database (n = 475) of the geographic distribution of cheirolepidiaceous 

fossils is compared with the presence of climate-sensitive sediments to test in detail 

their correlation using a spatial analysis of fossil-sediment occurrences. 

Chapter 6 consists of a systematic study of two dipterocarp fossil woods of 

supposed Cretaceous age. Wood anatomy, biogeography, taphonomy and quantitative 

comparative analyses are used to clarify age, affinity and provenance of both samples, 

one of them previously considered as the oldest (much disputed) evidence of 

angiosperm wood. 
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Chapter 7 examines the effects of palaeogeographic events, climatic variations 

and evolution of angiosperms on Cretaceous biomes originally dominated by 

gymnosperms. This chapter also elaborates on the palaeoclimatic significance of 

Cheirolepidiaceae conifers and their use as palaeoclimatic indicators. Finally, 

weaknesses and possible biases of biome reconstructions at a global scale are also 

discussed critically. 

Chapter 8 reiterates the main conclusions of the thesis and briefly discusses 

possible future projects, including way to improve the use of the new data used here.



 

CHAPTER 2: THE BIOME CONCEPT AND BIOME STUDIES 

2.1. EXTANT BIOMES 

2.1.1. The concept of Biome and ecotones 

The first modern attempt to classify vegetation in relation to the environment can 

be traced to the beginning of the 19th century, to Alexander von Humboldt (1805, 1806) 

who made extensive surveys in South America and described vegetation types 

depending on the environment they occupied. Later in 1838 (and 1872) Griesebach 

proposed the term “formation” as a physiognomic unit replacing Humboldt's original 

"association". The term "formation" became widely accepted as a physiognomic unit 

and was extensively used by Clements (Clements, 1902; Weaver and Clements, 1929) 

who adopted the term to designate geographical regions of the same climax vegetation 

(Grabherr and Kojima, 1993). The concept of formation was subsequently combined 

with a zoogeographical notion and gave rise to the concept and term, “biome” 

(Clements and Shelford, 1939). 

More recently, the term biome has been used to describe a recognizable complex 

biotic community of a given region, produced by the interaction of climatic factors, 

organisms, and substrate (Morris, 1992; Odum, 1971; Spurr and Barnes, 1980). 

However, the term has also been confused as a synonym for an ecosystem of regional-

scale (Tansley, 1935) due to the concept of ecosystems being regarded as a cause-effect 

relation between environment and organisms (McIntosh, 1985). Other authors (i.e. 

Bailey 1998; Helms, 1998) make use of the term biome in a broader sense including 

abiotic factors such as habitat and other physical factors (e.g. substrate and soil), 

however, this contradicts the original definition of biome (sensu Clements and Shelford, 

1939) which only considers biotic elements. 
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Furthermore, the concept of ecotone was implemented to refer to the zone 

between two types of formations where a change in vegetation is clearly observed 

(Clements, 1902; Lloyd et al., 2000). The ecotone could be defined by qualitative and 

quantitative features, for example, the sharpness of vegetation transition, species 

composition and richness, change in physiognomy, and the presence of exotic species 

(Walker et al., 2003). Abrupt boundaries between formations occur mainly where there 

are sharp environmental changes caused by geomorphologic features such as large 

canyons and rocky substrate formed in volcanic events (Wilson and Agnew, 1992; 

Auerbach and Shmida, 1993). In the context of climate change, ecotones regained 

interest because environmental changes are usually first perceived at ecotones (Allen 

and Breshears, 1998; Kupfer and Cairns, 1996; Neilson, 1991). 

The term biome used throughout this thesis describes biogeographic regions based 

plant associations and climatic parameters (temperature and precipitation) in a broad 

and general sense. The faunal element of the original concept of biome (sensu Clements 

and Shelford, 1939) is excluded since the study of Cretaceous fauna at a global scale is 

not within the remit of this thesis. 

2.1.2. Present-day biome classification 

In the History of Ecology there have been many classification schemes to describe 

and characterize the relation of vegetation and environment at a large geographical scale 

based on the many approaches, methods, and purposes (Mucina, 1997). One of the first 

modern classifications of climate and perhaps the most comprehensive is Köppen’s 

climate classification (1936) based on the concept that native vegetation is the best 

expression of climate. Climate zone boundaries in this scheme are defined by 

temperature, precipitation and seasonality in relation to vegetation distribution (Kottek 

et al., 2006). 
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A more detailed scheme created by Holdridge (1979) defines biomes based on 

climatic parameters including evapotranspiration and net primary productivity (Fig. 2.1) 

(Holdridge, 1979). The measurement of evapotranspiration accounts for the movement 

of water from the soil, canopy interception, and waterbodies to the atmosphere (Swank 

and Douglass, 1973). Holdridge’s scheme was later simplified by Whittaker (1970) who 

based his classification only on precipitation and temperature. He describes the gradient 

in temperature present at different altitudes and latitudes and subsequently summed the 

effects to get an overall temperature and moisture gradients (Whittaker, 1970). This 

analysis allows a qualitative expression of the relationship between of types of 

vegetation and climatic parameters on a worldwide scale (Whittaker, 1970). 

Walter’s system in contrast with both Whittaker’s and Holdridge’s schemes, takes 

into account the seasonality of temperature and precipitation (Walter and Box, 1976). 

This system proposes 9 major biomes: Equatorial, Tropical, Subtropical, Mediterranean, 

Warm Temperate, Nemoral, Continental, Boreal, and Polar, each further subdivided into 

communities (Walter and Box, 1976). The boundaries of each biome correlates to the 

conditions of moisture and temperature stress, which strongly determine the vegetation 

that defines the region (Walter and Box, 1976). Later on, Bailey (1976, 1998) developed 

a similar classification system based on climate patterns, which he divided into seven 

domains (polar, humid temperate, dry, humid, and humid tropical). However, both 

Walter’s and Bailey’s schemes are not very frequently used today. 

In recent years, the World Wide Fund for Nature (WWF) assembled a team of 

biologists to develop an ecological land classification system for identifying priority 

areas for conservation (Olson et al., 2001). This is the most used classification to 

prioritize conservation areas (Loyola et al., 2007). Although the use of the WWF biome 

system has been considered to be unreliable to define the conservation of certain 
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ecoregions (Londoño-Murcia et al., 2010), its simplicity offers a practical frame of 

reference for broad biogeographic comparisons between modern and ancient biomes 

and therefore used for comparison purposes in this thesis. 

2.1.3. Modern biomes according to the WWF biome system 

 

Tropical and Subtropical biomes Mean Annual Temperature Mean Annual PPT 

Tropical and subtropical grasslands, 
savannahs, and shrublands 

Summer 25 – 30 °C 
Winter 20 – 25 °C 500 – 1300 mm 

Tropical and subtropical moist 
broadleaf forest (rainforest) MAT ~20 °C 2500 – 4500 mm 

Tropical and subtropical dry forest Summer 23 °C 
Winter 27 °C 300 – 400 mm 

Mangrove Summer 30 °C 
Winter 16 °C >2000 mm 

 Temperate Biomes 

Temperate grasslands, savannahs, 
and shrublands 

Summer 40 °C 
Winter - 40 °C 250 – 500 mm 

Temperate broadleaf and mixed 
forest 

Summer 15 °C 
Winter 3 °C 600 – 1500 mm 

 Dry Biomes 

Arid desert Summer 40 – 50 °C 
Winter 18 °C 0 – 20 mm 

Semiarid desert Summer 21 – 38°C 
Winter 10 °C 20 – 40 mm 

Mediterranean vegetation Summer 31 °C 
Winter 16 °C ~500 mm 

Xeric shrublands (Dry Steppe) Summer 37 °C 
Winter 0 °C ~250 mm 

 Polar and Mountain biomes 

Polar Tundra Summer 3 – 12 °C 
Winter -28 – -50 °C 150 – 250 mm 

Alpine Tundra (Montane Forest) Summer 10 °C 
Winter < 0 °C 300 – 400 mm 

Taiga Summer ~18 °C 
Winter < 0°C 200 – 750 mm 

 

Table 2.1. Temperature and precipitation of present biomes (summarized from Olson et 

al., 2001) see map in Figure 2.2.  
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2.1.3.1. Vegetation biome composition for WWF Scheme 

Biome Representative plant genera 

Polar Tundra 
Abies, Alnus, Alopecurus, Arctophila, Betula, Cassiope, 
Carex, Cetraria, Cladina, Dryas, Eriophorum, Latix, Ledum, 
Picea, Pyrola, Salix, Saxifraga, and Vaccinium 

Alpine Tundra  Anemone, Calliergon, Cladonia, Ledum, Oxyria, Silene, Salix, 
Saxifraga, and Trisetum 

Taiga Abies, Arctostaphylos, Betula, Juncus, Juniperus, Pecia, 
Picea, Pinus, Polemonium, Populus, Pseudotsuga, and Rubus 

 
Arid desert Ambrosia, Carnegiea, Cercidium, Dalea, Echinocereus, 

Encelia, Ferocactus, Fouquieria, Opuntia, Olneya, and Yucca 

Semiarid desert Acacia, Cassia, Encelia, Franseria, Krameria, Larrea, 
Prosopis, and Ziziphus 

Mediterranean 
vegetation 

Arbutus, Buxus, Callistemon, Cistus, Clematis, Dalbergia, 
Dalea, Euphorbia, Fraxinus, Juniperus, Larrea, Olea, Pinus, 
Pistachia, Punica, Quercus, Salvia, and Tipuana 

Xeric shrublands       
(Dry Steppe) 

Acanthothamnus, Artemisia, Baccharis, Calliandra, 
Cercocarpus, Chrysactinia, Cordylanthus, Cytisus, 
Mammillaria, Morkillia, Olea, Protea, Quercus, Simmondsia, 
and Ziziphus 

 
Temperate grasslands, 
savannahs, and 
shrublands (Steppe) 

Bouteloua, Brickellia, Buchloe, Cenchrus, Digitaria, 
Distichlis, Eragrostis, Flaveria, Malvstrum, Vervesina, 
Vigueria, and Waltheria 

Temperate broadleaf and 
mixed forest 

Abies, Acer, Araucaria, Betula, Carpinus, Comarostaphylis, 
Eucalyptus, Fagus, Juglans, Nothofagus, Picea, Pinus, 
Podocarpus, Quercus, and Taxus 

 
Mangrove Aegialitis, Aegiceras, Avicennia, Bruguiera, Ceriops, 

Conocarpus, Laguncularia, Nypa, and Rhizophora 

Tropical and subtropical 
grasslands, savannahs, 
and shrublands 

Acacia, Andropogon, Aristida, Carpobrotus, Erioneuron, 
Hilaria, Larrea, Lycurus, Muhlenbergia, Senecio, and 
Vellereophyton 

Tropical and subtropical 
moist broadleaf forest 
(Rainforest) 

Annona, Bambusa, Bougainvillea, Cattleya, Cedrela, Ceiba, 
Chondrodendron, Cocos, Coffea, Croton, Eugenia, Ficus, 
Hevea, Lepidocaryum, Musa, Manilkara, Protium, Swietenia, 
Syzygium, and Tabebuia 

Tropical and subtropical 
dry forest 

Beaucarnea, Bursera, Ceiba, Cercidium, Cyrtocarpa, 
Euphorbia, Haematoxylon, Ipomea, Lysiloma, Leucaena, 
Lonchocarpus, Pseudosmodingium, and Yucca 

 

Table 2.2. Endemic plant genera in present biomes (Billings, 1968; Murphy and Lugo, 

1986; Rzedowski, 1975).  
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2.1.4. Impact of Palaeogeography, Climate and Evolution on modern biomes 

Changes in the geographic landscape such as continental drift, local tectonic 

events, erosion, and volcanism constantly shape and create land configurations giving 

origin to new seaways, basins and mountain ridges (Whittaker and Fernandez-Palacios, 

2006); therefore, palaeobiogeography plays an important role in the evolution of 

continental plants communities (Philippe et al., 2006). Furthermore, geographic features 

have significant effects on the global climate by modifying ocean and wind currents, 

rainfall, drainage, altitude and latitude of certain region (Boelhouwers et al., 2008). For 

example, the collision of India into Asia gave birth to the Himalayas, which is, partly, 

responsible for the aridity of Tibet and western China due to the blocking of the moist 

air currents from the Indian Ocean (Harris, 2006). 

Environmental and geographical changes transform biomes because they 

represent a mechanism for species selection and consequently playing an essential role 

in the evolution of plant, animal and microbial communities (Shaver and Jonansson, 

1999; Luo et al., 2010). Speciation, species replacement and extinctions in biomes are 

determined by abiotic and biotic factors; geographic (latitude, elevation) and 

environmental (temperature and precipitation) create abiotic barriers or bridges that 

affect migration, reproduction, competition and productivity; biotic factors include 

mutation, pollination, and disease (Chiotti and Lavender, 2007; Craw et al., 1999; 

Willis, 2009). 

Evolutionary changes result in new adaptations that can fully transform biome 

ecology, for example, during the Late Cretaceous grasses developed new characters 

that allowed them to adjust to a significant increase in aridity, which permitted 

grasslands to spread globally and become one of the Earth’s dominant biomes during 

the Late Neogene (Strömberg, 2011; Woodward et al., 2004).  
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2.2. RECONSTRUCTION OF ANCIENT BIOMES 

2.2.1. Past biomes 

Past biomes comprise fossil evidence of fauna, flora and microorganisms (e.g. 

fungi and bacteria) that lived in a certain region in a specific period of Earth’s history, 

thus the fossil record represents a glimpse of ecosystems that lived under certain 

evolutionary, climatic, atmospheric, and geographic circumstances (Selden and Nudds, 

2005). Paleontological studies include vertebrates (e.g. Brusatte et al., 2010), 

invertebrates (e.g. Nicholls and Russell, 1990), micropaleontology (foraminifera, 

conodots, diatoms and dinoflagellates) (e.g. Cronin, 1999), fungi  (Garcia Massini et al., 

2012) and plants (e.g. Uhl, 2006). The study of fossil land plants is very extensive and 

comprehends all eras from their origins in the Ordovician to Quaternary floras; 

palaeobotany includes the study of fossil vegetative (leaves, wood and shoots), and 

reproductive organs (cones, flowers and seeds), and the study of pollen and spores by 

palynology as an adjoined discipline (Taylor et al., 2009).  

The reconstruction of ancient biomes, however, is not reduced to the study of 

fossil material but it also involves other disciplines (e.g. taphonomy, sedimentology, 

geochemistry) that focus on the study of depositional environments. For example, the 

study of isotopes is used to estimate past temperatures and precipitation from certain 

types of rocks (Haxeltine et al., 1996; Neilson, 1995). Sedimentology studies the 

processes of deposition and analyses climate-sensitive sediments to interpret the locality 

where fossils are found, and placed in a larger regional geological context (Widdowson, 

2007). The integration of both fossils and depositional environment studies expand our 

knowledge of biome composition, productivity, diversity, evolution, and palaeoclimate.  
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2.2.2. The importance of ancient biome reconstructions 

In recent years climate change has awakened the interest of scientists to assess its 

patterns, results, and consequences for the Earth’s ecosystems (Walther et al., 2002). In 

order to investigate this, climate models are used to simulate possible long-term 

vegetation changes due for example to CO2-induced global warming (Sykes et al., 

1996). However, the only way to test these models is to compare geological evidence of 

ancient climate (e.g. lithological and paleontological) with results modelled for past 

epochs (Herman, 2009). Biome reconstructions incorporate information obtained from 

palaeontological evidence and results from climate model simulations to improve our 

knowledge of how vegetation may change in the future (Herman, 2009; Saltzman et al., 

2008). The study of palaeoclimate records of geologic time periods characterized by 

extreme global warmth such as the Cretaceous and the Paleocene–Eocene Thermal 

Maximum (PETM) are important for a better understanding of the Earth's climate 

system operating in an exceptionally warm mode (Forster et al., 2007). Therefore 

information obtained from the reconstruction of ancient biomes is not only relevant to 

paleontology, but also to other related subjects such as the management and 

conservation of biological diversity in a changing climate (Willis and Bhagwat, 2010).  

Paleontological data produced by biome reconstruction also provide a time frame 

reference for molecular biology and phylogeny by making it possible to constrain the 

time of first appearance of certain morphological characters, which help to answer 

questions about rates of molecular evolution and systematic classification (Magallón, 

2004). 
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2.2.3. Previous attempts to reconstruct past biomes 

The literature on biome reconstruction is large and the following are just some 

representative examples to show different approaches and results offered by these types 

of studies. Previous work on biome reconstruction includes the integration of floral and 

lithological data to determine climatic zones for the Permian (Gibbs et al., 2002; Rees et 

al., 2002). The importance of this series of studies is the use of floral data for 

interpreting climate-sensitive sediments in detail and the quantitative approach of 

Permian vegetation to calibrate climate model simulations. Using this approach they 

concluded that there was an important loss of equatorial 'rainforests' during the Permian 

while temperate regions were heavily-vegetated and the equatorial region was only 

seasonally wet, indicating a latitudinal temperature gradient less severe than at present 

(Rees et al., 2002).  

Further biome reconstructions include research of Jurassic–Early Cretaceous 

vegetation of Gondwana developed by Philippe et al. (2004) who made a detailed 

analysis of fossil wood that distinguished five climatic zones (summer wet, desert, 

winter wet, warm temperate, and cool temperate) based on species associations and 

abundances. The flora of Gondwana that once was regarded as relatively uniform and 

provided a new understanding on the distribution of Late Jurassic climatic zones in the 

southern hemisphere that helps to explain the evolutionary changes that occurred later 

in the mid-Cretaceous (Philippe et al., 2004). 

 Furthermore, Spicer et al., (1993) assess the Cretaceous global phytogeography 

and estimate temperature base on fossil plants to develop a climate signal to evaluate 

the ecological radiation of angiosperms. They conclude plant productivity was 

concentrated at mid and high latitudes, represented by temperate open forests 
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dominated by conifers, ferns, cycadophytes, pteridosperms and sphenophytes at mid 

latitudes and polar cool temperate conifer rain forest in high-latitude coastal areas. Low-

latitude vegetation was xeromorphic and tropical ever-wet vegetation.  

A global biome reconstruction for the Middle Pliocene was developed by 

Salzmann et al. (2008) based on a comparison of model simulations and palaeobotanical 

data. The fossil compilation of more that 200 localities indicate a general warmer and 

moister climate that shifted temperate vegetation northwards and tropical vegetation 

expanded reaching desert regions. 

Chumakov et al. (1995) developed a reconstruction of Cretaceous biomes based in 

climate sensitive sediments by Chris Scotese and fossil material. Their work offers 

biome distribution maps for the Berriasian, Aptian, Albian, Senomanian, Santonian, and 

Maastrichtian. Biomes described in this publication are the northern and southern high-

latitude temperate humid belts in polar regions, northern and southern mid-latitude 

warm humid belts, northern and southern hot arid belts, and an equatorial humid belt. In 

Berriasian and Aptian maps a tropical–equatorial hot arid belt is proposed, however, 

recent literature (e.g. Hay and Floegel, 2012) suggest this interpretation is probably a 

result of absence of fossil evidence. 

Vakhrameev (1991) published a vast amount of Cretaceous plant research that 

previously only available in Russian. He summarises and makes accessible valuable 

data on the USSR, China and Japan floras dividing the continents into regions (i.e. 

Siberian-Canadian, Euro-Sinian) and provinces showing the palaeolatitudinal climatic 

arrangement of Cretaceous floras. Although palaeoclimatic interpretations are 

considered nowadays outmoded, Vakhrameev’s work fills an important gap of 

knowledge on the biogeography of Russian fossil floras (Francis, 1993). 
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2.2.3.1. Limitations and weaknesses of past biome studies 

Although biome reconstruction has proved to offer interesting results, they have 

also weaknesses in their attempt to describe the interactions between vegetation and 

climate due to the nature of the fossil record itself, which is incomplete and fragmented 

(Foote and Sepkoski, 1999). Paleontological evidence is often subjected to sampling 

biases, fossil misidentification and age uncertainties and therefore its quality may 

depend on the approach, discernment and type of analyses applied to fossils (Benton 

and Storrs, 1994).  

One of the main limitations in palaeobotany is the absence of a method to analyse 

all of the available fossil plant data due to limited availability of resources for research 

(Rees et al., 2000). The low resolution of spatial models and paleontological evidence 

coverage is also one of the key challenges in biome reconstructions (Salzmann et al., 

2008). 

The use of leaf morphology, stomata density and other environmental proxies to 

calculate climatic parameters also have disadvantages; for example, seasonality and 

productivity inferred from growth rings in fossil wood (e.g., Creber and Chaloner, 1985; 

Francis, 1986; Spicer and Parrish, 1990) has been proved to be consistent for Tertiary 

and Quaternary studies, however, these proxies tend to be less reliable for pre-Tertiary 

studies (Wheeler and Baas, 1993).  

Although the use of computer climate models in biome reconstructions offers 

important information on past climates, they tend to have disadvantages because they 

represent simplifications of the real world (Spicer et al., 2008). For example, major 

discrepancies between temperatures suggested by computer models and fossil evidence 
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at high-latitudes, where models predict low temperatures far beyond the tolerance limits 

indicated by fossil plants (Rees et al., 2000). Other important things to consider are the 

various uncertainties in delimiting biomes using climate parameters, as well as 

uncertainties in model physics and/or geological boundary conditions between biomes 

(Salzmann et al., 2008). 

2.2.4. Cretaceous vegetation biomes 

During the Early Cretaceous, the world maybe divided into three main floral 

provinces, the Arctic, the Equatorial and the Antarctic province (McLoughlin, 2001; 

Vakhrameev, 1991), also referred in palynological literature as Boreal, West Africa–

South America, and Gondwana provinces (Herngreen and Chlonova, 1981). 

The dominant components of the Early Cretaceous Arctic Province include ferns, 

cycads, ginkgoes, Pinaceae and Taxodiaceae (Cupressaceae) conifers present in 

localities such as Canada (e.g. Falcon-Lang et al., 2003; Harland et al., 2007) Alaska 

(e.g. Parrish and Spicer, 1988), and Asia (e.g. Takahashi and Suzuki, 2003; Wang et al., 

2007). 

The Equatorial Province was characterized by the presence of dry vegetation such 

as cycads, Cheirolepidiaceae and Cupressaceae conifers (Doyle et al., 1982; 

Vakhrameev, 1991). Important localities in this province include the Potomac Group 

(e.g. Herendeen, 1991; Srinivasan, 1995), and the European Wealden facies (e.g. 

Gerards et al., 2007; Watson and Alvin, 1996). Palynology suggests the absence of 

rainforests from these regions during the latest Jurassic–Early Cretaceous, while semi-

arid floras dominated tropical Africa and South America (Rees et al., 2000). However, 

new palynological observations suggest that the vegetation of Gondwana was more 

humid than previously thought (Mejia-Velasquez et al., 2012).  
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The Antarctic Province was dominated by ferns, podocarpaceous, araucarian, 

minor taxodiaceous/cupressaceous conifers and other extinct gymnosperms taxa 

(Cantrill and Poole, 2005; Hill and Brodribb, 1999). Studies on Early Cretaceous floras 

from the Southern Hemisphere include the Otway Basin in Australia (e.g. Cantrill, 

1992; Hill, 1995), the Antarctic Peninsula (e.g. Cesari, 2006; Falcon-Lang and Cantrill, 

2001; Torres et al., 1997), and Patagonia (e.g. Del Fueyo and Archangelsky, 2002; 

Tidwell and Wright, 2003).  

Subsequently, during the Late Cretaceous the number of modern angiosperm 

families increased rapidly in floras of North America (Crane and Herendeen, 1996; 

Graham, 1993). In Cenomanian–Santonian times there was a progressive replacement 

of previous plant communities until the mid to Late Cretaceous when angiosperms 

became important both in terms of diversity and abundance (Cantrill and Poole, 2005). 

By the Campanian–Maastrichtian the extinction of earlier forms allowed the appearance 

and diversification of modern angiosperm families (Friis et al., 2011; Heimhofer et al., 

2005), probably facilitated by the warming trend towards the Late Cretaceous due to 

increased atmospheric CO2 levels (Berner, 1990). 

Fossil leaves from the Arctic region at 82°N suggest a MAT of ~6 ºC (Spicer and 

Herman, 2010), which is consistent with several occurrences of fossil reptiles (e.g. 

Brinkman and Tarduno, 2005) and high ocean temperatures (Jenkyns et al., 2004). Late 

Cretaceous floras from the northern hemisphere include Siberia (Moiseeva, 2013; 

Spicer et al., 2008), Canada (Falcon-Lang et al., 2004), Wyoming (Wing et al., 1993), 

Texas (e.g. Estrada-Ruiz et al., 2012; Wheeler et al., 1994), and Europe (e.g. Falcon-

Lang et al., 2001; Gomez et al., 2002; Iamandei and Iamandei, 2004). 

The fossil record in the Southern Hemisphere shows that during the Late 

Cretaceous latitudes of 65º S were dominated commonly by forests that grew in a warm 
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seasonal environment (Francis, 1999; Hathway et al., 1998). Equally, Late Cretaceous 

floras from the Southern Hemisphere, indicate forest composition in the Antarctic 

region went from being dominated by ferns, conifers and cycads during the Early 

Cretaceous, to progressively become dominated by angiosperms from the mid-

Cretaceous onwards (Eklund, 2003). The evidence of this vegetation shift has also been 

observed in floras from the Antarctic Peninsula (e.g. Cantrill and Poole, 2002; Falcon-

Lang et al., 2001; Falcon-Lang and Cantrill, 2000, 2001; Poole and Cantrill, 2006).  

Palynological evidence and regional reviews have yielded valuable information 

on the different vegetation provinces and their evolution throughout the Cretaceous (e.g. 

Chumakov et al., 1995; McLoughlin, 2001; Vakhrameev, 1991). However, until now 

there have been no attempts of documenting the palaeobotanical record at a global scale 

to test and corroborate our current knowledge of Cretaceous biomes. 

 

FIGURES CHAPTER 2 

 

 

Figure 2.1. Life zone classification scheme (Holdridge, 1979).  
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CHAPTER 3: THE CRETACEOUS WORLD 

3.1. INTRODUCTION 

The purpose of this chapter is to introduce the reader to some of the major 

events that occurred in the Cretaceous in relation to the global paleogeography, climate 

and biota. The Cretaceous is the name given to the period of time in Earth's history from 

145.0 to 66.0 million years ago (Fig. 3.1), the third and final period of the Mesozoic Era 

(Walker et al., 2012). Cretaceous is a name derived from the Latin word for chalk, 

creta. Chalk is a common type of sedimentary rock that formed during this period (Hay, 

2008). The term Cretaceous was first used in 1822 by d'Omalius d'Halloy, a Belgian 

geologist who mapped the Paris Basin strata (Muller and Schenck, 1943). Chalk was 

later correlated with chalks mapped earlier and formally named in the geological map of 

England and Wales by William Smith (1815). Since its formal definition in the 

Nineteenth Century, geologists correlated the Cretaceous System with chalks found in 

Europe and all the other continents (Muller and Schenck, 1943). 

3.2. PALAEOGEOGRAPHY 

At the start of the Cretaceous Period the supercontinent of Pangaea had already 

split into two smaller continents; Laurasia in the North and Gondwana in the South; 

these were divided by an equatorial sea known as Tethys (Fig. 3.2). There was a 

circum-African Seaway extending from the western Tethys “Mediterranean” region 

through the North and South Atlantic and into the early Indian Ocean (Hay et al., 1999). 

At the same time (Albian–Cenomanian) the Atlantic Ocean was opening between North 

America and Europe and between Africa and South America (Fig. 3.3) (Blakey, 2011 

date accessed). The rapid expansion of the Atlantic was due to the high seafloor 

production at the mid-oceanic ridge system, which extended at one of the highest rates 
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ever documented (70–86 mm/a) (Seton et al., 2009). The fast seafloor production 

altered the volume of the ocean basins and displaced a large volume of seawater causing 

a significant rise of the sea level (Hallam and Wignall, 1999).  

During the Cenomanian–Turonian, the final break-up of Gondwana drove sea 

level to reach its maximum causing widespread flooding of low altitude areas, forming 

the great epicontinental seas in North America, northern Africa, and Eurasia (Fig. 3.4) 

(Hart, 1990; Hay et al., 1999; Philip et al., 1993). After the formation of the Atlantic 

Ocean, the Tethys was divided into two autonomous parts; the Caribbean basin in the 

west and the Late Cretaceous Tethys in the east (Zharkov et al., 1998). 

Meanwhile in the Pacific Ocean a long episode of rapid growth and reorganization 

developed subduction zones along the western margin of North and South America 

causing major volcanic events (Anderson, 1994). Other significant events such as 

continental rifting and effusive volcanism in the form of mantle hot spots caused 

extensive flood basalts to develop (e.g. Deccan Traps of India and Parana-Etendeka 

field) (Courtillot et al., 1986).  

By the latest Cretaceous the Atlantic-Indian Ocean was a large complex of basins 

extending around Africa and connecting with the Pacific now formed by a central deep 

pelagic zone and other widened abyssal basins (Fig. 3.5) (Hay et al., 1999; Zharkov et 

al., 1998).  

During the Tertiary the breakup of the Pangaea was at its latest phase, as the 

separation of the last gondwanan fragments such as Antarctica, Australia, Africa, and 

South America, gave place to the Atlantic as we know it today (Scotese et al., 1989). 
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3.3. CLIMATE, ATMOSPHERE AND OCEAN CIRCULATION 

The Cretaceous was a time of elevated global temperatures (Frakes et al., 1995; 

Norris et al., 2002; Valdes, 2000; Wilson et al., 2001). Major tectonic events, such as 

the break-up of Gondwana, and sea level changes resulted in drastic climatic re-

organization (Fluteau, et al., 2007). 

Elevated temperatures in the Cretaceous ocean is suggested by ∂18O isotope 

analysis of foraminiferal shells, which indicate an average sea surface temperature of 

15–20 °C in the Arctic Ocean during the Albian–Maastrichtian interval and a thermal 

maximum during the Turonian–Cenomanian (Barron, 1983; Forster et al., 2007; Huber 

et al., 2002; Norris et al., 2002; Wilson et al., 2002). However, sea-surface temperature 

reconstructions based on δ18O isotope data observed in foraminifera are subject to 

uncertainties, for example, ocean salinity variations have a direct effect on the density 

driven thermohaline ocean circulation (Cooper, 1988; Murtugudde and Busalacchi, 

1999) and therefore the reliability of isotope studies is still debated (Schouten et al., 

2003). On the other hand, the absence of polar and high-latitude glaciers and ice 

restricted only to the Antarctic continent (Jenkyns et al., 2004, 2012; Miller et al., 2003) 

support the high sea-surface temperatures reported by these studies for the Arctic 

Ocean. 

High temperatures during the Cretaceous (Fig. 3.6) also had a major impact on 

land ice and ice cap volume, causing a significant increase in sea levels (Hart, 1990; 

Miller et al., 2003; Stoll and Schrag, 1996), which furthermore favoured climate 

fluctuations (Haq et al., 1987).  
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In contrast to the previous common belief of warm stable (equable) climates in the 

Cretaceous, there is faunal and floral evidence of cool-temperate to sub-tropical 

conditions near to the poles (e.g. Cantrill and Poole, 2005; Falcon-Lang, 2003; Frakes 

and Francis, 1990). The study of mudstones located in central Australia containing 

outsized exotic blocks have led to the conclusion that the blocks were emplaced by ice-

rafting, implying that high-latitude ice was present at sea level (Frakes and Francis, 

1988). This is supported by findings of glendonites, a type of calcite that suggest the 

presence of periodic sea-ice at high-latitudes (Frances and Frakes, 1988). However, the 

timing of Cretaceous cooler episodes, which occurred mostly during the Early 

Cretaceous, is still not well constrained and understood (Steuber et al., 2005).  

The Cretaceous palaeobotanical record also supports this scenario of climate 

variations, showing a 15° poleward shift of tropical vegetation (Fig. 3.7) (Vakhrameev, 

1991). Mid-Cretaceous fossil floras at high latitudes indicate mean annual temperatures 

of 9 °C in Siberia (Herman and Spicer, 1996; Spicer et al., 2002; Vakhrameev, 1991) 

and 10 °C in Alaska and the Antarctica Peninsula (Barrera et al., 1987; Spicer and 

Corfield, 1992; Spicer et al., 1987, 1993). Forests growing at high latitudes also had a 

major impact on surface air temperatures and the hydrologic cycle by providing more 

efficient energy transport into the interior of the continents via increased precipitation 

(Hay, 2008). Vegetation and climate at high-latitudes in Cretaceous times had very 

different dynamics from those we know of tundra in the present (Fluteau, et al., 2007).  

The concentration of carbon dioxide in the atmosphere is believed to be a primary 

determinant of climate (Arrhenius, 1896). During the Cretaceous, atmospheric 

greenhouse gasses (CO2 and CH4) and water vapour content in the atmosphere had very 

high concentration levels (Hay, 2008). In comparison to our present levels of CO2 and 

CH4, different studies based on stomatal and paleosol proxies, and model results suggest 
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the Cretaceous atmosphere had higher levels of CO2 and CH4 (Bice et al., 2006; 

Haworth et al., 2005; Nordt et al., 2002), however the lack of consensus on the 

concentration levels is caused by large uncertainties when comparing different studies 

(Fig. 3.8) . However, higher atmospheric levels of CO2 and CH4 would have allowed 

much greater amounts of heat transport from the equator poleward than in the present 

time causing warmer climates (Barron, 1983; Ufnar et al., 2004).  

The circulation of Cretaceous oceans was also very different from today, with 

episodes of local anoxia occurring during the earlier Cretaceous and becoming regional 

to global in extent during the middle of the Cretaceous (Arthur and Schlanger, 1979; 

Bralower et al., 1994). Global changes in the ocean-climate system are related to ocean 

crust production, volcanism, hydrothermal activity increase, plankton evolution, sea 

level changes, and large temperature variations, which consequently triggered ocean 

circulation changes, water column stratification, nutrient partitioning, carbon cycle 

disruption, and widespread carbonate deposition (Leckie et al., 2002). The expansion of 

epicontinental seas was the result of warm climates coupled with poor oxygen water 

masses caused by poor circulation (Seton et al., 2009). 

3.4. CRETACEOUS LIFE 

3.4.1. Cretaceous flora 

During Cretaceous times, the Earth was dominated by conifers, which formed the 

framework of most forests. Other diverse elements included ferns, cycads, cycadeoids, 

and later during the Late Cretaceous, angiosperms. Sphenopsids and lycopsids were 

relatively insignificant. 
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3.4.1.1. Conifers 

The origin of conifers goes back to the mid-Carboniferous. The oldest conifer-like 

plants are the Cordiatales, which originated during the Serpukhovian (Miller, 1977) 

with true conifers appearing first in the Moscovian (mid-Pennsylvanian). The conifer 

clades present in the Cretaceous are broadly related to the extant families Araucariceae, 

Cupressaceae, Pinaceae and Podocarpaceae (Fig. 3.9) (Farjon, 2001; Taylor et al., 2009) 

as well as some extinct groups such as the Cheirolepidiaceae (Watson, 1983). Some 

other extant families (Sciadpityaceae, Cephalotaxaceae, Taxaceae) as yet have a poor 

fossil record and are not addressed here. 

Fossils of the Araucariaceae are among the most beautifully preserved, however, 

they are sparse and rare in the fossil record in most parts of the world (Kershaw and 

Wagstaff, 2001). There are reports of araucarian fossils from the Paleozoic and the 

Upper Triassic but their identification is doubtful (Miller, 1977). The greatest diversity 

and widest distribution of araucarians occurred during the Jurassic and it extended 

through the Early Cretaceous when they were geographically widespread, and even 

occurred in the Northern Hemisphere (Hill and Brodribb, 1999). However, since Late 

Cretaceous times, the family has gradually declined in numbers of taxa and its 

geographic distribution today is restricted to the Southern Hemisphere (Fig. 3.10A) 

(Kunzmann, 2007; Stockey, 1982). Cretaceous fossils related to the Araucariaceae 

commonly found include Wairarapaia seeds (Cantrill and Raine, 2006), Wollemia 

cones (Chambers et al., 1998), Araucariacites pollen (Pole and Vadja, 2009), 

Agathoxylon wood (Falcon-Lang and Cantrill, 2002), and some types of Brachyphyllum 

foliage (Kunzmann et al., 2004), for example. 

The Cupressaceae is the largest and most widely distributed of the extant conifer 

families and in recent studies it incorporates members of the former family Taxodiaceae 
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(Fig. 3.10B) (Farjon, 2005). Some features of Cupressaceae can be traced back to fossils 

of Permian age such as Pseudovoltzia (Voltzioideae) (Miller 1977; Miller, 1982; 

Schweitzer, 1963), but the earliest undisputed evidence dates from the Middle Triassic 

of Antarctica (Yao et al., 1997). The fossil record of Cupressaceae is divided into five 

mayor divisions Taiwanioideae, Athrotaxoideae, Sequoioideae, Taxodioideae, and 

Cupressoideae; these were already present and distributed worldwide by the Early 

Cretaceous (Taylor et al., 2009). Fossil evidence of Cupressaceae includes Athrotaxites 

foliage (Miller and LaPasha, 1983), Cunninghamiostrobus cones (Miller, 1975), 

Metasequoia (Canright, 1972), Protaxodioxylon wood (Vozenin-Serra and Diez, 2011), 

Elatidopsis shoots (van der Ham et al., 2001), and Parataxodium as a whole plant 

reconstruction (Arnold and Lowther, 1955). 

The Pinaceae is the richest extant conifer family with more than 200 species and 

11 genera distributed exclusively in the Northern Hemisphere (Fig. 3.10C) 

(Eckenwalder 2009; Farjon 1990). The fossil record indicates that most extant genera 

first appeared in the high-latitude and high-altitude regions of North America during the 

early Tertiary (LePage, 2003), but they had a rapid radiation and may have first evolved 

earlier during the Late Jurassic (Rothwell et al., 2012). The earliest unequivocal 

evidence of this family is a Picea cone reported from Early Cretaceous (Valanginian) 

strata in Canada (Klymiuk and Stockey, 2012). Common fossils related to Pinaceae 

from Cretaceous sediments include Pityostrobus, Eathiestrobus cones (Ohsawa et al., 

1992; Rothwell et al., 2012), Prepinus foliage (Gandolfo et al., 2001), Protopiceoxylon, 

and Keteleeria wood (Blokhina et al., 2006; Harland et al., 2007). 

The Podocarpaceae is the second largest extant conifer family in terms of number 

of genera and presents the greatest amount of morphological diversity. In the present, 

the family is predominantly distributed in the Southern Hemisphere (Fig. 3.10D), which 
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suggests its evolution and current biogeographic distribution could be strongly related 

with the breakup of Gondwana (Woltz, 1986). The oldest podocarp remains are 

compressed leafy twigs and detached pollen and seed cones from the Triassic of South 

Africa, Australia, Chile, Argentina, Antarctica, and Madagascar (Hill and Brodribb, 

1999; Troncoso et al., 2000). Although the podocarps were once believed to have been 

restricted to Gondwana throughout their geologic history, megafossil evidence, together 

with scattered Northern Hemisphere reports of pollen, suggest that some of the 

members of this group may have been more cosmopolitan in their distribution (Taylor 

et al., 2009). Fossils related to Podocarpaceae include Squamastrobus cones 

(Archangelsky and Del Fueyo, 1989), Podocarpidites pollen (Perez Loinaze et al., 

2012), Trisacocladus pollen cones, seed cones, and leaves (Archangelsky, 1966), and 

Protophyllocladoxylon wood (Wang et al., 2007). 

Conifers of Cheirolepidiaceae first appear in the Late Triassic, being a dominant 

element in equatorial regions throughout the Jurassic and Early Cretaceous vegetation 

(Barnard, 1973; Vakhrameev, 1978). This family of Mesozoic conifers has a long and 

complex taxonomical background (Watson, 1982). As previously documented and 

summarized by Alvin (1982) and Watson (1988), the Hirmeriella-Cheirolepis group 

and frenelopsid conifers were considered to be two unrelated conifer families (Watson, 

1988). The relation between these two groups was not discovered until Hlustik and 

Konzalova (1976) and Alvin (1977) reported cones of Frenelopsis alata and 

Pseudofrenelopsis parceramosa, respectively, associated with Classopollis pollen in 

situ (Axsmith et al., 2004). These discoveries established the relation between the two 

groups and Cheirolepidiaceae was recognized as a single family (Watson, 1988). 

The maximum diversity and abundance of Cheirolepidiaceae was in the Jurassic-

Early Cretaceous (Kunzmann et al., 2006). They were mainly present in southern 
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Laurasia and northern Gondwana (Batten and MacLennan, 1984; Kunzmann et al., 

2006), and they are commonly found at low palaeolatitudes (Alvin, 1982). Evidence of 

the presence of these conifers at high latitudes is rarely found (e.g. Cantrill and Falcon 

Lang, 2001; Falcon Lang and Cantrill, 2000). During the rise and subsequent 

dominance of angiosperms by the Early-Middle Cretaceous, the family declined in 

abundance (Lupia et al., 1999), and became extinct during the late Maastrichtian (van 

der Ham et al., 2003). Although pollen has been found in Early Tertiary sediments 

(Vakhrameev, 1970), it is considered to be reworked (Balme, 1995; Srivastava, 1976). 

Some of the most representative macrofossil vegetative and reproductive 

structures reported are Cupressinocladus, Frenelopsis, Pseudofrenelopsis, and 

Tomaxellia (foliage); Classostrobus (cones), and Protocupressinoxylon (wood), which 

are found in many Cretaceous floras of Africa (Barale and Ouaja, 2002), United States 

(Axsmith et al., 2004; Haworth et al., 2005), South America (Kunzmann et al., 2006; 

Sucerquia et al., 2008), England (Alvin et al., 1994), Portugal (Mendes et al., 2010a), 

eastern Europe (Falcon-Lang et al., 2001; Iamandei and Iamandei, 2005), and Asia 

(Kimura, 2000; Ren et al., 2008). 

The pollen record of Cheirolepidiaceae is represented by the genus Classopollis, 

which dates from the Late Triassic (Reyre, 1973; Zavialova et al., 2010). It was later 

through the Jurassic and Cretaceous when its morphological patterns became more 

diverse and its worldwide distribution at low-mid palaeolatitudes was fully established 

(Watson, 1988). The continuous decline of Cheirolepidiaceae pollen abundance in 

North America suggests that they were competitively replaced by angiosperms (Lupia et 

al., 1999). 

Palynological studies show that conifer diversity decreased during the Cretaceous 

(Fig. 3.11), while the abundance of angiosperm pollen suggests a gradual rise to 
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ecological dominance (Fig. 3.12) (Crane and Lidgard, 1989). This suggests that 

Cretaceous conifer decline is largely attributed to being out-competed by angiosperms. 

3.4.1.2. Angiosperms 

Angiosperms are the most diverse group of land plants. They are seed-producing 

plants and can be distinguished from the gymnosperms by a series derived characters, 

such as flowers, the presence of endosperm within the seeds, and the production of 

seed-contain fruits, however, a definition of precisely what constitutes an angiosperm 

and what characters define the group it is still under debate (Taylor et al., 2009). 

Origin and stratigraphic distribution 

One of the most important events in the Cretaceous Period is the first appearance of 

flowering plants. The revolutionary rise of angiosperms initiated the global ecological 

transformation that changed the evolutionary trajectory of many lineages (Beerling and 

Woodward 1997; Boyce et al. 2010). This change radically affected ecosystem richness 

and is responsible for over 90% of the present-day terrestrial plant biodiversity at 

species level (Boer et al., 2012). 

The earliest evidence of angiosperms in the geological record is based on fossil 

pollen (e.g. Clavatipollenites) from the Valanginian–Hauterivian (140–130 Ma) 

sediments of China, Europe and Israel (Brenner, 1996; Hughes, 1994; Zhang, 1999). 

However, pollen grains of angiosperm in Valanginian strata are rare and not diverse 

(Fig. 3.11) (Friis et al., 2011; Lidgard and Crane, 1988).  

The earliest megafossil evidence is represented by fossil flowers (Friis et al., 1999), 

fruits (Dilcher, 1989), and leaves (Doyle, 1973; Hughes, 1994) in the Barremian and 

Aptian (127–112 Ma) (Friis et al., 2011; Willis and McElwain, 2002). The earliest 

record of Cretaceous wood is reported from the Aptian of southern England by Marie 
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Stopes in 1912; however the age and identification remain uncertain (Crawley, 2001) 

(see chapter 6 for more detail). Archaefructus liaoningensis, a flowering plant fruiting 

axis, from the Barremian Yixian Formation in the Liaoning Province of China described 

by Sun et al. (1998) is considered the earliest macrofossil evidence of angiosperms in 

the fossil record (Sun et al., 2002, 2011), although its attribution is still under debate. 

The discussion about the origin of angiosperms yields many theories. Gnetales, 

Bennettitales and some Pteridosperms are plant groups that share some characters with 

modern angiosperms (Fig. 3.13) (Wang, 2010). An origin from Gnetales is suggested by 

many authors due to the presence of anatomical features such as axillary buds, vessel 

elements, circular bordered pits in protoxylem, a terminal ovule with two integuments, 

lack of archegonia, and ribbed pollen (Crane, 1996; Eames, 1952; Ickert-Bond et al., 

2003; Maheshwari, 2007). Authors propose a possible link between early angiosperms 

and features found in Bennettitales such as orthotropous ovules with elongated funiculi 

and whorls of bracts resembling tepals (Crane and Herendeen, 2009; Friis et al., 2009; 

Nixon et al., 1994; Rothwell et al., 2009). Some authors (e.g. Cronquist, 1988; Long 

1966; Takhtajan, 1969) consider that the cupule of seed ferns was modified to form the 

carpel in flowering plants and therefore Pteridosperms are the most probable ancestor of 

angiosperms. There is evidence of earlier angiosperm-like plants from the Jurassic 

(Table 3.1); however, they remain controversial since they possess some, but not all, of 

the characteristics necessary for assignment to angiosperms and some my be incorrectly 

dated (Cornet, 1993; Cornet and Habib, 1992; Friis et al., 2011; Wang, 2010). 

Diagnostic features of angiosperms 

In the Early Cretaceous angiosperms developed novel vegetative and reproductive 

characters that made them very distinctive from any other existing plants, their 

diagnostic features consist in modified structural tissue or phloem and presence of 
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vessel and vessel elements, high leaf shape diversity, and modified stomatal anatomy, 

among the main particular vegetative characters found in angiosperms (Friis et al., 

2011). However, the main characters of angiosperms are related to their reproductive 

system, which consist of flowers composed of organs such as (1) the carpel that 

encloses the developing ovules and future seeds; (2) the perianth (sepals, petals or 

tepals); (3) the androecium or the pollen-producing male organ; (4) the gynoecium, an 

ovary that encloses the ovules and (5) a stigma that receives the pollen grains (Friis et 

al., 2011). The reproductive strategy of double fertilization, the double layer pollen wall 

and the development of double coated seeds with a nourishing tissue known as the 

endosperm are other distinctive features exclusively develop by angiosperms (Friis et 

al., 2011).  

Taxon References (order by year) 

Caytonia 
Thomas 1925; Harris 1964; Reymanowna 1973; Krassilov 1977; Nixon 

et al. 1994; Barbacka and Boka 2000; Taylor et al. 2006; Wang 2010 

Dirhopalostahys Krassilov 1975, 1977 

Furcula Harris 1932 

Gigantopterids Asama 1982; Li et al. 1996; Li and Taylor 1999 

Glossopteridales Retallack and Dilcher 1981; Doyle 2008 

Ktalenia Taylor and Archangelsky 1985 

Leptostrobus Krassilov 1977; Liu et al. 2006 

Problematospermum Krassilov 1982; Liu 1988; Wu 1999 

Pentoxylon Nixon et al. 1994; Biswas and Johri 1997 

Sanmiguelia Brown 1956; Ash 1976; Tidwell et al. 1977; Cornet 1989 

Umkomasia Zan et al. 2008; Taylor et al. 2009 

Table 3.1. Other possible angiosperm sister groups (after Wang, 2010). 



CHAPTER 3         THE CRETACEOUS WORLD 

42 

However, it is important to mention that one or more of these characters are also 

found in what some consider early angiosperms (Table 3.1), which are not necessarily 

closely related to angiosperms. For example, pre-angiosperm ancestors (e.g. 

Sanmiguelia, Furcula) showing angiosperm-like leaf characters are considered to have 

arisen independently in several clades (Taylor et al., 2009). Joining together fossil 

evidence and molecular analyses suggest that the first angiosperms were woody plants 

with pinnately veined leaves, multiparted flowers, uniovulate ascidiate carpels, and 

columellar monosulcate pollen (Doyle, 2012). 

Pollen evidence of angiosperms is well documented from the Potomac Group in 

Virginia, where monocolpate pollen, laminate leaves and flowers have been reported 

(Friis et al., 1994; Doyle and Hickey, 1976). Throughout the geological succession 

represented by the Potomac Group the transition of simple pollen forms to more 

complex can be observed, finding monosulcate pollen in Aptian formations, tricolpate 

pollen in early-middle Albian formations and tricolporate pollen for late Albian and 

younger strata (Doyle, 2012). This stratigraphic order of appearance of angiosperm 

pollen types that corresponds to their sequence of evolution is now confirmed by 

molecular analysis (Doyle 2005, 2009).  

A similar trend can be observed in fossil leaf evidence from various localities in 

Portugal, Kazakhstan, Colombia, Brazil, and Argentina, where in Aptian–early Albian 

strata irregular shaped and pinnate leaves are common, and by middle–late Albian 

leaves present palmately venation, toothed margins and other more complex features 

such as 3rd and 4th venation orders (Doyle, 2012; Hickey and Doyle 1977). 

Further studies of fossil flowers confirmed the evolutionary trend seen in pollen 

and leaves, and provided more detail on the relations among clades. Some of the best 

flower evidence available in the fossil record comes from the latest section of the early 
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Albian of Portugal where many mesofossils of charcoalified flowers have been studied 

by Friis and colleagues (e.g. Friis et al., 2000 and 2010). For example, from mesofossil 

floras of Vila Verde locality a fragment of Araceae inflorescence show in detail small 

naked staminate flowers, each consisting of a single stamen arranged in spiral around an 

elongate axis (Friis et al., 2010). Remarkable evidence of carpels in the fossil record can 

be observed in Pluricarpellatia peltata B. Mohr, Bernardes-de-Oliveira & David W. 

Taylor, a whole plant reconstruction from the late Aptian of Brazil possibly related to 

Nymphaeales (Mohr et al. 2008). 

Diversity, abundance and dominance 

The new characters developed by angiosperms resulted in more efficient 

reproductive strategies such as the positioning of pollen and seed organs in close 

proximity of one another, the production of fleshy fruits, coloured flowers and aroma 

(Dilcher, 2000). These developments are strongly linked to coevolution with insects and 

animals that permitted a more effective dispersal and pollination of seeds (Doyle, 2008; 

Friis et al., 2011).  

The diversification of angiosperms also was shaped and enhanced by changes in 

climate and its effects in other groups of plants (Endress, 2010). In has been suggested 

that early angiosperms were limited to disturbed (e.g. Hickey and Doyle, 1977; Feild et 

al., 2004), aquatic (e.g. Cronquist, 1988) or extremely dry sites (e.g. Axelrod, 1970; Sun 

et al., 2002), however, these hypothesis agree angiosperms were suppressed in most 

places by the gymnosperms and other groups of plants that still dominated the world 

(Berendse and Scheffer, 2009).  

There is abundant evidence that points out there were many other evolutionary 

aspects that created key ecological advantages in response to the changing environment, 
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for example, leaf evolution during the Cretaceous facilitated angiosperms to develop 

leaves with better CO2 exchange capabilities (de Boer et al., 2012). More efficient gas 

exchange is believed to be linked to the dominance of angiosperms due to their ability 

to adapt better to changes in CO2 atmospheric concentrations (McElwain et al., 2005; 

McKown et al., 2010). This facilitated angiosperms to outcompete previously dominant 

coniferous species at middle and low latitudes (Feild et al., 2011). A key advantage for 

the success of angiosperms was the development of closed carpels, which allowed seeds 

to develop enclosed within a structure that protected seeds from desiccation as they 

grew and matured, as well as helped in the dispersal of seeds (Davies et al., 2004). 

Deciduousness is also an important adaptation developed by angiosperms to 

climates that have periods unfavorable to growth (Wolfe, 1987). It also offers an 

explanation for the rapid success of angiosperms as a result of producing litter that is 

more easy to decompose, which makes available additional nutrient supply and 

therefore creating an environmental positive feedback (Berendse and Scheffer, 2009). 

These advantages are consistent with the abundance of angiosperm pollen in the 

palynological record, which indicates that angiosperms became locally abundant in the 

Albian–Cenomanian and that they became dominant at global scale in the Late 

Cretaceous (Crane and Lidgard 1989; Heimhofer et al., 2005; Lidgard and Crane 1988; 

Lupia et al., 1999). The evidence of this shift is well documented in fossil floras in 

North America with the decline of pteridophytes in lower latitudes and 

Cheirolepidiaceae (Fig. 3.11) (Lupia et al., 1999). Early analyses of large-scale floristic 

trends through the Cretaceous indicated that angiosperms competitively replaced all 

gymnosperm groups (Gothan and Remy, 1957), but more recent studies demonstrate 

there was a more selective replacement of some but not all gymnosperm groups 

(Lidgard and Crane, 1988). Although there are many hypotheses on the dominance of 
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angiosperm, the underlying mechanisms involved in this angiosperm revolution remain 

not completely understood (Brodribb et al., 2005). 

3.4.1.3. Pteridophytes 

Pteridophytes is a term used to refer to the polyphyletic group of vascular plants 

that reproduce only by spores; they are divided into two major divisions, 

Lycopodiophyta and Pteridophyta (Yatskievych, 2002).  

Lycopodiophyta includes three major classes; Lycopodiopsida including 

Lycopodiales (club mosses) and Drepanophycales; Isoetopsida including Selaginellales 

(spike mosses), Lepidodendrales, Pleuromeiales and Isoetales (quillworts); and the 

extinct class Zosterophyllopsida (Taylor et al., 2009). Early occurrences are in the 

Devonian (Drepanophycales and Lepidodendrales); Pennsylvanian (Lycopodiales and 

Selaginellales); and Triassic (Pleuromeiales) (Banks, 1960; Retallack, 1997; Taylor et 

al., 2009). 

Although the study of Cretaceous club mosses is not particularly extensive, they 

are present in fossil floras of North America (e.g. Crandall-Stotler, 1996; Herendeen et 

al., 1999; Konopka et al., 1997, 1998; Magallón et al., 2001), Alaska (Heinrichs et al., 

2011), Asia (e.g. Heinrichs et al., 2012; Ignatov and Shcherbakov, 2011), and 

Antarctica (Vera, 2011). 

The division Pteridophyta is formed by four extant classes (Equisetophyta, 

Psilotophyta, Polypodiopsida and Marattiopsida) and four extinct classes 

(Cladoxylopsida, Rhacophytales, Stauropteridales, and Zygopteridales) (Smith et al., 

2006). They form a monophyletic group that is considered the closest living relative to 

seed plants (Pryer et al., 2001). The Cretaceous was a time of great Pteridophytic 

diversification and saw the rise of most extant fern lineages (Watkins and Cardelus, 
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2012). During this period the ferns grew under warm (subtropical to tropical) conditions 

in moist environments, including peat-forming swamps, freshwater marshes, riverbanks 

and understory vegetation in forests (Crane, 1987; van Konijnenburg-van Cittert, 2002). 

Ferns also formed savannah type vegetation and early successional (pioneer) vegetation 

after volcanic events (Blackburn and Sluiter, 1994; Crabtree, 1988). 

Fossil evidence of ferns is globally abundant in Cretaceous strata in Europe 

(Collinson et al., 1999; Diéguez and Mélendez, 2000), North America (Gandolfo et al., 

1997; Tidwell and Nishida, 1993), South America (Villar de Seoane, 1999), Asia 

(Krassilov, 1978), Australia (Blackburn and Sluiter, 1994), and Antarctica (Cantrill, 

1998). Abundance and diversity of pteridophyte spores show an important decline in the 

Late Cretaceous concurrent with the dominance of angiosperms (Fig. 3.12) (Lidgard 

and Crane 1988; Nagalingum et al., 2002). 

3.4.2. Cretaceous terrestrial fauna 

The Cretaceous fauna was formed by many groups of land animals such as 

reptiles and mammals but insects were also abundant (Grimaldi and Engel, 2005). 

Cretaceous mammals were carnivorous and also had a much greater range of body sizes 

than previously known; they even fed on small vertebrates, including young dinosaurs 

(Hu et al., 2004; Mirzaie Ataabadi, et al., 2011). Mammals occupied diverse niches and 

some of them probably competed with dinosaurs for food and territory (Hu et al., 2004). 

Among the Cretaceous fauna the rise of many diverse types of dinosaurs, the 

principal groups were carnosaurs, ceratopsians, coelurosaurs iguanodonts, hadrosaurs, 

and pachycephalosarus (Brusatte et al., 2010). Among the most interesting recent 

findings are the feathered dinosaurs from the middle Early Cretaceous Yixian 

Formation in China (Xu et al., 2012; Zhou et al., 2000). The study of early 
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dinosaur feathers is possible thanks to the great detail included in amber (McKellar et 

al., 2011). The discovery of polar dinosaurs demonstrates that dinosaurs were highly 

diversified and well adapted to relatively cool climates just before the 

Cretaceous/Paleocene mass extinction event (e.g. Browers et al, 1987; Buffetaut, 2004; 

Fiorillo and Tykoski, 2012; Godefroit et al., 2009; Nelms, 1989; Rich et al., 2002).  

The Cretaceous is also considered as the golden age of insect evolution because it 

was during this geological period that most recent insect families first appeared 

(Grimaldi and Engel, 2005). The major events of the Cretaceous, such as the origin and 

radiation of angiosperms and the fragmentation of Gondwana had immense impact on 

insect evolution, however, post bolide impact (3–7 Ma) evidence in insect damage 

diversity (e.g. Wappler and Denk, 2011; Wing et al., 2009) suggests balanced and fully 

functional ecosystems that were not significantly affected by the rapid changes during 

the K-T transition (Labandeira and Currano, 2013; Krogmann, 2011; Whalley, 1987). 

3.5. CRETACEOUS-TERTIARY EXTINCTION 

A thin layer of clay deposited about 65.6 Ma marks the transition from the 

Cretaceous to Tertiary (K-T boundary), representing the end of an era and a significant 

shift of Earth’s biotic evolution and natural heritage (Macleod et al., 1997). Towards the 

latest Cretaceous a global ecosystem collapse brought in its wake the death of numerous 

living species on Earth (MacLeod et al., 1997; Twitchett, 2006).  

It has been estimated that around 50% of biological genera and 20% of families 

disappeared (MacLeod et al., 1997). The phenomenon consisted of a selective 

extermination, that is, while some species groups completely disappeared, others 

survived. It seems that small freshwater invertebrates, such as shellfish from rivers and 

lakes were not affected. Regarding the terrestrial animals, those of medium to large size 

were extremely vulnerable, such as non-avian dinosaurs and pterosaurs (MacLeod et al., 
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1997). Organisms capable of photosynthesis, including phytoplankton and land plants, 

formed the foundation of the food chain in the Late Cretaceous as today. Evidence 

suggests that herbivorous animals died when the plants they depended became rare, 

hence the top of the chain predators also perished (Wilf and Johnson, 2004).  

The marine record shows the disappearance of many families of foraminifera, 

echinoderms, corals and sponges, as well as the totality of belemnites, ammonites, 

rudists, teleost fish, mosasaurs and plesiosaurs (MacLeod et al., 1997).  But the 

extinction of animals and plants was not the only impact of this event on biodiversity. 

Disappearances allowed the adaptive radiation of the groups that survived the ecological 

niches that became vacant. The best example of this phenomenon was the explosion of 

diversity of placental mammals, which until then were mostly small animals, solitary 

and nocturnal (Robertson et al., 2004). 

The duration of the event has not been agreed. Some extinct groups give clear 

signs of a slow fade during the last 10 Ma of the Cretaceous. However, various other 

groups seem to be disappeared right in the K-T event (MacLeod et al., 1997; Twitchett, 

2006). Various explanations have been proposed for this phenomenon, however the 

reliability of the different hypothesis studies is subject to controversy. 

Alvarez et al. (1980), initially suggested that this massive extinction was caused 

by a meteorite impact. The clay layers of K-T boundary showed levels iridium and 

osmium 160 times higher than normal, and this abnormality was found at 40 sites 

around the earth. The high amount of iridium found in sediments from many K-T 

sections was a clear proof of this event since iridium is a common element in asteroids 

and comets, and suggested that the size of the colliding body should be of around 10 km 

in diameter. 
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This hypothesis, once considered very controversial, progressively gained 

substantial support from subsequent studies on shocked quartz and microtektites which 

chemical analysis ruled out volcanic origin (Bohor et al., 1987; Dressler and Sharpton, 

1999). Subsequently, large-scale tsunami deposits at the K-T boundary were found in 

Texas, showing evidence that an impact must have taken place near by (Bourgeois et 

al., 1988). Looking back to geological studies since 1960 onwards, the 180 km diameter 

Chicxulub crater in Yucatan, Mexico could be identified as the cause of Iridium 

anomalies and thus, the responsible of the K-T cataclysm (Hildebrand et al., 1991, 

1995). 

Further studies attempted to explain the consequences of the Chicxulub impact. 

Such explosion would have caused the excavated material, along with the debris of the 

asteroid would have been ejected into the atmosphere causing wildfires around the 

world, and in turn, large shock waves would have caused global earthquakes and 

volcanic eruptions (Toon et al., 1997). The emission of dust and particles could have 

covered the entire surface of the Earth for several years, possibly a decade, creating an 

environment of difficult life for organisms. The production of carbon dioxide caused by 

the shock and destruction of carbonate rocks would have caused a dramatic greenhouse 

effect (Hildebrand et al., 1991, 1995). Another consequence of the impact is that the 

dust particles in the atmosphere would have prevented sunlight reached the surface of 

the Earth, lowering the temperature drastically. The photosynthesis of plants would 

have been interrupted, affecting the entire food chain (Pope et al., 1997). 

Conversely, Courtillot et al. (1988) proposed that the mass extinction was 

provoked over a longer length of time by a significant volcanic activity known as the 

Deccan Traps in India. The basalts, which nowadays cover about 500,000 km2, with 

individual sequences of 10,000 km2 and over 10,000 km3 of volume, have been 
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estimated to run from 69 to 63 Ma approximately, and consisted of a series of episodic 

eruptions (Courtillot and Fluteau, 2010). The activity was of such magnitude that 

emissions of carbon dioxide and sulphur gases might have altered the climate and 

poisoned the oceans (Courtillot and Fluteau, 2010). 

Furthermore, some studies suggest the combination of both, the Deccan 

volcanism together with the asteroid impact in Yucatan, the latter being what triggered 

the extinction (Officer et al., 1992, Schulte et al., 2010). This could explain the massive 

extinction of various primary producers and its effects causing major starvation higher 

up in the food chain and therefore the collapse of many ecosystems (Schulte et al., 

2010). 

Other research propose that the biotic effects of this impact have been vastly 

overestimated and that the Chicxulub crater is 300,000 years older than the K-T 

boundary, thus suggesting that the asteroid impact and K–T mass extinction are two 

separate and unrelated events (Adatte et al. 1996; Keller et al., 2008). On the contrary, 

this hypothesis attributes an important marine regression as an important cause of 

extinction. Evidence from planktonic foraminifera analysis from core samples in 

Chicxulub revealed that a strong decline in sea level took place during the 

Maastrichtian. These findings suggest that global cooling led to a sea level regression of 

about 80 to 30 m, which would be more harmful to the foraminifera that the Chicxulub 

impact (Adatte et al. 1996). This study also insinuates, that the possible cause of the K-

T mass extinction could have been another cosmic impact or cumulative rapid climatic 

and environmental change effects. (Keller et al., 2004, 2009). However, recent studies 

contradict this hypothesis, emphasizing that it does not fully explain other global events 

related to the extinction, and stating that on its own it could not achieve such significant 

loss of life (Schulte et al., 2006, 2008).  
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In addition to the Chicxulub impact, a study conducted by Chatterjee (2003) 

proposed that the collision of several meteorites or a fragmented asteroid provoked the 

mass extinction. Other possible craters could be Silverpit in the North Sea, Boltysh in 

Ukraine (Kelley and Gurov, 2002), and Shiva in India. The research mainly focused on 

the submerged Shiva crater, which shows an oblong shape of 600 km long and 400 km 

wide. Such vast impact could have formed a rise in the Earth's mantle through fractures, 

explaining the geological origin of the Deccan Traps (Chatterjee et al., 2003). Despite 

the evidence of impact from shocked quartz, tsunami deposits and iridium anomaly 

shown by Chatterjee (2003), to the majority of the scientific community, the lack of 

research, possible misinterpretation of results and odd shape of Shiva crater may imply 

it is not in fact an impact crater. 

In summary, the Mesozoic era concluded in a substantial global ecosystem 

collapse, which triggered one of the most recognized mass extinctions on Earth, 

resulting into a major biotic turnover. Through decades, numerous scientific studies 

have been taking place in order to understand and explain the origin of such 

phenomenon. Varying from the possibility of a single or multiple asteroid impacts, to 

resilient volcanism, and remarkable marine regression, argument for and against the 

validity of these investigations are extensive. If the cataclysm occurred due to one of the 

existing hypothesis, the combination of them, or some other event yet to discover, the 

reconstruction of the latest Cretaceous scenario remains unresolved. Further attempts to 

comprehend the K-T extinction and its source might be vital to handling nowadays 

environmental position, thus, further research on the matter is needed. 
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FIGURES CHAPTER 3 
 

 

 

 
 

Figure 3.1. Cretaceous time scale, modified from Cohen et al., (2012). 
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Figure 3.2. Early Cretaceous (Berriasian) 145 Ma. (Blakey, 2011 date accessed). 

 

 

 

 
Figure 3.3. Middle Cretaceous (Albian–Cenomanian) 105 Ma. (Blakey, 2011 date 

accessed). 
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Figure 3.4. Middle Late Cretaceous (Turonian–Santonian) 93.9–83.6 Ma. (Blakey, 

2011 date accessed). 

 

 

Figure 3.5. Cretaceous–Tertiary 65 Ma. (Blakey, 2011 date accessed). 
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Figure 3.6. Cretaceous global average temperatures based on sea-surface temperature 

models (after Frakes, 1999; Frakes et al., 1994) compared to Present and Last Glacial 

Maximum global average temperatures (modified from Hay and Floegel, 2012).  
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Figure 3.8. Estimated of mid-Cretaceous atmospheric CO2 levels based on different 

analyses such as biogeochemical models, carbon isotope composition of soil carbonates 

and marine algal organic matter, and stomatal indices of fossil ginkgoaleans. Where 

pCO2 > 9RCO2, true value is in brackets. RCO2—ratio of paleo-pCO2 value to 

preindustrial atmospheric CO2 value of 300 ppm. Filled squares: England localities; 

Open squares; U.S. localities; error bars—1σ either side of data point. Samples at 129 

and 99 Ma, with a minimum uncertainty of 0.2 of mean RCO2. Oceanic anoxic event 

(OAE); Lower Greensand (LGS) (after Haworth et al., 2005). 
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Figure 3.9. The fossil record of conifers during the Mesozoic (modified from Miller, 

1977).  
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Figure 3.11. Total pollen species diversity changes during the Cretaceous illustrating 

the taxonomic radiation of angiosperms (from Lidgard and Crane 1988). 
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Figure 3.12. Increase in relative angiosperm abundance within Cretaceous palynoflora. 

Each point on the graph represents the average abundance within 7.5 Ma intervals (from 

Lupia et al., 1999). 
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Figure 3.13. Approximate temporal distribution of possible angiosperm ancestors. 

Dashed lines indicate uncertainty (taken from Wang, 2010). 



CHAPTER 4: CRETACEOUS FOREST COMPOSITION 

AND PRODUCTIVITY INFERRED FROM A FOSSIL 

WOOD DATABASE 

4.1. INTRODUCTION 

Fossil wood is widely preserved in Cretaceous strata worldwide (Stewart and 

Rothwell, 1993; Taylor et al., 2009). Where preserved in a charcoalified or 

permineralised (silicified or calcified) state, the identity of plants may be determined 

(Taylor et al., 2009). Because fossil wood is derived from arborescent plants (trees), 

global analysis of fossil wood assemblages has the potential to reveal biogeographic 

patterns of Cretaceous forests (Philippe et al., 2004). However, fossil wood also 

commonly preserves tree-rings, which further allows the annual growth rate 

(productivity) of trees to be determined (Creber and Chaloner, 1985). In this chapter, I 

build a comprehensive database of records of Cretaceous fossil wood to elucidate global 

patterns in forest composition and productivity. I relied on fossil wood records rather 

than other types of fossil, e.g., leaves, reproductive structures, or pollen because only 

wood provides unequivocal evidence for canopy-forming trees. Although wood is 

occasionally transported for long distances (Philippe et al., 2008), in the analysis I 

assume that this effect was negligible when averaged over the global database in which 

only ~15% of the records are related to marine facies. 

Although such analyses have been earlier attempted based on limited data (e.g, 

Creber and Chaloner, 1985; Florin, 1963), this work is the first truly comprehensive and 

quantitative global study. Specifically, the work allows the following key questions to 

be addressed. What were the patterns of Cretaceous forest distribution? How were they 

affected by the rise of angiosperms? To what extent were modern biogeographic 
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patterns established in Cretaceous time? Was Cretaceous forest productivity equator 

centered, pole centered, or did it have some other pattern? Was productivity elevated 

compared to the present? The answers to these questions may improve the knowledge of 

Cretaceous vegetation biomes, help test the results of computer climate models, and 

give insights into the future effects of long-term global warming. 

4.2. BACKGROUND AND ASSUMPTIONS 

The construction and interpretation of the fossil wood database presented in this 

chapter requires inferences to be made about (1) the identity of fossil trees, and their 

natural groups (Cretaceous forest composition), and (2) the significance of tree-rings 

preserved in the woods, for tree growth and climate (Cretaceous forest productivity). 

Before presenting the new findings, I first discuss some of the issues and assumptions 

that undergird this work.  

4.2.1. Forest composition 

Cretaceous fossil wood assemblages include remains of conifers, angiosperms, 

cycads/cycadeoids, ginkgos, ferns, and possibly other groups, too (Taylor et al., 2009). 

Identification of fossil wood involves study of anatomical properties in three sections 

(transverse, TS; radial, RLS; and tangential, TLS) (IAWA Committee, 1989). Of 

particular significance, amongst other features, are the nature of vertically orientated 

lignified cells (tracheids in gymnosperms; vessels and fibres in angiosperms with few 

exceptions) best seen in TS, the type of tracheid and cross-field pitting observed in 

RLS, and the dimensions of horizontally-orientated parenchymatous rays observed in 

TLS (Hass and Rowe, 1999). 

Wood (secondary xylem) is of two basic types: manoxylic, containing a high 
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proportion of parenchyma, and pycnoxylic, containing smaller amounts of parenchyma 

(Bamford and Philippe, 2001). Fern and cycads/cycadeoid wood is characteristically 

manoxylic. The other groups show typically pycnoxylic wood, although some 

angiosperms may be somewhat manoxylic (e.g., palms, Friis et al., 2011). Most 

angiosperm woods are distinguished by the presence of vessels and fibres, although a 

few vesselless forms also occur in the Cretaceous and survive to the present (Feild et al., 

2002). Conifer woods are distinguished by their compact tracheid structure, and 

dominantly narrow rays (Bamford and Philippe, 2001). Ginkgo woods are very similar 

to those of conifers but are distinguished by the presence of inflated axial parenchyma 

cells and very short rays (Falcon-Lang, 2004; Kvacek, 1999; Ulicny et al., 1997). This 

latter difference is subtle and probably ginkgo woods are under-reported in the fossil 

record (Falcon-Lang, 2004). 

Most of the records in the database (Appendix 1) are from conifers and therefore 

it proved to be advantageous to sub-divide this group. General sub-division of conifer 

wood into various types is based on features such as tracheid pitting and cross-field pit 

type (Falcon-Lang and Cantrill, 2000, 2001; Philippe et al., 2004). Due to the large 

number of fossil wood records, it was not possible undertake a detailed systematic 

analysis of all specimens in the database. Therefore, conifer specimens were merely 

grouped in four major categories based on general anatomical features as follows: 

Araucarioid woods show alternate tracheid pits and araucarioid cross-field pits 

(Bamford and Philippe, 2001; IAWA Committee, 2004). Podocarpoid woods generally 

show opposite tracheid pits and podocarpoid cross-field pits (Bamford and Philippe, 

2001; IAWA Committee, 2004). Cupressoid woods generally show opposite tracheid 

pits and cupressoid or taxodioid cross-field pits (Bamford and Philippe, 2001; IAWA 

Committee, 2004). Pinoid woods show opposite tracheid pits and piceoid to open cross-
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field pits (Bamford and Philippe, 2001; IAWA Committee, 2004).  

Woods with these general characters are seen in members of the extant families, 

Araucariaceae, Podocarpaceae, Cupressaceae, and Pinaceae (Greguss, 1955; IAWA 

Committee, 2004), but whether the Cretaceous fossil wood categories conform to these 

families is less certain (Bamford and Philippe, 2001). In addition, some Cretaceous 

conifer woods cannot be easily lumped into this four-part system (e.g. Xenoxylon) and 

therefore form a fifth heterogeneous category. Their identity is uncertain, but might 

include one or more of the extinct Cretaceous conifer families such as the 

Cheirolepidiaceae (Bamford and Philippe, 2001; Philippe and Thevenard, 1996).  

In summary, only generalized patterns of changing forest composition can be 

inferred from a Cretaceous fossil wood database, and I stress that how these patterns 

relate to the distribution of extinct and extant families is somewhat uncertain also. 

Nonetheless, this approach has great potential for showing global geographic patterns in 

woody vegetation. 

4.2.2. Tree productivity 

 The study of tree-rings as indicators of tree productivity and therefore past 

climate conditions and was first proposed by Seward (1892) in his influential essay, 

building on early work dealing with tree-rings in extant trees (Falcon-Lang, 2005). The 

approach of using tree-rings for deep-time research was further developed by Geoff 

Creber and Bill Chaloner in an influential set of papers (Creber, 1977; Creber and 

Chaloner, 1984ab, 1985). Their methods are based on the fact that wood (secondary 

xylem) development is subject to environmental factors, which influence its structure. 

Tree-rings in fossil woods thus represent a natural form of "data storage system", 

particularly of climatic effects which can be "read back" by examining the wood 

(Creber, 1977; Creber and Chaloner, 1984a, b). Among the several definitions of tree-
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rings, the analysis and measurements presented in this thesis are based on the concept 

proposed in publications by Creber and Chaloner (1984a,b). They state that wood 

(secondary xylem) tissue is produced, centripetally by the activity of a layer of cells 

known as the vascular cambium, which divides in a tangential plane (Creber and 

Chaloner, 1984b). In temperate latitudes cells grow to different extents, depending upon 

the time of year. In early summer the tracheids achieve a greater radial diameter and 

have thinner walls (earlywood) than those differentiated later in the growing season, 

which show thick-walled cells (latewood) (Creber and Chaloner, 1984b). A marked 

boundary is seen between the last-formed cells of one season and the first of the next. 

The growth increment between two such boundaries is known as a tree ring (Creber and 

Chaloner, 1985). The occurrence of growth interruptions (sensu Falcon-Lang, 2003) and 

false rings were also taken into account for this analysis.  

The presence of tree-rings therefore typically indicates a seasonal climate, either a 

temperate climate (temperature variations) or more locally a tropical climate (rainfall 

variations) (Creber and Chaloner, 1984a,b). Conversely, the lack of tree-rings or the 

development of weak tree-rings suggests a humid tropical (non-seasonal) climate 

(Brison et al., 2001; Wheeler and Baas, 1993). However, many other factors influence 

the occurrence and markedness of tree-rings including position in tree, taphonomic 

biases (Chapman, 1994), leaf phenology (Falcon-Lang, 2000), and environmental 

factors such as floods, fires, or insect attacks (Falcon-Lang, 2003). In the fossil wood 

study, where tree-rings occur with clearly marked boundaries (based on visual 

inspection of fossils or plates in publications), I have assumed that they represent annual 

growth increments, and therefore a measure of forest productivity (Creber and 

Chaloner, 1985). In the paratropical conditions that dominated the Cretaceous world 

(Frakes and Francis, 1990; Wilson et al., 2002), I acknowledge that this assumption 
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may be questionable for some specimens. 

Even if Cretaceous tree-rings are accepted as annual increments, the interpretation 

of mean tree-ring width data is fraught with difficulties. As Falcon-Lang (2005) 

showed, based on analysis of the International Tree-Ring Database, there is huge 

variation in annual growth rate for a given climate, mostly caused by interspecific 

differences and differences resulting from aspect of the growth site. However, in 

general terms mean tree-ring width does positively correlate with Mean Annual 

Temperature (MAT), where rainfall is non-limiting, with relatively narrow rings 

produced in the taiga biome and wider rings in the warm temperate zone (Falcon-Lang, 

2005). 

Therefore, comparison of global modern tree-ring width data with comparable 

global fossil data may shed light on relative changes in global growth rates 

(productivity) in Cretaceous times.  Such a comparison is useful in placing, in global 

context, the results of local Cretaceous studies such as evidence for elevated growth 

rates in the polar forest biome based on studies in the Antarctic (Francis, 1986; 

Jefferson, 1982, 1983) and Arctic (Kumagai et al., 1995). 

4.3. DATABASES 

In this first research project, I constructed two databases. The first database 

containing Cretaceous fossil wood occurrences (including the “wood” of tree ferns and 

cycads/cycadeoids) was constructed from an extensive literature review including 

published literature from peer-reviewed journals, regional palaeontological catalogues, 

books, and conference abstracts with the help of various publication searchers and 

online resources (e.g. Scopus, Google Scholar, Google Books, Web of Knowledge, 

JSTOR, PUBMED, and GeoRef). Searches continued until the daily hit rate was 
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consistently close to zero for several days. 

Data on fossil woods was also obtained from pre-existing databases such as 

InsideWood Database (2004-present) and the Palaeobiology Database (paleodb.org). 

Inventories of major museums, including paper records and online catalogues, such as 

University of California Museum of Paleontology, Colecion Nacional de Paleontologia 

at UNAM, Mexico, Paleobotanique Université Lyon 1, the Smithsonian Institution, and 

many others in France, Germany, Canada, the UK, and the Netherlands, were requested 

and included in the database. 

The second database comprises mean tree-ring width data obtained from (1) 

tabulated data in publications; (2) measurement of fossil woods in shown in plates; and 

(3) studies of fossil wood collections at the following repositories: Colecion Nacional 

de Paleontologia at UNAM, Mexico, Paleobotanique Université Lyon 1, Sedwick 

Museum, Cambridge, Natural history Museum London, and University of Utrecht, The 

Netherlands. Where new data were obtained from museum collections, measurements 

were made to an accuracy of 0.1 mm using a transmitted light microscope. 

4.3.1. Fossil wood database 

4.3.1.1. Database quality and completeness 

Not all the records in the databases of fossil wood occurrences were, at first, 

suitable for biogeographical analysis due to incomplete information given about their 

age, locality or affinity in associated literature (this was especially true for historical 

records). To improve the quality of geological information associated with each record, 

a further literature review was undertaken to establish the geological context and age of 

the fossil using the most up to date literature available. For each record, the location 

(geographic coordinates to the nearest degree of modern latitude and longitude), 
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stratigraphy, and age were tabulated. 

In order to check the completeness of the database, I plotted a global map of 

Cretaceous rock outcrop using regional and national geologic maps. Fossil wood 

records were then plotted on the map, and any gaps identified. The geologic map did not 

distinguish terrestrial and marine strata so some geographic data gaps may be due to the 

presence of marine sediments. Alternatively, other gaps could be due to low levels of 

collection in remote areas. Once gaps were identified, targeted searches were made to 

try and fill them with variable success. Overall Cretaceous rocks seem to be fairly well 

sampled for fossil wood, showing only some extended gaps at very high latitudes in the 

Northern Territories of Canada and in Siberia, as well as in the Middle East, all of 

which can be attributed to the difficulty of geologists reaching those places.  

The whole dataset of Cretaceous fossil wood occurrences is shown in Figure 4.1. 

It comprises 2238 records from almost 500 localities in more than 70 countries and 

recorded in more than 550 publications. In addition, it includes almost 200 unpublished 

specimens housed at 10 different paleontological collections and museums. This map 

represents the first compilation of Cretaceous woods at a global scale. The data from 

this plot is accessible for anyone in the electronic format of this thesis, as well as in the 

following link of the journal Geology: 

ftp://rock.geosociety.org/pub/reposit/2012/2012053.pdf (Peralta-Medina and Falcon-

Lang, 2012) 

While I cannot claim that this process of data harvesting has resulted in an 

exhaustive or complete database, it is at least comprehensive, including probably > 90% 

of records in publications available on the internet and collection databases, suggested 

by the lack of new data obtained from academic searching engines. 
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4.3.1.2. Identification problems 

Where possible, original material or published photomicrographs were examined 

to confirm assignment of fossil wood records to a particular plant group category. 

However, in many cases, anatomical preservation was too poor and material could only 

be assigned, for example, to indeterminate conifers. Consequently, of the 2238 records 

in the database, only 1597 records could be identified with sufficient precision for 

inclusion in the analysis.  

4.3.1.3. GIS analysis of database 

The remaining 1597 fossil wood records were sorted into four time bins as 

follows: T1, Berriasian–Hauterivian (145.5–125 Ma); T2, Aptian–Albian (126–98 Ma); 

T3, Cenomanian–Santonian (99–83 Ma); and T4, Campanian–Maastrichtian (84–65.5 

Ma). These bins were selected because they reflect marked changes in angiosperm 

wood abundance (T1, absent; T2, rare; T3, common; T4, abundant; Wheeler and Baas, 

1991). 

Records were then plotted, by hand, on printouts of Ron Blakey’s global 

palaeogeographic maps rectangular format (Blakey, 2011 date accessed) to obtain 

palaeo-coordinates. Four base maps were selected for each time bin as follows: T1 (120 

Ma), T2 (105 Ma), T3 (90 Ma), T4 (65 Ma). These were selected because they are the 

maps with ages that most closely match the four time-bins. They are available here: 

www2.nau.edu/rcb7. The original colour palaeogeographic map images were then 

edited using Photoshop CS6 and turned into lower resolution, black and white JPG 

format. The black and white outline was then imported into ArcGIS and georeferenced 

in order to permanently assign palaeocoordinates to every fossil wood record.  
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To analyse the co-occurrence of plant groups, data were manipulated in ArcGIS 

using the Proximity and Overlay tool. In this technique, buffer areas with a diameter of 

1°, 2°, 3°, 4°, and 5° of palaeo-coordinates are created around each fossil record. The 

overlay tool is then used to calculate the percentage co-occurrence (overlap) of each 

pair of plant specimens for each buffer diameter. Analysing the whole dataset allows the 

degree of co-occurrence of different plant groups to be established quantitatively.  

Associations were further analysed with Chi-squared test to determine if a certain 

type of wood (e.g. araucarioid, cupressoid) happened in the same sample unit more or 

less frequently than expected or if they occur together only by chance. In other words, 

Chi-squared test helps to clarify if the number of observations of each category differs 

significantly from the expected value or if they differ due to sampling error (Preacher, 

2001). 

4.2.2. Tree-ring database 

To analyse forest productivity, mean tree-ring width data were obtained for 

conifers from the literature (n = 134) or direct measurement of sections (n = 150) in 

museum collections. Tree-ring data available on the literature may include 

measurements based on several different ring definitions (e.g. Creber and Chaloner, 

1984a; Falcon-Lang, 2003; Taylor and Ryberg, 2007). Data obtained from short (<20 

rings) and long (>20 rings) sequences were analysed separately, but values for both data 

sets were similar. Where it was possible to make a judgment about the position of the 

wood in the tree, I excluded specimens inferred to represent stumps and branches 

because those tree rings can be exceptionally wide due to buttress effects. The data set 

was subdivided into three groups (low, mid, and high palaeolatitude, 0°–30°, 30°–60°, 

and 60°–90°, respectively) and the mean and variance were obtained and compared 

with modern data from the International Tree-Ring Data Bank (see Falcon-Lang, 2005).  
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4.4. RESULTS 

Based on analysis of the two databases, the following patterns are evident for 

Cretaceous forests. 

4.4.1. General composition of Cretaceous forests 

The database of Cretaceous fossil wood (n = 2238) is composed by ferns (2.5%), 

cycadeoids (1.7%), ginkgo (0.7%), conifers (59%), and angiosperms (20.6%) (Fig. 4.2). 

Conifers are further subdivided into four anatomical categories (araucarioid, 

podocarpoid, cupressoid, and pinoid) as follows: Araucarioids (22.2% of total wood 

records) comprise Agathoxylon, Araucarioxylon, Araucariopitys, some Brachyoxylon, 

Dadoxylon, Dammaroxylon, and some Planoxylon. Podocarpoids (11.7%) comprise 

Circoporoxylon, Metapodocarpoxylon, Phyllocladoxylon, Podocarpoxylon, 

Protocircocarpoxylon, Protophyllocladoxylon, and Protopodocarpoxylon. Cupressoids, 

including cheirolepids (10.1%) comprise Chamaecyparixylon, Cupressinoxylon, 

Cupressoxylon, some Elatides, some Frenelopsis, Juniperoxylon, Metacupressinoxylon, 

Paracupressinoxylon, Protocupressinoxylon, Prototaxodioxylon, some 

Pseudofrenelopsis, Sequoioxylon, Taxaceoxylon, Taxodioxylon, and Thujoxylon. 

Pinoids (6.5 %) include Abiocaulis, Cedroxylon, Keteleerioxylon, Laricioxylon, 

Palaeopiceoxylon, Piceoxylon, Pinoxylon, Pityoxylon, Protocedroxylon, 

Protopiceoxylon, and Protopinuxylon. Conifers that have complex taxonomy (e.g., 

Xenoxylon) represent 8.6% and other not identified samples 15.5% (Fig. 4.2).  

As my aim was only to group woods into the broad anatomical categories, I did 

not update all generic names based on modern revisions (e.g. Bamford and Philippe, 

2001). Emended species by recent publications (e.g. Herbst et al., 2007; Oh et al., 2011) 

were included in the database and records were updated, therefore the above lists 
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contain a mixture of historical and revised taxa. 

From the original 2238 records included in the database, 641 (28.6%) records 

were excluded for the biogeographic analysis due to incomplete data about their age, 

provenance and/or affinity (Fig. 4.3). 

4.4.2. Geographic distribution of plant groups through the Cretaceous 

Forest composition analysis shows that araucarioid and podocarpoid conifers were 

the most abundant (33.9 % of all records) and globally widespread (80°N to 80°S) taxa, 

especially in time bins T1–T3 (Fig. 4.4, column 1). In contrast, cupressoid (cf. 

frenelopsids and taxodioids) conifers had a more restricted range in mid-palaeolatitudes 

(mean palaeolatitude 39.5°) in both hemispheres while pinoid conifers were mostly 

confined to mid- to high palaeolatitudes (mean palaeolatitude 46.1°) exclusively in the 

Northern Hemisphere (Fig. 4.4, column 2), where they strongly intergraded with 

cupressoids. Angiosperm records were widely dispersed in the earliest time bin (T2) in 

which they occur, and only extended their latitudinal range minimally over time (Fig. 

4.4, column 3). See detailed distribution maps in Appendix 2. 

4.4.3. Abundance of conifers and angiosperms through time 

All conifer groups underwent decline during Late Cretaceous time, with 

araucarioid and, to a lesser extent, podocarpoid conifers undergoing drastic reduction. 

Conifer loss shows an antithetic trend to the rise of angiosperms (Fig. 4.5), the major 

changeover occurring in latest Cretaceous (Campanian–Maastrichtian) time when the 

proportion of angiosperms increased from 31% to 77% (Fig. 4.5). No patterns are 

evident in the cycadeoid, tree fern, and ginkgo data, probably due to low sample size 

(collectively <5% of total analysed records), and these data are not shown on the 

palaeomaps (Fig. 4.4). 
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4.4.4. Plant spatial analysis 

Spatial analysis using a 3° buffer diameter (my analyses of 1 – 5° buffer diameters 

showed that values plateau above 3° of buffer) to explore the co-occurrence of all pairs 

of plant groups (for all time bins) reveals the following associations (Fig. 4.7): 

cupressoids are most closely associated with pinoids (at 63% of sites) and podocarpoid 

conifers are most closely associated with araucarioids (60.7% of sites), while 

araucarioids and podocarpoids rarely co-occur with pinoids (25.7% and 19.8% of sites, 

respectively). Spatial analysis also reveals that araucarioids more closely co-occur with 

angiosperms (50.2% of sites) than cupressoids (40.1%), podocarpoids (37.2%), or 

pinoids (27.1%). Chi-square test supports a higher degree of associations between 

araucarioid with podocarpoid, angiosperm and cupressoid co-occurrences, as well as the 

cupressoid–angiosperm association (Table 4.1). On the other hand, cupressoid–pinoid 

and cupressoid–podocarpoid observed frequencies are less than the expected frequency 

value (Table 4.1). 

4.4.5. Productivity inferred from tree ring data 

Forest productivity analysis (Fig. 4.8) shows that annual tree growth rate was 

elevated compared to the present. Annual growth rate was elevated, but not significantly 

so, at low palaeolatitudes (mean 2.37 ± 0.75; cf. modern mean 1.48 ± 0.53); however, at 

mid-palaeolatitudes (mean 2.56 ± 0.94; cf. modern mean 1.18 ± 0.51) to high 

palaeolatitudes (mean 2.03 ± 0.70; cf. modern mean 0.68 ± 0.59), rates were elevated 

(×2) at a significant level (Fig. 3.5). In addition, the humid tropical belt was wider than 

at present, as indicated by the near absence of woods with tree rings in low latitudes 

(10°– 30º), and the temperate belt was displaced >15º poleward, as indicated by mean 

ring width of ~2 mm at 80º palaeolatitude; trees do not produce ~2 mm rings above 

latitude 63º today (Falcon-Lang, 2005). 
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4.5. DISCUSSION 

There have been few previous studies of Cretaceous wood distribution at a global 

scale. One of the few works on this subject is the classic paper published by Florin 

(1963) entitled “The distribution of conifer and taxa in time and space” in which he 

showed some maps of distribution of conifers related to genera such as Podocarpus, 

Araucaria and Taxodium; however the amount of records and data included in this 

maps are not sufficient to establish biogeographic patterns. In a similar semi-

quantitative vein, Creber and Chaloner (1985) examined tree-ring patterns across the 

Cretaceous world and inferred a generally equable climate. My more comprehensive 

and quantitative analysis extends these classic studies.  

Patterns of Cretaceous forest composition and productivity collated here are based 

on a nearly complete compilation of fossil wood, synthesizing >175 yr. of data. My 

work builds on those earlier attempts to analyse the nature of Cretaceous terrestrial 

biomes and climates using fossil databases (e.g., Creber and Chaloner, 1985; Florin, 

1963; Philippe et al., 2004), but takes a more quantitative approach similar to that used 

in palynological studies (Crane and Lidgard, 1989; Lidgard and Crane, 1988).  

Global biogeographic analyses are frequently complicated by sampling biases 

(e.g. continental fragmentation, temporal resolution, depositional hiatuses, taphonomic 

and facies-related biases), however, these types of studies are not only subjected to the 

quality and the incomplete nature of the fossil record but also to a significant amount of 

geological information and data overlooked in some published works. More conscious 

and meticulous analysis of these Cretaceous datasets, beyond the general approach and 

aims of this study, will confirm or correct conclusions herein reached. An interesting 

example would be to assess whether the amount of fossil wood records related to 

marine deposits (i.e. ~15%) challenge distribution patterns previously discussed. 
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Whilst my analysis is not immune to sample biases, general patterns of 

Cretaceous wood that here emerge are consistent when compared with compilations of 

climate-sensitive sediments (Chumakov et al., 1995; Hay and Floegel, 2012; 

PALEOMAP project, 2001-present) and climate model results (Sellwood and Valdes, 

2006). They agree araucarioid and podocarpoid conifers were centered in humid 

tropical and paratropical regions with relatively few records from warm and cool 

temperate settings, while cupressoid conifers dominated along the seasonally dry 

ecotone between humid tropical and arid mid-latitude belts (30°– 45°). The distribution 

of pinoid conifers, centered in temperate, and to some extent, in cool temperate northern 

latitudes (mostly 40°– 65°), suggest that their present-day distribution was established 

in Cretaceous time. This is consistent with the origin of Pinaceae in high latitudes of the 

Northern Hemisphere (LePage, 1999). Furthermore, these ancient patterns may also 

explain modern trends in conifer leaf physiognomy; extant araucarians and podocarps 

mostly have broad leaves, cupressaceous conifers mostly have scale leaves (except for 

taxodioids), and pinaceous conifers mostly have needle leaves, consistent with humid, 

dry, and cool conditions, respectively (Farjon, 2001). One caveat is that the Cretaceous 

wood categories (araucarioid, podocarpoid, cupressoid, pinoid) may not precisely 

correspond to extant families.  

My data suggest that the drastic global decline in conifer dominance could be 

linked to the rise of angiosperms, which initially proliferated in the humid tropical and 

paratropical belt dominated by araucarioid conifers, explaining why this group was the 

most seriously affected while higher latitude pinoid populations underwent less decline. 

It is interesting that compilations of pollen records indicate that angiosperms rose to 

dominance in the Albian–Cenomanian (Heimhofer et al., 2005), whereas the major 

changeover in the fossil wood record occurred in the Campanian–Maastrichtian. This 

suggests that while weedy angiosperms diversified at an early stage, they did not 
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become forest dominants at mid and low latitudes until 25 Ma later. 

Global patterns of forest composition and productivity herein presented are 

mostly consistent with Cretaceous climate models (Beerling et al., 1999; Sellwood and 

Valdes, 2006), indicating expansion of the tropical belt and poleward extension of 

forests. Tree-ring data also support the hypothesis that extreme greenhouse warmth 

and/or CO2 fertilization may have had significantly influenced terrestrial biomes, more 

than doubling global forest productivity (Beerling et al., 1999). As such, my findings 

have implications for understanding the long-term effects of future global warming. 

4.6. CONCLUSIONS 

1. Global patterns of Cretaceous forest composition and productivity are analysed

using a comprehensive fossil wood database (n = 2238). To ascertain forest 

composition, records were classified by botanical affinity, plotted on palaeomaps, and 

analysed with GIS tools.  

2. Results confirm previous conjecture that araucarioid and podocarpoid conifers

were globally co-dominant in Early Cretaceous times, especially in humid (para)tropical 

biomes, but drastically reduced in numbers and range during the Late Cretaceous. 

Cupressoid conifers, which were most common in seasonally dry mid-latitudes, 

although taxodioid and pinoid conifers, which were associated with temperate 

conditions at higher northern latitudes, also declined at the same time, though less 

markedly.   
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3. Spatial analysis shows that loss of conifer forests (especially araucarioids) was 

directly linked to the rise of co-occurring angiosperms. My data also show that woody 

angiosperm ascendancy was not achieved until Campanian-Maastrichtian times 

(somewhat later than previous analyses), when the use of vessels and more efficient leaf 

transport became established, by which time the modern relictual pattern of conifer 

distribution had been largely established.  

4. Mean ring width data (n = 284) of long tree-ring sequences were obtained to 

ascertain forest productivity along the palaeolatitude gradient. Comparison with modern 

data shows that Cretaceous forest productivity was significantly elevated (x2) in mid- 

and high palaeolatitudes and further implies a poleward displacement of the temperate 

belt by >15°.   
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Figure 4.2. Number of records of Cretaceous wood. 
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Figure 4.3. Numbers of identified samples of Cretaceous wood included in the 

biogeographic analysis. 
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Figure 4.4. Palaeogeographic distribution of Cretaceous conifers and angiosperms 

plotted with ArcGIS. Columns show (1) araucarioids and podocarpoids, (2) cupressoids 

and pinoids, and (3) angiosperms; rows show time bins: T1, Berriasian–Hauterivian 

(145.5–125 Ma); T2, Aptian–Albian (126–99 Ma); T3, Cenomanian–Santonian (99–83 

Ma); T4, Campanian–Maastrichtian (84–65.5 Ma). See appendix 2 for detailed maps. 
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Figure 4.5. Percentage of abundance of wood records through the Cretaceous. 
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Figure 4.6. Changes in percentage of abundance of Cretaceous wood records plotted in 

figure 4.5. 
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Figure 4.7. Co-occurrence matrix for each pair of plant groups. Abbreviations: Ar- 

araucarioid; Pd- podocarpoid; Cu- cupressoid; Pi- pinoid; An- angiosperm. 

Table 4.1. Chi-square test of fossil wood co-occurrences. (Chi value = 105.765, df = 9, 

P = 0.0001).  
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Figure 4.8. Comparison of modern and Cretaceous forest productivity, based on mean 

tree-ring width for low (0º – 30º), mid (30º – 60º), and high  (60º – 90º) latitudinal 

zones. Data source: Cretaceous fossil wood (n = 284, this study); modern trees (n = 727; 

International Tree-Ring Data Bank (web.utk.edu/~grissino/itrdb.htm); e.g., see Falcon-

Lang, 2005). 

 

 

 



CHAPTER 5: BIOGEOGRAPHY OF CRETACEOUS 

CHEIROLEPID CONIFERS 

5.1. INTRODUCTION 

5.1.1. The Cheirolepidiaceae family 

The Cheirolepidiaceae Takhtajan ex Doludenko, 1978 is a family of Mesozoic 

conifers with a long and complex taxonomical background (Watson, 1982). As 

previously documented and summarized by Alvin (1982) and Watson (1988), the 

Hirmeriella-Cheirolepis group and Frenelopsid conifers were considered to be two 

unrelated conifer families (Watson, 1988). The relation between these two groups was 

discovered when Hlustik and Konzalova (1974) and Alvin (1977) reported cones of 

Frenelopsis alata and Pseudofrenelopsis parcemosa, respectively, associated with 

Classopollis pollen in situ (Axsmith et al., 2004). These discoveries established the 

relation between these two groups and Cheirolepidiaceae was established as a single 

family (Watson, 1988). 

Conifers of Cheirolepidiaceae first appear in the Late Triassic, being a dominant 

element throughout the Jurassic and Early Cretaceous vegetation (Barnard, 1973; 

Vakhrameev, 1978). They were mainly present in southern Laurasia and northern 

Gondwana (Archangelsky, 1963; Batten and MacLennan, 1984; Kunzmann et al., 2006; 

van Waveren et al. 2002), and they are commonly found at low palaeolatitudes (Alvin, 

1982). Evidence of the presence of these conifers at high latitudes is rarely found (e.g. 

Cantrill and Falcon Lang, 2001; Falcon Lang and Cantrill, 2000; Mohr and Gee, 1992). 



CHAPTER 5                                                                                  BIOGEOGRAPHY OF CHEIROLEPID CONIFERS 

 

89 

The maximum diversity and abundance of Cheirolepidiaceae was in the Jurassic-

Early Cretaceous (Kunzmann et al., 2006). During the rise and subsequent dominance 

of angiosperms by the Early-Middle Cretaceous, the family declined in abundance 

(Lupia et al., 1999), and became extinct during the late Maastrichtian (van der Ham et 

al., 2003). Although pollen has been found in Early Tertiary sediments (Vakhrameev, 

1970), it is regarded as reworked (Balme, 1995; Srivastava, 1976;). 

Some of the most representative vegetative and reproductive structures reported 

are Cupressinocladus, Classostrobus, Frenelopsis, Pseudofrenelopsis, 

Protocupressinoxylon, and Tomaxellia, which are found in many Cretaceous floras of 

Africa (e.g. Barale and Ouaja, 2002; Lejal-Nicol, 1987; Watson, 1983), United States 

(e.g. Axsmith et al., 2004, 2005; Doyle, 1992; Haworth et al., 2005; Srinivasan, 1995; 

Watson, 1977, 1988; Watson and Fisher, 1984), South America (e.g. Archangelsky, 

1968; Del Fueyo et al., 2008; Sucerquia et al., 2008), England (e.g. Alvin et al., 1978; 

Alvin et al., 1994; Francis, 1983; Watson, 1977), Portugal (e.g. Alvin, 1977; Dinis, 

2001; Mendes et al., 2010b), eastern Europe (e.g. Alvin and Hlustik, 1979; Falcon-Lang 

et al., 2001; Iamandei and Iamandei, 2005; Krassilov, 1982; Kvacek, 2000; Reis, 2000), 

and Asia (e.g. Kimura, 2000; Ren et al., 2008; Saiki, 1999; Zhou, 1995; Yang, 2008). 

The pollen record of Cheirolepidiaceae is represented by the genus Classopollis, 

which dates from the Late Triassic (Reyre, 1970, 1973), by the time its distinctive 

morphology also became established (Zavialova et al., 2010). It was later through the 

Jurassic and Cretaceous when its morphological patterns became more diverse and its 

worldwide distribution at low-mid palaeolatitudes was fully established (Watson, 1988). 

The continuous decline of Cheirolepidiaceae pollen abundance suggests that they were 

competitively replaced by angiosperms (Lupia et al., 1999). 
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5.1.2. Paleoecology of Cheirolepidiaceae conifers 

The paleoecology of the Mesozoic conifer family Cheirolepidiaceae has been the 

subject of much speculation. The presence of scale-like leaves and thick cuticles in 

Cheirolepidiaceae are considered xeromorphic adaptations related to reduction of solar 

radiation, reduction of drought-air circulation, reduction of evapotranspiration, and 

trapping of surface external water (Thevenard et al., 2004). Based on anatomical 

characters and sedimentological data many authors construed that the Cheirolepidiaceae 

were drought resistant, low-growing thermophilous trees and shrubs preferring well-

drained soils and upland slopes (Kunzmann et al., 2006; Sun et al., 2010; Upchurch and 

Doyle, 1981; Vakhrameev, 1970). 

On the other hand, their occurrence in a wide range of palaeoenvironmental 

conditions at many localities and great morphological diversity support the earlier 

conclusions that Cheirolepidiaceae conifers are not absolute proofs of dry, heat- or salt-

constrained habitats (Alvin et al., 1978; Alvin, 1982; Mendes et at., 2010a).  

There have been a series of studies (e.g. Aucour et al., 2008; Haworth et al., 2005; 

McElwain and Chaloner, 1996; McElwain, 1998; Thevenard et al., 2004; Passalia, 

2009) on palaeoclimates based on proxy data of stomata index on Cheirolepidiaceae to 

calculate variations of atmospheric CO2 (Royer, 2001; Woodward and Kelly, 1995). 

The method is founded on the observation that plants’ stomatal densities adjust in 

response to changing atmospheric pCO2 to minimize transpiration (Haworth et al., 

2005; Woodward, 1987). However, these observations are based on calibrations of 

stomatal frequency using “living fossils” and therefore relying on the assumption that 

no evolutionary shifts in ecophysiological responses have occurred over time (Grein et 

al., 2013). 
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5.1.3. Climate-sensitive sediments 

Climate-sensitive sediments are one of the main proxies to study palaeoclimates 

through extrapolation of modern distribution of types of rocks formed under specific 

climate conditions (Parrish, 1998). For example, glacial sediments require the presence 

of glaciers and thus cold climate; shallow-water limestones require warm water and 

highly concentrated carbonate waters; and evaporite deposits require higher evaporation 

rates than precipitation and water in restricted basins (Sohl and Chandler, 2007). Other 

detailed studies on mineral content, such as kaolinite, are also used to obtain 

information on precipitation rates and weathering (Holmes, 1992).  

Oxygen isotopes studies in different types of sediments are also good indicators of 

palaeotemperatures (Clarke and Jenkyns, 1999), although variations in salinity, 

diagenetical alterations, erosion, weathering, and deposition of climate-sensitive 

sediments may affect their reliability (Gornitz, 2009). 

Important attempts to reconstruct the distribution of climate sensitive sediments at 

global scale include the palaeogeographic maps published by Christopher Scotese (and 

Sriroop Chaudhuri) on his website (PALEOMAP project, 2001-present) which is based 

on a compilation made by J. Boucot (U. of Oregon) with help form Chen Xu (Nanjing 

University). The work of Chumakov et al. (1995) offers a series of detailed 

palaeoclimate maps based on climate-sensitive sediments and fossil material is perhaps 

one of the most comprehensive studies on Cretaceous climate zones. 
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5.2. MATERIALS AND METHODS 

I constructed a database of Cheirolepidiaceae conifers comprising 478 records 

from 220 localities worldwide. Data compiled from 242 publications include vegetative 

(i.e. leaves, shoots and wood) and reproductive (i.e. male/female cones and pollen) 

(Appendix 3) material. Records were sorted into two main time bins: Early Cretaceous 

(145.5–99.6 Ma), and Late Cretaceous (100–65.5 Ma) in order to match climate 

paleogeographic maps available at PALEOMAP project (2001-present). Records were 

then plotted by hand on Ron Blakey’s global palaeogeographic maps of 120 Ma and 90 

Ma respectively (Blakey, 2011 date accessed) to obtain palaeo-coordinates. 

To analyse the spatial correlation of Cheirolepidiaceae conifers and climate-

sensitive sediments occurrences data were manipulated in ArcGIS using the Proximity 

and Overlay tools. Buffer areas of 1º, 2º and 3º in diameter were created for sediments 

and their co-occurrence with Cheirolepidiaceae conifers was ascertained by the 

percentage of localities that fell in each buffer (Fig. 5.1).  

Cheirolepidiaceae occurrences were later plotted on palaeoclimate maps 

republished and edited by Hay and Floegel (2012) after Chumakov et al. (1995). Early 

Cretaceous localities were plotted in the Aptian climate map (Fig. 5.10) while fossil 

localities of Late Cretaceous age were plotted on the Santonian climate map (Fig. 5.11). 

Statistical analyses were employed to test for normal distributions and also for the 

correlation/association of two or more samples. Chi-square test was selected as the 

number of frequencies was higher than 5. In this case, Chi-square test allows calculating 

the significance of the association between and climate-sensitive sediments distribution, 

as well as to test for the relation between fossil’s age and the rock type associations. 
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5.3. RESULTS 

5.3.1. Proximity analysis of climate-sensitive sediments and Cheirolepidiaceae fossil 

evidence. 

Results of the proximity analysis of cheirolepid occurrences in relation to climate-

sensitive sediments show that during the Early Cretaceous, these fossils in general tend 

to be closer to evaporites and coal (Table 5.2, Fig. 5.2; A1, B1 and C1). In figure 5.2 

C2, 22% of localities where cheirolepid fossils occur are related to evaporites, 15% to 

coal, 11% to kaolinite, 10% to bauxite, and 4% to calcrete. 

The correlation between Early Cretaceous cheirolepid conifers and sediments 

indicative of arid/dry conditions at a global scale can be observed in figure 5.5. This 

map shows that fossil localities follow a similar distribution pattern across the globe 

with Central America being the only major geographical gap of Cheirolepid 

occurrences. Although cheirolepid occurrences tend to be found closer to evaporites, 

when using the 3º buffer, a significant percentage of sites (27%) show a high proximity 

with coal which indicates more humid/wet environments (Table 5.2 and Fig. 5.2 C3, 

Fig. 5.4).  

During the Late Cretaceous, localities where cheirolepid records occur tend to be 

closer to sediments that indicate wet/humid environment conditions (Table 5.2, Fig. 5.3 

F1; Fig. 5.6). Although both Classopollis and mega/mesofossils distributions are related 

to wet/humid climate-sensitive sediments, the former shows a strong affinity to coal 

which represents wet/temperate climates (Fig. 5.3; D1 and D2), while the latter tends to 

be more related to kaolinite suggesting humid/warm tropical environments (Fig. 5.3; 

E1, E2 and E3). Forty six localities included in the proximity analysis (18%) were not 

related to any of the five climate-sensitive sediments (Table 5.1).  
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Results are further confirmed by the Chi-squared test, which indicates there is a 

significant (P = 0.02) difference in the frequency of fossil occurrences in certain rock 

types depending on their age (Table 5.3). In the Early Cretaceous fossils occur more 

often in evaporites (Table 5.4), while in the Late Cretaceous cheirolepids are 

predominantly found in kaolinite, coal and, bauxite (Table 5.5).  

The latitudinal analysis of cheirolepids shows that during both Early and Late 

Cretaceous these conifers were primarily abundant at mid-latitudes between 20 – 40º 

(Fig. 5.8). The latitudinal distribution of both types of fossils (micro and 

mega/mesofossils) shows a very similar pattern (Fig. 5.9). Although, the number of 

pollen records at the equatorial region pollen is distinctively more abundant than 

mega/mesofossils. On the other hand, mega/mesofossils reach latitudes between 60 –70º 

where record of pollen is not found (Fig. 5.9). The statistical analysis, however, showed 

no significant correlation between fossil type of fossil and the rock where they occur 

(Chi-square value: 0.732, P = 0.947). 

 

5.3.2. Cheirolepid distribution comparison with other global palaeoclimate records  

The dataset plotted over palaeoclimate data and maps created by Chumakov et al. 

(1995) showed that during Early Cretaceous times, localities with cheirolepid fossils 

tend to lie on the limits of the Northern Mid-latitude Warm humid belt (NMW) and the 

Tropical-Equatorial Hot arid belt (TEH). This is also the case of southern hemisphere 

localities, which lie mostly between the TEH and the Southern Mid-latitude Warm 

humid belt (SMW) (Fig. 5.10). Mega and mesofossils are clearly restricted to 3 

latitudinal ranges 20–50º N, 10º N –15º S and 40–50 ºS (Fig. 5.10). 55% of those 

localities are found in the in tropical regions (NMW and SMW), and the other 45% of 

fall in the evaporite/arid belt. In contrast Classopollis distribution tends to be relatively 
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wider since it covers the latitudinal gaps close to the evaporite belt and arid zones. 66% 

of Classopollis occurrences are found in arid regions while 34% in humid topics. 

In the Late Cretaceous 76% of localities with cheirolepid mega and mesofossils 

are located in the tropical belt (NMW) (Fig. 5.11) while the other 24% represent 

localities in the arid regions (Fig. 5.11). Localities with Classopollis are evenly divided 

50–50% between arid and tropical regions (Fig. 5.11). 

 

5.4. DISCUSSION  

The idea of cheirolepids as indicators of aridity has been widely assigned to this 

extinct conifer family based on anatomical characters such as thickening of the cuticles, 

subsidiary cells with large papillae, and anticlinal walls with strong cutinisation (Alvin 

1982; Hlustik 1978; Sun et al., 2010; Vakhrameev 1970; Watson 1988). More recently, 

however, the classic palaeoecological interpretations of cheirolepids as strict arid 

coastal xerophytes have been challenged by studies with a more detailed taphonomic 

approach. It has been proposed that only certain species of the family can be used as 

ecological indicators of saline or marine influences since these conifers are found in a 

wide range of environments ranging from inland areas to coastline habitats (Gomez et 

al., 2002). 

Biogeographic analyses of cheirolepid occurrences presented in this work show 

that although they tend to be closely related to evaporites, a fair amount of localities 

occur near kaolinite and coal which indicate a certain affinity with paratropical climate. 

This has also been observed in the Cretaceous floras from Portugal where the majority 

of samples collected are found in kaolinite deposits (Mendes et at., 2010a). My results 

support the idea of these conifers being able to reach less arid climates and to even be 

abundant in humid tropical regions. The distribution patterns of Early Cretaceous 
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Cheirolepidiaceae reveal they were more abundant in the transitional regions between 

the mid-latitude humid belt and the evaporite-arid zone than in the arid equatorial 

province. This idea is sustained by reports of Cheirolepidiaceae found in tropical floras 

where ferns, bryophytes, and non-xeromorphic angiosperms are common too (Axsmith, 

2005; Crane et al., 1994). The biogeography of Early Cretaceous cheirolepids suggest 

that although their anatomical features made them dominant in arid regions they were 

also capable of adapting to a certain extent to more humid environments. This is idea 

coincides with alternative explanations for the presence of xeromorphic characters, 

which suggest they are the result of adaptation to extreme seasonality and growth on 

poor-developed/well-drained sandy soils (Gomez et al., 2012) and high evaporation 

rates similar to mangrove habitats (Upchurch and Doyle, 1981). The global distribution 

of the family Cheirolepidiaceae suggest that even though they were more abundant in 

arid regions they were not restricted to them, implying that they covered a wider range 

of habitats including inland freshwater floodplains, lakeshores and brackish coastal 

environments as previously suggested (Alvin et al., 1978; Alvin, 1982; Gomez et al., 

2002). 

The analysis of Late Cretaceous occurrences shows the drastic decline in 

abundance of Cheirolepidiaceae previously reported in palynological studies (Lupia et 

al., 1999). Although the causes are still debated, studies in Portuguese Cretaceous floras 

suggest that climate variations had an important effect on the warm/humid and hot/arid 

mid-latitude belts (Mendes et at., 2010a). Willis and McElwain (2002) indicate that a 

wet winter (Mediterranean) biome prevailed during the Late Cretaceous, with an 

important decrease in temperature at low- and mid-palaeolatitude regions by the Late 

Turonian (Gale, 2000). Evidence of the contraction of the arid regions and further 

expansion of tropical belt is also observed in palaeoclimate reconstructions by 
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Chumakov et al. (1995), showing a more restricted distribution of evaporites during the 

Late Cretaceous compared with the Early Cretaceous, and an significant increase in the 

distribution and number of coal occurrences found at mid- and higher palaeolatitudes. 

These cooler and more humid conditions are reflected in the drastic shift in the 

correlation between cheirolepids and climate-sensitive sediments that goes from being 

mostly related to evaporites during the Early Cretaceous to be more related to 

wet/humid sediments during the Late Cretaceous. While humid zones became more 

extensive by the end of the Cretaceous the number of Cheirolepidiaceae records 

decrease in abundance. Nevertheless, the percentage of samples across the latitudinal 

gradient remains stable suggesting a global decline that affected simultaneously the 

different environments they inhabited.  

In addition to the climatic variation that affected the global arrangement of 

Cretaceous biomes, the ecological change caused by the dominance of angiosperms 

could have also aided the later extinction of Cheirolepidiaceae as previously observed in 

chapter 4 in the record of fossil wood of the other conifer lineages.  

The main limitation of this analysis is the low number of cheirolepid occurrences 

and climate-sensitive records that do not allow grouping the samples in time bins 

relevant to their age (Cretaceous stages) without affecting the significance of statistical 

analyses. The different time frame of sediment deposition between rock types analysed 

is a caveat that may also affect the interpretations of the biogeographic analysis.  
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5.5. CONCLUSIONS 

Biogeographic analysis of Cheirolepidiaceae conifers shows a strong spatial 

correlation between the distribution of arid climate-sensitive sediments (i.e. evaporites) 

and Cheirolepid occurrences during the Early Cretaceous. In contrast, Late Cretaceous 

localities where these conifers are found tend to occur in humid tropical environments. 

This suggests that the presence of cheirolepid fossils not necessary imply dry-arid 

environments as previously thought. Although they were more abundant in dry/arid 

environments during the Early Cretaceous, they also had a strong presence in mid-

latitudes where tropical and arid belts converge. The findings in this work agree with 

the idea of a more cosmopolitan capability of Cheirolepidiaceae conifers even though 

they were more adapted and success for dry environments.  

The drastic decrease and subsequent extinction of this family of conifers is clearly 

reflected in the lower abundance and fewer localities reported for the Late Cretaceous in 

comparison to their climax during the Early Cretaceous. The causes of extinction could 

be related to the expansion of the tropical zone towards the arid/dry regions as well as 

the dominance of angiosperms, which affected all groups of conifers during the Late 

Cretaceous.  

Although the number of cheirolepid megafossils is not particularly large, further 

collecting and inclusion of Classopollis occurrences to the dataset will allow grouping 

the samples in smaller time-bins that would reflect more accurately the changes of 

distribution of Cheirolepidiaceae family during the Cretaceous. 
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FIGURES CHAPTER 5 

 

 

 

 

 

 

 

 

Figure 5.1. Proximity analysis of Cheirolepidiaceae fossils and climate-sensitive 
sediments.  
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CLIMATE-SENSITIVE SEDIMENTS    EARLY K     LATE K 

Arid / Dry 
Evaporites 63 59 

Calcrete 25 31 

88 90 

 Humid / Wet 

Kaolinite 32 52 

Bauxite 24 48 

Coals 142 133 

198 233 

Number of fossil localities (251) 193 58 

Localities related to sediments 153 52 

 Localities not related to sediments 40 6 

Table 5.1. Details on number of sediment occurrences and the amount of fossil 

localities related to them. 
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Table 5.2. Percentage of the total number of localities with cheirolepidiaceous fossils 

related to a climate-sensitive sediment (shaded in grey). 
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Table 5.3. Chi-square test of Cretaceous cheirolepids (n = 235). Chi-square calculated 

value of 11.687 with 4 degrees of freedom and a statistical significance of  P = 0.02. 

Therefore we reject the null hypothesis (Ho: there is no significant relationship between 

rock type and the age fossil occurrences), and we accept the alternate hypothesis (Ha:), 

which indicates there is a significant relationship between rock type and the age of 

fossil. 
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Table 5.4. Chi-square test of Early Cretaceous cheirolepids (n = 160). Chi-square value 

= 36.313, df = 4, and P = 0.0001. Therefore we reject the null hypothesis (Ho: there is 

no significant relationship between rock type and the frequency of fossil occurrences), 

and we accept the alternate hypothesis (Ha:), which indicates there is a significant 

relationship between rock type and the frequency of fossil occurrences. 

 

 

 

 

Table 5.5. Chi-square test of Late Cretaceous cheirolepids (n = 75). Chi-square value = 

14.667, df = 4, P = 0.005. Therefore we reject the null hypothesis (Ho: there is no 

significant relationship between rock type and the age fossil occurrences), and we 

accept the alternate hypothesis (Ha), which indicates there is a significant relationship 

between rock type and the age of fossil. 
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Figure 5.2. Percentages of the total number of Cheirolepidiaceae Early Cretaceous 

localities related to certain climate-sensitive sediment for each buffer ring. 
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Figure 5.3. Percentages of the total number of Cheirolepidiaceae Late Cretaceous 

localities related to certain climate-sensitive sediment for each buffer ring. 
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Figure 5.8. Distribution of Cheirolepidiaceae localities across the latitudinal gradient. 

Both North and South palaeolatitudes are grouped in ten degrees bins and plotted on the 

same axis. 
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Figure 5.9. Difference between pollen and mega/mesofossil latitudinal distribution in 

the Cretaceous. Both North and South palaeolatitudes are grouped in ten degrees bins 

and plotted on the same axis. 
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CHAPTER 6: PUTATIVE “CRETACEOUS” DIPTEROCARPOID FOSSIL 

WOOD IN THE COLLECTIONS OF NATURALIS, LEIDEN, THE 

NETHERLANDS, AND ITS IMPLICATIONS FOR THE CONTROVERSIAL 

AGE AND PROVENANCE OF WOBURNIA POROSA STOPES 

6.1. INTRODUCTION 

In order to augment the Cretaceous fossil wood database analysed in Chapter 4, 

and to get some first-hand experience of wood anatomical description, in this chapter I 

describe in detail a new specimen of angiosperm fossil wood accessioned in the 

collections of Naturalis, Leiden, Netherlands. The locality information for this fossil 

specimen in the museum records was given as the Cretaceous (Maastrichtian) of South 

Limburg, The Netherlands. However, as the descriptive and identification work reached 

an advanced stage, it became clear that the wood was a dipterocarpoid 

(Dipterocarpaceae) taxon and therefore the museum records were almost certainly 

incorrect. Specifically, a detailed study of (1) the dipterocarpoid wood anatomy, (2) the 

geographic and stratigraphic distribution of fossil and extant dipterocarps and (3) 

comparative material of known provenance allowed me to infer that the genuine origin 

of the specimen was from Neogene strata of Indonesia (as explained in detail below).  

Despite not being a Cretaceous specimen, the amount of time devoted to this 

fossil wood meant that it had to be included in this Cretaceous thesis. Nonetheless, my 

research dealing with this specimen does have significance for Cretaceous wood 

assemblages because it shows how easy it is for fossil wood specimens (that require 

sectioning for proper identification) to become incorrectly accessioned in museums and 

allows the Cretaceous fossil record to be critically reviewed. More specifically, my re-

examination of another problematic dipterocarpoid wood (Woburnia porosa Stopes), 

which was thought to derive from the Cretaceous of England, suggests that this 
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specimen was also, probably, derived from Neogene strata of Indonesia (although I am 

unable to infer a more precise provenance). This kind of critical review of the fossil 

record is essential if the kind of biogeographic analyses conducted in Chapter 4 and 6 

are to be correct. 

 

6.2. MATERIAL AND METHODS 

The fossil specimen that comprises the focus of this study is a large (0.28 m 

incomplete diameter) silicified tree trunk accessioned as RGM 232138 in the collections 

of NCB Naturalis, Leiden, The Netherlands. Standard petrographic thin sections were 

prepared for specimen RGM 232138 in transverse (TS), tangential longitudinal (TLS) 

and radial longitudinal sections (RLS). Three sections (one of each orientation) were cut 

from mature wood, approximately 140 mm from the pith, and a further six sections (two 

of each orientation) were cut through the pith and surrounding juvenile wood. 

Anatomical features were described using the International Association of Wood 

Anatomists (IAWA) list of microscopic features for hardwood identification and the 

specimen description is preceded by a list of the IAWA Hardwood List feature numbers 

(IAWA Committee, 1989). In that list, the following modifiers are used: "?" before a 

feature number indicates it is uncertain if that feature is present or absent in the sample; 

"v" following a feature number indicates that the feature is variable in occurrence or 

there is a tendency towards showing the feature.  

The identity of the specimen was initially investigated using the InsideWood 

Database (2004-present) using recommended search strategies (Falcon-Lang et al., 

2012; Wheeler, 2011). In addition, the specimen was compared with slides in two major 

wood collections in the Jodrell Laboratory, Kew Gardens, U.K., and the National 
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Herbarium of The Netherlands, Leiden.  

I also utilized Principal Component Analysis (PCA) to quantitatively compare the 

anatomical characters of the fossil specimen with other extant and fossil woods. PCA is 

an ordination technique in which a multivariate dataset is projected onto few 

dimensions defined by the axes of maximal variance (Hammer et al., 2001; Hammer 

and Harper, 2006). It is a common tool used to analyse multivariate data and identify 

clusters. It has been widely used in studies of the systematics of extant wood (Hellberg 

and Carcaillet, 2003; Oskolski et al., 2007; Wickremasinghe and Heart, 2006), as well 

as fossil woods (Martínez-Cabrera and Cevallos-Ferriz, 2004; Oakley and Falcon-Lang, 

2009; Oakley et al., 2009). In addition to PCA, Cluster Analysis (CA) was employed to 

corroborate the anatomical similarities between fossils herein described and other 

dipterocarpaceous fossil woods reported in the literature. CA was also used in the 

anatomical comparison to extant Dipterocarpaceae woods. CA is a multivariate analysis 

for presence/absence data sets that group taxa producing a dendrogram based on Jaccard 

similarity (Harper, 1999; Hammer et al., 1999-2013). 

 

6.3. FOSSIL WOOD DESCRIPTION 

6.3.1. Systematic palaeobotany 

Order Malvales Dumortier, 1829 

Family Dipterocarpaceae Blume, 1825 

Subfamily Dipterocarpoideae Burnett, 1835 

Genus Dryobalanoxylon Den Berger, 1923 

Species Dryobalanoxylon bangkoense Schweitzer, 1958 emended nov., Plates I – III  
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Type material: Utrecht 04527, slides 1987, 1988 and 1989. 

Type locality: Province of Jambi, western Sumatra, Indonesia; southwest of Bangko, 

Merangin River, Point 201 (Posthumus, 1929). An explanation of how I arrived at this 

inferred provenance is given later in the chapter (see chapter 6.5 for a detailed 

justification). 

Repository: Collection of the Laboratory of Palaeobotany and Palynology, Utrecht 

University Collection, The Netherlands. 

Description of Dryobalanoxylon bangkoense type material using IAWA list character 

codes: 2, 5, 9, 13, 22, 25, 31, 42, 27, 56, 60, 62, 63, 69, 70, 79, 80, 82, 92?, 93, 97, 98v, 

102, 107, 108v, 110, 115, 127 

Original diagnosis of Schweitzer (1958, p. 41): Zuwachszonen fehlend, Gefäße zu 7 bis 

13 auf den Quadratmillimeter, sehr oft in Gruppen. Das apotracheale Holzparenchym 

häufig, meist maschenförmig angeordnet. Fasertracheiden und Libriformfasern die 

Grundmasse des Holzes bildend, nicht zu radialen Reihen angeordnet, Markstrahlen 

meist 3- bis 4 schichtig, bis zu 70 Zellen hoch. 

Emended diagnosis: Growth rings indistinct; vessels diffuse-porous, exclusively 

solitary; perforation plates simple; intervessel pits alternate, circular to polygonal shape, 

and vestured; vessel – ray pits with reduced borders; vessel tangential diameter 105 – 

215 µm; tyloses and vasicentric tracheids common; fibres non-septate, with distinctly 

bordered pits in both radial and tangential walls; fibres mostly very thick-walled, thin- 

to thick-walled fibres rare; axial parenchyma adjacent to axial canals; rays rarely 

uniseriate or common multiseriate rays, 2 – 5 cells wide; body ray cells procumbent 

with mostly 2 – 4 rows of square marginal cells or more; sheath cells locally present; 

ray density 2 – 6 rays per mm; axial canals, in long (and ?short) tangential lines.  



CHAPTER 6 DIPTEROCARPOID FOSSIL WOOD 

118 

New material: Hand specimen labeled RGM 232138 and 9 thin sections labeled RGM 

232138a – i. 

Repository: Netherlands Biodiversity Center, Leiden, The Netherlands. 

Locality: Neogene of Indonesia, and possibly, the Pliocene of Jambi, western Sumatra 

Indonesia, in particular (see chapter 6.5 for a detailed justification). 

Description using IAWA list character codes: 2, 5, 9, 13, 22, 23, 25, 26v, 29, 30, 42, 

43v, 47, 48v, 54, 56, 60, 62, 63, 66, 69v, 70, 77?, 78?, 79?, 85?, 92, 93, 97, 98v, 107, 

110, 115, 127, 128v. 

Description of mature wood: Growth rings absent or indistinct; vessels diffuse-porous; 

vessels circular in outline, exclusively solitary (96%) (Plate I, 1, 2); simple perforation 

plates (Plate I, 3, 5), orientated at >55° to longitudinal direction; intervessel pits, 

circular to polygonal shape, 3 – 7 µm (mean 4.7 ± 0.7, n = 50), distinctly bordered, with 

alternate arrangement (Plate I, 3, 4); vessel – ray pits with reduced borders, somewhat 

larger than intervessel pits (Plate I, 6, 7); intervessel pits, vestured (Plate I, 8); vessel 

tangential diameter, 105 – 215 µm (mean 168 ± 25.8, n = 50); vessel density, 9 – 20 per 

mm2 (mean 14 ± 2.38, n = 50) (Plate I, 1); vessel element length, 0.5 – 1.7 mm (mean 

0.9 ± 0.3, n = 50). Tyloses common (Plate I, 9). Vasicentric tracheids, 22 – 43 µm 

diameter (mean 32 ± 5, n = 50), very common, showing 2 – 4-seriate, alternate bordered 

pits (Plate I, 10). 

Fibre tracheids, 15 – 31 µm diameter (mean 22 ± 3, n = 50), non-septate, with 

distinctly bordered pits, 10 – 21 µm diameter (mean 14 ± 1.3, n = 50); pits common in 

both radial and tangential walls (Plate I, 11, 12). Fibres very thick-walled, up to 11 µm, 

measured to the middle lamella (mean 6 ± 2, n = 50); thin- to thick-walled fibres rarely 

present (Plate II, 1). 
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Axial parenchyma, difficult to observe in TS, rare or absent except when 

adjacent to axial canals, where it is abundant in tangential lines, 3 – 5 cells wide and in 

strands, 3 – 8 and > 8 cells high (Plate III, 1, 3, 4). Axial parenchyma cells, rectangular 

in TLS, 17 – 38 µm diameter (mean 26 ± 4, n = 50) and 21 – 66 µm high (mean 46 ± 

12, n = 50) (Plate II, 2, 3; Plate III, 5, 6). 

Rays of two types, rare uniseriate or common multiseriate rays, 2 – 5 cells wide 

(mean 3 ± 0.9, n = 50), commonly with uniseriate tails (Plate II, 4, 5; Plate III, 5, 6); 

uniseriate rays, 0.1 – 0.6 mm high (mean 0.3 ± 0.1, n = 50) composed mainly of square 

cells (Plate II, 4, 5); multiseriate rays, 0.3 – 1.2 mm high (mean 0.7 ± 0.2, n = 50), 

inclusive of uniseriate tails present (Plate II, 4); body ray cells procumbent with mostly 

2 – 4 rows of square marginal cells or more (Plate II, 6); weakly developed sheath cells 

locally present (Plate II, 4, 5); ray density, 2 – 6 per tangential millimetre (mean 3.3 ± 

1.5, n = 65).  

Axial canals, 38 – 127 µm diameter (mean 76 ± 23, n = 50), in long (and ?short) 

tangential lines (Plate III, 1, 3, 4).  

Description of ontogenetic trends: Tangential vessel diameter increases from 57.5 ± 

12.0 µm (n = 50) at 5 mm from the pith to 168 ± 25.8 µm (n = 50) at a distance of 140 

mm from the pith (Fig. 6.1). Vessel density decreases from 31.7 vessels per mm2 at 5 

mm from the outer edge of the pith to mean 14.00 ± 2.38 vessels per mm2 at a distance 

of 140 mm from the pith (Fig. 6.1). Both these parameters reach a plateau at about 100 

mm from the pith, confirming that the outer part of the trunk described in the 

systematics section is indeed mature wood (Zobel and Buijtenen, 1989). 
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6.4. IDENTIFICATION 

Specimen RGM 232138 contains an unusual combination of characters that 

allows very precise identification. Of key importance is the co-occurrence of vasicentric 

tracheids (IAWA feature 60) and axial canals in long tangential lines (IAWA feature 

127), a combination found only in the subfamily Dipterocarpoideae (Dipterocarpaceae) 

according to the InsideWood Database (accessed 17 November 2011).  

The Dipterocarpaceae family comprises between 15 – 19 genera and 470 – 580 

species, mostly distributed in the tropics (see Maury-Lechnon and Curtet, 1998 for a 

review). Three sub-families are recognized as follows: (1) The Pakaraimoideae is a 

monospecific group of small trees and shrubs restricted to the seasonal tropical forests 

of Guyana; (2) The Monotoideae (3 genera) is a group of mostly small trees and shrubs 

found in dry deciduous subtropical forests in Africa with isolated occurrences in 

Colombia; and (3) The Dipterocarpoideae (up to 15 genera) is a diverse group of 

rainforest trees widespread across southeast Asia, the Seychelles and the Andaman 

Islands (Fig. 1; Londoño et al., 1995; Maguire and Ashton, 1977; Meher-Homji, 1979; 

Whitmore, 1998) (Fig. 6.2). The Dipterocarpoideae is the subfamily that today 

dominates much of Indonesia (Borneo, Sumatra, Java), the Malay Peninsula and the 

wetter parts of the Philippines (Whitmore, 1998); this subfamily includes many large (> 

50 – 80 m high) canopy-forming trees (Corlett and Primack, 2011) and has a reliable 

fossil record beginning as early as the Oligocene (Maury-Lechnon and Curtet, 1998; 

Morley, 2003). There are competing evolutionary hypotheses to explain its disjunct 

biogeography (Sasaki, 2006), but a growing consensus is that the Dipterocarpaceae 

originated, possibly, as early as the latest Cretaceous-Paleogene of Gondwana and 

reached Asia via the Indian tectonic plate in the Eocene-Oligocene (Dayanandan et al., 

1999; Dutta et al., 2011; Morley, 2003; Prasad et al., 2009; Rust et al., 2010).  
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The Dipterocarpoideae is subdivided into two clades, the Dipterocarpeae 

(comprising Anisoptera, Cotylelobium, Dipterocarpus, Stemonoporus, Upuna, Vateria, 

Vateropsis, and Vatica) and the Shoreae (comprising Dryobalanops, Hopea, 

Neobalanocarpus, Parashorea, and Shorea) (Ashton, 1982). Specifically, the 

combination of vasicentric tracheids and axial canals in long tangential lines restricted 

the identification to one genus of the Dipterocarpeae clade (Anisoptera) and all five 

genera of the Shoreae clade (Dryobalanops, Hopea, Neobalanocarpus, Parashorea, and 

Shorea inclusive of Shorea sect. Pentacme) based on my own observations of material 

and published reports (Gottwald and Parameswaran, 1968). 

 

6.4.1. PCA and CA analysis of extant Dipterocarpaceae 

To further investigate the identity of RGM 232138, I constructed a wood 

anatomical database for the extant Dipterocarpoideae and its close relatives, the 

Pakaraimoideae and the Monotoideae, and analysed it using Principle Component 

Analysis (PCA) and Cluster Analysis (CA). My data were harvested from InsideWood 

Database (2004-present, accessed 17 November 2011) and supplemented by studies of 

dipterocarp wood collections at the Jodrell Laboratory, Royal Botanic Gardens, Kew, 

UK, and the National Herbarium, Leiden, The Netherlands (Appendix 6). The database 

contains 81 records of dipterocarp wood with nearly complete anatomical data, 

spanning almost the entire taxonomic and anatomical diversity of the family. The only 

genera for which no data could be acquired were Pseudomonotes (Monotoideae) and 

Stemonoporus (Dipterocarpoideae). The genus, Shorea, which is the most diverse 

dipterocarp genus comprising nearly 200 species (or ~ 40% of total species for the 

family), is represented by 20 species in the database. In total 66 anatomical characters 

(IAWA features 1 – 2, 5, 7, 9, 11 – 15, 20 – 22, 29 – 33, 41 – 43, 45 – 49, 56 – 58, 60 – 
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63, 66, 68 – 70, 91 – 94, 96 – 98, 102 – 109, 111 – 116, 118 – 122, 127 – 130) were 

coded as 0 for absent and 1 for present; these characters were selected because they are 

equally useful for fossil wood studies. Two key characters – vasicentric tracheids 

(IAWA feature 60) and axial canals in long tangential lines (IAWA feature 127) – 

which, as noted, are particularly distinctive features of the fossil wood, were coded with 

a weighting of 2. 

The resulting PCA (Fig. 6.3a) and CA (Fig.6.3b) show that the Pakaraimoideae 

and the Monotoideae plot as out-groups some distance from the Dipterocarpoideae and 

my fossil specimen. Within the cloud of data comprising the Dipterocarpoideae, records 

of Dipterocarpeae and Shoreae clades form broadly distinct but slightly intergrading 

groups (Fig. 6.3a and 6.3b). Within these clades, most genera form coherent clusters, 

with the exception of the highly diverse Shorea, which is somewhat more widespread in 

the PCA. Specimen RGM 232138 plots on the edge of the Shoreae clade, and occurs 

close to the centroid of a cluster of nine specimens of Dryobalanops. A small number of 

specimens of Anisoptera (Dipterocarpeae clade) and Shorea/Parashorea (Shoreae 

clade) also plot nearby, but the centroids for these groups (2D), when considered in 

totality, are somewhat distant (Fig. 6.3a). CA shows a clearer division of the families 

with the exception of Vateria, Vatica and Upuna, which plot close to Shoreae clade 

(6.3b). 

6.4.2. Qualitative comparison with extant dipterocarp woods 

I next directly compared my fossil to specimens of extant dipterocarp wood in the 

collections of the Jodrell Laboratory, Royal Botanic Gardens, Kew, UK, and the 

National Herbarium, Leiden (comprising ~ 120 species in 15 genera). As an initial 

search strategy, the general appearance of extant woods in transverse section was 
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compared with specimen RGM 232138, paying particular attention to qualitative 

features such as the length and spacing of lines of axial canals, the diameter, density, 

and distribution of vessels, and the width and frequency or rays. In parallel with the 

PCA and CA results above, the fossil was most similar to Anisoptera, Dryobalanops 

and Shorea, all of which contain some species with the unusual combination of 

vasicentric tracheids and axial canals in long tangential lines seen in the fossil. 

Of these three genera, Anisoptera, which is represented in the collections by 9 out 

of 10 extant species, is generally least similar to the fossil. It differs in showing, 

typically, much shorter lines of canals, or even lacking canals completely. Only two 

taxa (A. laevis and A. scaphula) – the two taxa that plot closely to the fossil on the PCA 

(Fig. 6.3a) – show axial canals in long tangential lines. Another difference is that the 

axial canals in Anisoptera are similar in diameter to the vessels, whereas in the fossil, 

they are typically only half the diameter. Furthermore, the rays of Anisoptera are 

typically ~ 6 cells wide and always > 1 mm, whereas in the fossil they are 2 – 5 cells 

wide and somewhat shorter (typically < 1 mm), and ray tails are uncommon in 

Anisoptera, whereas they are a distinctive feature of the fossil. Finally, whereas sheath 

cells are abundant and well differentiated in Anisoptera, they are only weakly developed 

in the fossil. 

Rather more similar to the fossil is Shorea (Plate IV), although I qualify this 

statement by highlighting that only 62 species out of the total ~ 200 extant species were 

observed. The key differences are that vessels in Shorea are usually somewhat larger (> 

200 µm) than in the fossil. In addition, vessels may show radial multiples, and rarely, 

diagonal groupings, whereas in the fossil, vessels are exclusively solitary. Also, the 

lines of axial canals are generally more widely spaced than in the fossil, and one species 

shows radial canals. Other differences are that fibres in Shorea are commonly thin-
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walled (but very thick-walled in the fossil) and vasicentric tracheids are absent in about 

half the Shorea species I examined, whereas this is a prominent feature of the fossil. 

Furthermore, rays are typically narrow (~ 2 cells wide) compared to the fossil (2 – 5 

cells wide). 

Finally, Dryobalanops (Plate V) is a very close match to the fossil, with no 

significant anatomical differences. In particular, the genus shows axial canals always in 

long tangential lines, exclusively solitary vessels, vasicentric tracheids, and very thick-

walled fibres – all key features of the fossil. Within the genus, the width and height of 

ray is somewhat variable, but the ray dimensions for the fossil fall well within this 

variation. Thus, in summary, I infer that the fossils is very closely similar to, if not 

identical to, the extant genus, Dryobalanops. 

6.4.3. Comparison with fossil dipterocarp woods 

To date, there have been eight genera of fossil dipterocarp wood described in the 

literature (see Schweitzer, 1958, for the most comprehensive overview). These taxa are 

Anisopteroxylon, Dipterocarpoxylon, Dryobalanoxylon, Hopeoxylon, Pentacmeoxylon, 

Shoreoxylon, Vaterioxylon and Vaticoxylon. The characters that are key to 

discriminating between these dipterocarp fossil wood taxa include (1) the presence or 

absence of fibre-tracheids, silica crystals, gums and tyloses, (2) vessel tangential 

diameter and its size relative to that of the axial canals, and (3) the length of the 

tangential lines of axial canals (Schweitzer, 1958; Mandang and Kagemori, 2004). 

RGM 232138 differs from Anisopteroxylon and Dipterocarpoxylon in the length 

of the tangential lines of axial canals and the vessel tangential diameter. In RGM 

232138 the axial canals are present in very long lines (> 8) and the mean vessel 

diameter is ~160 µm, whereas in the above mentioned genera, axial canals typically 

occur singly, in pairs, or in short tangential lines and mean vessel diameter 
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is significantly larger (typically >200 µm). A diagnostic feature of Vaticoxylon is the 

presence of silica crystals, which are not observed in RGM 232138. In addition mean 

vessel diameter is significantly smaller (typically ~150 µm) in Vaticoxylon. RGM 

232138 differs from Shoreoxylon in showing vasicentric tracheids. Instead, RGM 

232138 shows all the diagnostic features of Dryobalanoxylon, including abundant thick-

walled fibres and a lack of aliform parenchyma (commonly seen in other dipterocarp 

taxa). 

To date, seventeen specimens comprising twelve species of Dryobalanoxylon 

have been described including eleven from Indonesia, three from India, and single 

occurrences from both Cambodia and Vietnam (Mandang and Kagemori, 2004). 

Species level identification of fossil dipterocarp woods is problematic and the 

diagnostic characters that supposedly distinguish the twelve species of 

Dryobalanoxylon are somewhat equivocal, variable, and not always visible due to 

locally poor preservation.  

The main characters used for discrimination of Dryobalanoxylon species are mean 

vessel diameter, density and shape, ray height, fibre wall thickness as well as the 

occurrence of storied rays (Mandang and Kagemori, 2004; Schweitzer, 1958). 

Compared with RGM 232138, the following well-described species differ in a few key 

characters, and can be excluded from this search: Dryobalanoxylon khmerinum 

commonly shows elliptical vessels and significantly lower vessel density; D. 

rotundatum shows storied rays; D. neglectum shows thin-walled fibres; D. sumatrense 

lacks sheath cells; D. borneense and D. spectabile always show elliptical vessels; D. 

tobleri has vessels > 350µm high. Only Dryobalanoxylon bangkoense Schweitzer 

shows all the characters seen in RGM 232138, including circular vessels (rarely 

elliptical), unstoried rays, vessels up to 200 µm diameter, and very thick-walled fibres. 
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Thus, while highlighting the uncertain validity of many Dryobalanoxylon species 

concepts, I am confident that RGM 232138 is anatomically indistinguishable from the 

holotype of D. bangkoense (Utrecht 04527) and associated material from the same area 

(Utrecht 04480, 04482, 04529 and 04710). 

To further investigate the identity of RGM 232138, I constructed a wood 

anatomical database for all fossil Dipterocarpoideae using data harvested from 

InsideWood Database (2004-present, accessed 17 November 2011) and other sources. 

The database contains 62 records of fossil dipterocarp wood. In total 44 anatomical 

characters (IAWA features 1 – 2, 5, 7, 9, 13, 22, 30, 36, 41 – 43, 46 – 49, 56, 60 – 62, 

65, 76 – 80, 83, 85 – 86, 89, 96 – 98, 102, 104, 106 – 108, 110, 114 – 116, 120, 130) 

were coded as 0 for absent and 1 for present; a smaller number of characters were used 

compared to the PCA of extant woods due to poor preservation of some fossil features. 

As with the PCA of extant woods, two key characters – vasicentric tracheids (IAWA 

feature 60) and axial canals in long tangential lines (IAWA feature 130) – were coded 

with a weight of 2. 

In the PCA of fossil woods (Fig. 6.4a) form loose clusters, genera show a small 

degree of intergradation. This may reflect descriptive and preservational uncertainties in 

the fossil material, and suggests a revision of fossil dipterocarp woods is warranted. In 

the PCA of fossil woods, my Dryobalanoxylon bangkoense specimen mostly co-occurs 

with other specimens of Dryobalanoxylon although two Anisopteroxylon specimens 

also plot nearby. Generally, the analysis supports attribution to Dryobalanoxylon. The 

grouping of dipterocarp fossil woods in the Cluster analysis also supports the 

identification of RGM 232138 as Dryobalanoxylon (Fig. 6.4b) 
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6.5. INFERRED PROVENANCE 

As noted in the introduction RGM 232138 (Dryobalanoxylon bangkoense) was 

catalogued in the collections of NCB Naturalis, Leiden, as originating from the 

Cretaceous (Maastrichtian) of South Limburg, The Netherlands. However, a detailed 

investigation of the “collection history” of this specimen casts doubt on that repository 

information. RGM 232138 may have entered the collections of the Rijks Geologisch 

Museum (RGM) in Leiden in the early Twentieth Century. In those days, newly 

acquired specimens were not always assigned unique museum numbers, and instead, 

specimens were boxed together with other specimens (some numbered, others 

unnumbered) and a label was attached to the exterior of the box. By about the 1950s, 

the specimen that would be later numbered RGM 232138 was located in Box 2478. 

This box was labelled as containing fossil woods from the Cretaceous of St. Pietersberg 

and the area surrounding Maastricht, The Netherlands – one of a number of boxes of 

fossil wood material from this area.  

Around 2000, in the course of a reorganization and redetermination of collections 

in the new storage facility at Naturalis, Leiden, unnumbered specimens, including the 

one studied here, were numbered sequentially and entered into the museum catalogue. 

Most of the specimens in Box 2478 were already numbered; however, two were not 

(RGM 232137 and RGM 232138) and were assigned, by association, to the Cretaceous 

of South Limburg, The Netherlands. Specimen RGM 232137 is very likely correctly 

assigned to the Dutch Cretaceous because it shows Teredo borings and an adhering 

chalk matrix, both features characteristic of wood of this provenance. In contrast, 

specimen RGM 232138 has a different petrography, lacking those features and showing 

a ‘rusty’ haematite rind and some recent plant roots. Specimen RGM 232138 was 

shown to John Jagt (Natural History Museum, Maastricht), an expert on the Cretaceous 
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of the Maastricht region, who confirmed that it was unlikely to have originated from 

this area. This is supported by the fact that specimen RGM 232138 is not mentioned in 

an exhaustive inventory of Cretaceous woods in Dutch museums and private collections 

(Felder, 1961). Thus, it is very likely that the locality information for this specimen in 

the museum register is incorrect. 

Despite this problem, it is possible to infer the genuine provenance and age of 

specimen RGM 232138 based on three pieces of information: (1) the geographic and 

stratigraphic distribution of previously described dipterocarp fossil woods, (2) the 

general history of collections associated with the Dutch exploration of Indonesia, and 

(3) direct petrographic comparison of the fossil with other fossil woods accessioned in 

Naturalis, Leiden and the University of Utrecht. The investigations are described in 

detail below so that the reader can independently judge the level of certainty of the 

inferences. 

6.5.1. Geographic and stratigraphic distribution of Dipterocarpoideae fossil woods 

As documented above, RGM 232138 has a close affinity, if not identity, with the 

extant genus Dryobalanops (Dipterocarpoideae, Dipterocarpaceae) and the fossil taxon, 

Dryobalanoxylon bangkoense. Fossil woods belonging to the dipterocarp subfamily 

Dipterocarpoideae have been described from many localities over the past century 

(Appendix 6; InsideWood Database, 2004-present, accessed 12 October, 2012). Fossil 

woods of this group are relatively easily identified based on their distinctive axial canals 

– an anatomical feature common to many dipterocarpoid species, and only rarely seen 

in half a dozen other unrelated taxa (mostly Leguminosae; Gasson, 1994). However, 

although some possible dipterocarp-like wood types have been noted from the Eocene 

(Dutta et al., 2011; Poole, 1993), all systematically well-constrained specimens 

referable to the subfamily Dipterocarpoideae come from a very narrow geographic and 
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stratigraphic window. Of the 121 verified records, the vast majority occur in Miocene 

and Pliocene strata (n = 85), (Fig. 6.5; InsideWood Database, 2004-present, accessed 

October 2012; Mandang and Kagemori, 2004; Maury-Lechnon and Curtet, 1998; 

Schweitzer, 1958). Most of these records come from India (n = 67) or Indonesia (n = 

42; in Java, Sumatra or Borneo) with a few others recorded from Ethiopia (n = 2), 

Somalia (n = 3), Burma (n = 3), Thailand (n = 1), Cambodia (n = 1), and Vietnam (n = 

1) (Fig. 6.6). With the exception of the Ethiopian specimens, all fossil specimens are 

broadly in the same geographic range as occupied by extant Dipterocarpoideae (Fig. 

6.6). The richest deposits for Dipterocarpoideae fossil wood comprise the Pliocene 

strata of Java and Sumatra (Indonesia). Here studies of hundreds of fossil wood 

specimens have revealed that more than 90% can be referred to the Dipterocarpoideae 

(Mandang and Martono, 1996), including some spectacular examples of fossil tree 

trunks, tens of metres long (Mandang and Kagemori, 2004). 

Therefore, the overwhelming likelihood is that RGM 232138 originated from the 

Neogene of the circum-Pacific region, i.e., east Africa, India, or southeast Asia. 

 

6.5.2. History of fossil wood exploration in the former Dutch East Indies 

In view of this narrow geographic distribution of fossil wood of the 

Dipterocarpoideae, it is also significant that – after the fossil wood collection 

originating from The Netherlands (n = 248 specimens) – the next largest fossil wood 

collection in NCB Naturalis, Leiden (n = 74) comes from the former Dutch East Indies 

(Java, Sumatra, Kalimantan and Sulawesi, in present-day Indonesia). Most of this 

Naturalis collection was obtained through the explorations of Crié (1888) and 

Molengraaf (1902), mostly from the Pliocene of Java and Kalimantan, and includes 

many dipterocarpoid fossil woods (Den Berger, 1923, 1927; Kräusel, 1922a, 1922b, 
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1925, 1926). Old museum labels on these specimens show that most were originally 

accessioned in the collections of the Rijks Geologisch Museum, Leiden and the 

Geologisch en Mineralogisch Instituut, Utrecht. In 1925, Oene Posthumus (1898 – 

1945), in the course of an expedition organized by palaeobotanist, W. J. Jongmans 

(1878 – 1957), obtained a third collection of dipterocarpoid fossil wood from Indonesia.  

Some of these Posthumus specimens were sent to Heerlen, but were eventually 

accessioned in the Naturalis, Leiden collections. However, other specimens from the 

same expedition were entrusted to Richard Kräusel (1890 – 1966), who gave them to his 

student Schweitzer to be studied (Posthumus, 1929); these latter specimens are now 

accessioned in University of Utrecht. 

In view of this long history of study of fossil dipterocarp woods from the Neogene 

of Indonesia by Dutch scientists and institutions, it seems highly likely that RGM 

232138 originated from these deposits.  

 

6.5.3. Comparison with fossil woods from Indonesia in Dutch collections 

To further test the hypothesis that RGM 232138 originated from the Neogene of 

Indonesia, the specimen was compared with other fossil woods (both hand specimens, 

and where available, thin sections) of known provenance in the collections of Naturalis, 

Leiden and the University of Utrecht. To the naked eye, the large majority of these 

Indonesian fossil wood specimens differ markedly from RGM 232138 in their general 

petrography. They are dark grey to black, and often slightly rounded, whereas RGM 

232138 is pale grey to white, angular, and as noted above, has a ‘rusty’ haematitic rind 

(Fig. 6.7B). Furthermore, in thin section, specimens show dark organic-rich cell walls, 

whereas sections of RGM 232138 are extremely pale, showing almost no contrast 
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between the cell wall and the silicic lumen infill, except in peripheral areas in the 

haematitic rind. However, a few specimens in the University of Utrecht collections from 

the Pliocene of the South Merangin River, Province of Jambi, western Sumatra 

(Posthumus, 1929) are near-identical to RGM 232138, in their pale colour, presence of 

a haematitic rind (Fig. 6.7A), and cellular preservation. The four near-identical 

specimens are numbered Utrecht 04480, 04482, 04529 and 04710 and correspond to 

thin sections 1909 – 1911, 1915 – 1917, 1993 – 1994 (slide 1995 is missing), and 2001 

– 2003, respectively, with the closest petrographic match being Utrecht 04529 (slides 

1993 – 1994). 

 There are two further lines of evidence, which also point to an identity with the 

Jambi material. (1) RGM 232138 belongs to exactly the same species (Dryobalanoxylon 

bangkoense Schweitzer) as the comparable Jambi material. While D. bangkoense is 

known from six localities from across Java and Sumatra in Indonesia (Schweitzer, 

1958) it is unlikely that petrographically identical specimens would belong to the same 

species unless they derived from the same site. (2) Both RGM 232138 and Utrecht 

04482 contain minute borings, 700 µm in diameter, showing a concave back-fill (Fig. 

6.8). These borings are larval feeding galleries produced by scolytid bark beetles 

(Radek Mikulas and Leif Tapanila, pers. comm., 2012). Although scolytid beetles 

originated in Mesozoic times (Labandeira et al., 2001), they especially diversified in the 

Neogene times. Scolytid beetle traces are only seen in the Jambi material and RGM 

232138, but not seen in thin sections of fossil wood from other localities examined.  

Therefore, this study concludes that RGM 232138 was originated from Jambi. 

Although the matching Jambi material (Posthumus, 1929) is accessioned in Utrecht, and 

RGM 232138 is accessioned in Naturalis, Leiden, this is easily accounted for by the fact 

that Posthumus’s collection was split between these two institutions (see section 
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4.3.3.2). In making this inference of provenance, it is stressed that the RGM 232138 

lacks correct accession information, and therefore provenance can never be proven, and 

there will always be a degree of doubt.  

Kräusel’s material from the Pliocene of Java (part of the same back-arc basin 

deposits in which Jambi material occurs; Barber and Crow, 2005) bears a passing 

similarity to RGM 232138 (although it lacks the distinctive borings). The pale 

preservation and haematitic rind characteristic of RGM 232138 may be a superficial 

tropical weathering feature and therefore not indicative of a particular site. These 

caveats aside, in terms of petrography, wood anatomy, and trace fossils, the late 

Pliocene Jambi material is the closest match to RGM 232138, and therefore the most 

likely source based on currently available information. 

6.5.4. Probable provenance: Jambi area, western Sumatra, Indonesia 

The Merangin River of the Jambi region, from which Posthumus (1929) obtained 

his dipterocarpoid woods, dissects a complex geological terrain (Fig. 6.9). Its 

headwaters are located in Jurassic and Cretaceous deposits of the Woyla nappe, which 

are not reported to contain any silicified wood. Further downstream, the South 

Merangin River crosses a Triassic granodioritic unit (Air Batu Batholith) near the town 

of Dusunbaru, before flowing through Permian (Asselian) volcaniclastic sediments and 

extrusive lavas (Mengkarang and Telukwang Formations), which contain Dadoxylon 

trees in growth position. It finally dissects the Middle Palembang Formation, which is 

late Miocene in age (Zwierzycki, 1935) and is known to hold tuffs and carbonaceous 

shales, before flowing onto the town of Bangko (Fig. 6.9). Overlying this complex 

bedrock succession, and widespread across the entire area, is a late Pliocene 

volcaniclastic unit (Kasai Formation), which also contains silicified wood (Suwarna et 

al., 1994, 1998; Zwierzycki, 1935).  
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All the fossil wood specimens described from the Posthumus 1925 expedition 

were found rolling as loose float in the river valley of the South Merangin River. Some 

of those fossil woods (Dadoxylon) presumably eroded out of the Permian strata because 

later surveys have found trees in growth position in these strata (van Waveren, 

unpublished observations, 2012). However, Permian strata are extremely unlikely to be 

the source of any angiosperm wood and can reasonably be excluded as a source of 

dipterocarpoid wood, which is very similar to that of an extant genus. According to 

Schweitzer (1958), Posthumus collected the dipterocarpoid woods in areas where the 

Miocene is absent, but where Pliocene strata is present; therefore, the most reasonable 

inference is that the woods had eroded from the late Pliocene Kasai Formation. 

The holotype of Dryobalanoxylon bangkoense (Utrecht 04527), which is not 

petrographically similar to RGM 232138, was collected from Posthumus’s Point 201 on 

the South Merangin River (Schweitzer, 1958). However, the specimen (Utrecht 04529), 

which is near-identical to RGM 232138 in thin section, and other closely similar 

specimens, was obtained from Posthumus’s field collection number 92, which may 

represent the same general area on the South Merangin River where Utrecht 04527 was 

obtained (I am uncertain because information associated with Posthumus’s field 

numbering system has been lost). Therefore, I conclude that RGM 232138 originated in 

the late Pliocene Kasai Formation near Bangko in the Jambi region of western Sumatra, 

Indonesia. The reason that RGM 232138 was incorrectly accessioned in Naturalis 

Biodiversity Center may be because it was a very pale (almost white) specimen (Fig. 

6.7B), superficially somewhat similar to Cretaceous specimens associated with the 

chalk facies of northern Europe.  
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6.6. SIGNIFICANCE FOR MARIE STOPES’S CONTROVERSIAL WOBURNIA 

POROSA 

The discovery that a Neogene specimen of dipterocarpoid wood from Indonesia 

was, for nearly a century, incorrectly accessioned in the collections of Naturalis 

Biodiversity Center, Leiden, as a Cretaceous specimen may have wider ramifications 

for a century-long controversy. Stopes (1912, 1915) famously reported a similar-

looking wood reputed to be from the Cretaceous (Aptian-Albian) of the Woburn Sands, 

Bedfordshire, England (Woburnia porosa Stopes), which attracted considerable interest 

because, at the time, it was the oldest known angiosperm wood. However, doubts about 

the age and provenance of Woburnia began to surface after Kräusel (1922a) confirmed 

it to be of dipterocarp affinity, and transferred the specimen to Dipterocarpoxylon. 

Harris (1956) and Hughes (1961), in particular, expressed their doubts about its 

provenance, and encouraged Casey (1961) to resolve the provenance issue by 

conducting a petrographic study of any adhering sediment; however, no matrix could be 

detected on the Woburnia type specimen. Crawley (2001) therefore concluded that 

Woburnia was probably not of Cretaceous age. This is supported by the fact that the 

holotype differs from fossil wood confirmed to be from the Woburn Sands (e.g. 

Podocarpoxylon woburnense Stopes 1915), the former being dark grey to black, the 

latter being pale grey.  

Nothing is known of the collection history of the holotype of Woburnia except 

that it was transferred unnumbered, in 1898, from the Botany to the Geology 

Department of the British Museum of Natural History (Hughes, 1976), and the record in 

the catalogue book at NHM only mentions the collection transfer and “Woburn Sands” 

as its locality of origin. Consequently, the uncertainty about Woburnia’s genuine 

provenance remains. In order to shed light on provenance, the holotype is described and 
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illustrated in full detail for the first time, and compared with dipterocarp fossil woods of 

known provenance. 

6.6.1. Description of Woburnia porosa 

The holotype of Woburnia porosa (Natural History Museum, London; NHM 

V.5254) is very small (25 x 18 mm diameter), rather poorly preserved in thin section 

(slides V.5254a–i), and somewhat compressed. Consequently it is impossible to give a 

full anatomical description of the wood from the existing material, and the size of the 

hand specimen means that new thin sections cannot be obtained. This partial description 

augments that of Stopes (1915) as follows: 

Growth rings absent; vessels diffuse-porous, exclusively solitary (Plate VI, 1); 

perforation plates simple (Plate VI, 2); intervessel pitting not observed; vessel – ray 

pitting not observed; mean tangential vessel diameter 224 – 337 µm (mean: 248 ± 31, n 

= 50); vessels per mm2 4 – 8 (mean: 6, n = 25) (Plate VI, 1); mean vessel element length 

522 – 658 µm (mean: 547 ± 16 µm, n = 35) (Plate VI, 2); vasicentric tracheids abundant 

(Plate VI, 4); vessel – tracheid pitting 2 – 4-seriate showing alternate, circular pits, 4 – 7 

µm diameter (mean: 5.6 ± 2 µm, n = 40) (Plate VI, 6). 

Fibres, 29 – 35 µm diameter (mean: 32 ± 2 µm, n = 25) thin to thick and very 

thick walled (Plate VI, 5, arrow C); non-septate fibres present, no pit observed. 

Axial parenchyma thin walled surrounding axial canals (Plate VI, 5, A), elsewhere 

diffuse (Plate VI, 5, arrow B); axial parenchyma strand length 3 – 8 cells, cell length 90 

– 113 µm (mean: 97 ± 5 µm, n = 20) (Plate VI, 3, arrow E). 

Rays 1 – 7 cell wide (mean: 4, n = 22) (Plate VI, 3, arrow A); ray height 983 – 

1545 µm (mean: 1256 ± 243 µm, n = 19); long tails of uniseriate cells (Plate VI, 3, 

arrow D). Sheath cells present especially in largest rays (Plate VI, 3, arrows B and C).  
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Axial canals, 52 – 129 µm diameter (mean: 92 µm ± 13, n = 25), in mostly long, 

but locally short tangential lines (Plate VI, 7).  

 

6.6.2. Comparison with woods of extant dipterocarps 

Woburnia shows vasicentric tracheids (IAWA character 60) and axial canals in 

long tangential lines (IAWA character 127), a combination that is almost exclusive to 

extant Dipterocarpaceae. However, it is difficult to establish a more precise affinity with 

extant taxa due to the relatively poor preservation quality, which rules out observation 

of key characters such as ray cell composition in RLS, intervessel pitting, vestured pits, 

silica crystals, and tyloses. In addition, the compression of the fossil means that 

measuring some quantitative features is also challenging. Nonetheless, comparison of 

Woburnia with extant dipterocarp genera using Principal Component Analysis and 

Cluster Analysis (a) suggests an affinity with Dryobalanops (Fig. 6.3a) – although the 

utility of the PCA is somewhat compromised due to the incomplete anatomical dataset 

for Woburnia. This is also the case for the cluster analysis (6.3b) in which Woburnia 

shows little similarity to the genus Dryobalanops. The key characters that Woburnia 

shares with Dryobalanops include the presence of vasicentric tracheids, thick-walled 

fibres and axial canals in long tangential lines (IAWA characters 60, 70 and 127 

respectively), as well as quantitative features such as tangential vessel diameter, vessel 

density, ray height and ray width. As such Woburnia is somewhat similar to RGM 

232138 in the collections of NCB Naturalis. 
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6.6.3. Comparison with fossil dipterocarp wood 

Prior to 1898 – the date that the Woburnia holotype was already present in the 

Natural History Museum, London (NHM) collections – there was one Dutch expedition 

to Indonesia, which obtained dipterocarp fossil woods (Crié, 1888). It is intriguing, 

therefore, that among all the collections containing dipterocarp fossil woods examined 

in the Naturalis Biodiversity Center and Utrecht University, the specimens that show 

the closest petrologic similarity with the Woburnia holotype are samples of 

Dryobalanoxylon spectabile (Crié) Den Bergen, 1927 collected, in the course of the 

Crié (1888) expedition, from several localities in Java and Sumatra, Indonesia. It is 

known that some of Crié’s material was donated to various academic institutions in 

Germany and Britain, and Crié exchanged material with London colleagues (Edwards, 

1921). It is conceivable, though not supported by any evidence, that a dipterocarp fossil 

wood from Crié’s 1888 expedition could have been sent to the NHM and then a decade 

later, in 1898, mislabelled during its transfer from the Botany to the Geology 

Department, later to fall into Stopes’ hands in 1912. Some of Crié’s holotypes are in the 

collections of Naturalis, Leiden (van Konijnenburg-van Cittert et al., 2004). 

I conclude that the most likely provenance of Woburnia, like that of RGM 232138 

in the collections of NCB Naturalis, is the Neogene of Indonesia and not the Cretaceous 

of England. This is based on (1) the holotype’s close affinity with Dryobalanops, an 

extant taxon in Indonesia, (2) its affinity to Dryobalanoxylon, a fossil wood genus 

restricted to Neogene and younger rocks in southeast Asia and India, and (3) its 

similarity with fossil dipterocarp woods collected from Indonesia at about the same time 

that the holotype of Woburnia entered the NHM collections. 
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6.7. CONCLUSIONS 

1. A new specimen of dipterocarpoid fossil wood, Dryobalanoxylon bangkoense 

Schweitzer is described from the collection in the Netherlands Centre for Biodiversity 

(NCB) Naturalis, Leiden, The Netherlands. The species diagnosis is emended. 

2. Although accession details for this specimen are incorrect, a detailed analysis of 

the taxonomy and preservation of the specimen, and comparison with material of known 

provenance enables the inference that the genuine provenance is the Neogene of 

Indonesia, possibly the late Pliocene Kasai Formation of the Jambi area, western 

Sumatra. 

3. Comparison with an anatomical database of 81 extant dipterocarpoid woods (76 

species), including a Principal Component Analysis, suggests a close affinity, or 

possible identity, with the extant genus Dryobanalops, which today is distributed 

through parts of western Sumatra, Kalimantan and the Malay Peninsula. 

4. The fact that a fossil dipterocarpoid wood from the Neogene of Indonesia was 

wrongly accessioned as a Cretaceous specimen for nearly a century is significant for 

interpreting Stopes’ controversial Woburnia porosa. Examination of the holotype of 

Woburnia porosa suggests that this specimen may have also originated from the 

Neogene of Indonesia.  
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FIGURES CHAPTER 6 

Plate I. Dryobalanoxylon bangkoense, Naturalis Biodiversity Center, Leiden, The 

Netherlands, accession number RGM 232138. 
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Plate I.  Dryobalanoxylon bangkoense, Naturalis Biodiversity Center, Leiden, The 

Netherlands, accession number RGM 232138.  

 

1. Growth ring boundaries indistinct or absent; vessel arrangement, diffuse-porous; 

arrows highlight lines of axial canals. TS. Scale bar: 2 mm. 

2. Vessels, circular outline and exclusively solitary, TS. Scale bar: 250 µm. 

3. Intervessel pits (IVP) alternate, RLS. Scale bar: 100 µm. 

4. Intervessel pits, alternate arrangement, polygonal, RLS. Scale bar: 10 µm. 

5. Individual vessel elements with simple perforation plates (arrows), TLS. Scale bar: 

200 µm.  

6. Vessel – ray pits (arrows) large with reduced borders, RLS. Scale bar: 80 µm. 

7 Detail of vessel – ray pits, large with reduced borders, RLS. Scale bar: 20 µm. 

8. Vestured pits in vasicentric tracheids, RLS. Scale bar: 25 µm. 

9. Tyloses common, RLS. Scale bar: 100 µm. 

10. Vasicentric tracheids (arrow) with several rows of alternate pitting adjacent to vessel 

(V), RLS. Scale bar: 100 µm. 

11. Bordered fibre pits with oblique apertures, common on radial walls, RLS. Scale bar: 

10 µm. 

12. Bordered fibre pits with oblique apertures common on tangential walls, adjacent to 

ray (R), TLS. Scale bar: 22 µm. 
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Plate II.  Dyobalanoxylon bangkoense, Netherlands Centre for Biodiversity (NCB 

Naturalis), Leiden, The Netherlands, accession number RGM 232138. 
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Plate II.  Dyobalanoxylon bangkoense, Netherlands Centre for Biodiversity (NCB 

Naturalis), Leiden, The Netherlands, accession number RGM 232138. 

 

1. Fibres, very thick-walled (F), fibre-tracheids, vasicentric tracheids (VT) and a vessel 

(V), TS. Scale bar: 10 µm.  

2. Axial parenchyma strand, > 8 cells high (arrow), vessel (V), ray (R), TLS. Scale bar: 

100 µm.  

3. Axial parenchyma strand, > 8 cells high (top arrow) near vessel (V) showing vessel – 

ray pits  (VRP) (bottom arrows), RLS. Scale bar: 175 µm.  

4. Rays with uniseriate tails (top arrow) and uniseriate rays (bottom arrow), TLS. Scale 

bar: 130 µm. 

5. Uniseriate rays and multiseriate rays, up to 4-seriate; weakly developed sheath cells 

(arrows), TLS. Scale bar: 100 µm. 

6. Body ray cells procumbent with 2 – 4 rows of square to upright marginal cells, RLS. 

Scale bar: 450 µm. 
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Plate III. Dryobalanoxylon bangkoense, Netherlands Centre for Biodiversity (NCB 

Naturalis), Leiden, The Netherlands, accession number RGM 232138.  
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Plate III.  Dryobalanoxylon bangkoense, Netherlands Centre for Biodiversity (NCB 

Naturalis), Leiden, The Netherlands, accession number RGM 232138.  

 

1. Axial canals in long tangential lines (arrows) surrounded by parenchyma cells (thin-

walled cells in light grey), TS. Scale bar: 270 µm. 

2. Longitudinal view of an axial canal (C) adjacent to a vessel (V), TLS. Scale bar: 130 

µm. 

3. Axial canals surrounded by parenchyma cells, TS. Scale bar: 125 µm. 

4. Detail of axial canal epithelial cells, TS. Scale bar: 70 µm. 

5. Longitudinal view of axial canal (arrow A) showing the abundance of axial 

parenchyma cells (arrow B), TLS. Scale bar: 275 µm. 

6. Detail of epithelial cells associated with axial canals (arrow ), TLS. Scale bar: 260 

µm. 
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Figure 6.1. Ontogenetic trends in mean tangential vessel diameter and vessel density 

from the pith to the preserved exterior of the specimen. Anatomical properties are 

variable within 50 mm of the pith (juvenile wood) but become relatively constant at a 

distance > 100 mm from the pith (inferred to be mature wood). 
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Plate IV. Various extant Dipterocarpoideae for comparative purposes. All specimens 

accessioned in the Jodrell Laboratory, Royal Botanic Gardens Kew.  
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Plate IV. Various extant Dipterocarpoidae for comparative purposes. All specimens 
accessioned in the Jodrell Laboratory, Royal Botanic Gardens Kew.  

 

1. Shorea albida Symington (accession number Kjw 17058), Wood diffuse porous, 
fibres thick walled, axial canals in long tangential lines embedded in a band of 
axial parenchyma (arrow), axial parenchyma also scanty paratracheal and diffuse 
in aggregates, TS. Scale bar: 400 µm. 

2. Shorea albida Symington (accession number Kjw 17058), Alternate, polygonal pits 
in a vessel, TLS. Scale bar: 100 µm. 

3. Shorea albida Symington (accession number Kjw 17058), Axial canal (arrow A), 
uniseriate ray tail (arrow B), uniseriate ray (arrow C), multiseriate ray 3 cells 
wide, sheath cells (arrow D), parenchyma strand more than 8 cells long (arrow E), 
TLS. Scale bar: 500 µm. 

4. Shorea acuminata Dyer (accession number Kjw 17057), Vessel with simple 
perforation plates (arrows), RLS. Scale bar: 125 µm. 

5. Shorea albida Symington (accession number Kjw 17058), Vessel – ray pits of varied 
shape with reduced borders (arrow), RLS. Scale bar: 200 µm. 

6. Shorea rubra P.S. Ashton (accession number Kjw 40509), Vestured pits, TLS. Scale 
bar: 50 µm. 

7. Shorea curtisii Dyer ex King (accession number Kjw 40486), Abundant tyloses in a 
vessel, ray with two rows of square marginal cells, RLS. Scale bar: 500 µm. 

8. Shorea albida Symington (accession number Kjw 17058), Bordered pits in a fibre, 
TLS. Scale bar: 20µm. 

9. Shorea albida Symington (accession number Kjw 17058), Body ray cells procumbent 
and square marginal cells, axial canal (arrows), vessel with simple perforation 
plate, RLS. Scale bar: 200 µm. 
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Plate V. Extant Dryobalanops lanceolatum Burck, for comparative purposes. All 

specimens accessioned in the Jodrell Laboratory, Royal Botanic Gardens Kew, 

accession number Kjw 17023. 
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Plate V. Extant Dryobalanops lanceolatum Burck, for comparative purposes. All 
specimens accessioned in the Jodrell Laboratory, Royal Botanic Gardens Kew, 
accession number Kjw 17023. 

 

1. Wood diffuse porous, axial canals in long tangential lines (arrow) embedded in a 
band of axial parenchyma, axial parenchyma also scanty paratracheal and diffuse 
in aggregates, TS. Scale bar: 600 µm 

2. Simple perforation plates (arrow), vasicentric tracheids present, pits present, TLS. 
Scale bar: 100 µm. 

3. Vessel-ray pits with reduced borders (arrow), RLS. Scale bar: 180 µm. 

4. Vestured pits present, TLS. Scale bar: 30 µm. 

5. Body ray cells procumbent with mostly 2-4 rows of square marginal cells (bottom 
arrow), axial canals (top arrow), RLS. Scale bar: 200 µm. 

6. Parenchyma vasicentric and surrounding canals in long tangential lines (arrow), TS. 
Scale bar: 100 µm. 

7. Tyloses common, RLS. Scale bar: 200 µm.  

8. Uniseriate rays present (arrow A), multiseriate ray 3 cells wide, sheath cells (arrow 
B), ray tails present (arrow C), TLS. Scale bar: 100 µm. 
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Figure 6.5. Stratigraphic distribution of all fossil taxa of dipterocarp wood described in 

the literature using the timescale of Gradstein et al. (2012). Width of the grey line is 

proportional to the percentage of specimens reported for each epoch (see Appendix 6). 
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Figure 6.7. Comparison of haematitic rind in RGM232138 (Fig. 4.7B) and dipterocarp 

wood from Jambi (Fig. 4.7A), western Sumatra, Indonesia in collections of Utrecht 

University. Scale: 15 mm  
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Figure 6.9. Geological map of the South Merangin River area (based on Suwarna et al., 

1998; Zwierzycki, 1935) showing the distribution of the principle rock units in the area 

where Posthumus (1929) made his collections in 1925. The probability is that RGM 

232138 came from this area (after Suwarna, 1994, 1998). 
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Plate VI. Woburnia porosa Stopes 1912 supposedly from the Cretaceous (Aptian) 

Lower Greensand Group near Woburn Sands, southern England, but its age and 

provenance have long been disputed (Crawley, 2001); Natural History Museum 

(London), accession number NHM V.5254a–i.  
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Plate VI. Woburnia porosa Stopes 1912 supposedly from the Cretaceous (Aptian) 

Lower Greensand Group near Woburn Sands, southern England, but its age and 

provenance have long been disputed (Crawley, 2001); Natural History Museum 

(London), accession number NHM V.5254a–i. 

 

1. Growth rings absent, vessel arrangement diffuse-porous, TS. Scale bar: 2 mm  

2. Simple perforation plates (arrow) and short vessels, TLS. Scale bar: 280 µm 

3. Rays mostly 5-seriate (arrow A) with sheath cells present (arrows B and C); long ray 

tails of uniseriate cells (arrow D); axial parenchyma strands > 8 cells high (arrow 

E), TLS. Scale bar: 110 µm 

4. Vasicentric tracheids present (arrow), showing multiseriate, alternate pitting, TLS. 

Scale bar: µm 

5. Axial canal (A); epithelial cells and thin-walled parenchyma cells surrounding axial 

canal (arrow B); thick-walled fibres (arrow C), TS. Scale bar: 140 µm 

6. Vessel – tracheid pitting, TLS. Scale bar: 10 µm 

7. Axial canals (arrows) present in long tangential lines, TS. Scale bar: 100 µm 

 

 



 

CHAPTER 7: DISCUSSION 

7.1. INTRODUCTION 

The present thesis has studied the global distribution of Cretaceous vegetation 

based on biogeographic analyses of the fossil record. The purpose of this final chapter is 

to discuss the possible effects of paleogeography, climate and evolution on the 

distribution and composition of Cretaceous vegetation biomes. In this context, three 

major subjects are herein discussed, (1) the Cretaceous biome distribution, (2) the 

impact of angiosperm diversification in vegetation composition, (3) biogeographic 

analyses and the interpretation of Cretaceous biomes. 

 

7.2. CRETACEOUS BIOME DISTRIBUTION  

The analyses of floras from high latitude sites of the Northern (e.g. Herman and 

Spicer, 1996) and Southern Hemispheres (e.g. Cantrill and Poole, 2005; Francis, 1999) 

has provided extensive evidence for warm polar climates and global productivity 

centered at middle and high latitudes (Chapter 4; Spicer et al., 1993; Spicer and 

Herman, 2010).  

During the Early Cretaceous high latitudes were dominated by warm-temperate 

(?subtropical) forest (Douglas and Williams, 1982; Falcon-Lang and Cantrill, 2001, 

2002). Results of the global analysis of fossil wood suggest cupressoids and pinoids 

were more abundant at higher latitudes of the Northern Hemisphere, while araucarioid 

and podocarpoid dominated Southern Hemisphere where pinoids were completely 

absent and cupressoids were very few. In the latest Early Cretaceous no evidence of 

angiosperms wood is found at high latitudes; however, flowering plants were present as 

broad-leaved (Spicer et al., 1993) probably as elements of the understorey vegetation.  
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Early Cretaceous forests located at the mid-latitude warm humid belt show a 

similar composition to the temperate forests, being araucarioid and podocarpoid slightly 

more dominant at mid latitudes in the Southern Hemisphere compared to cupressoid and 

pinoid, while the occurrence of conifer superfamilies at mid latitudes in the Northern 

Hemisphere is more balanced. The presence of angiosperm wood at mid-latitudes starts 

to become stronger during the Albian–Cenomanian forming part of a dry-tropical 

(seasonal) mixed forest found in fossil floras from North America (Tidwell and Thayn, 

1985), Portugal (Mendes et al., 2011), and China (Takahashi and Suzuki, 2003). The 

increasing abundance of angiosperm pollen during the late Barremian–Albian interval 

also reflects the initial radiation of flowering plants into mid-latitude floras (Heimhofer 

et al., 2005). 

During the Early Cretaceous a successful arid ecosystem, that probably has no 

modern analogue, populated the dry subtropical equatorial belt (Chumakov et al., 1995; 

PALEOMAP project, 2001-present). Several records of araucarioid and podocarpoid 

wood and many occurrences of meso- and megafossils of cheirolepid conifers, as well 

as the presence of evaporites and calcretes (Hay and Floegel, 2012) suggest the 

existence of open semiarid woodlands. The few records of angiosperm wood in the 

equatorial region during the Early Cretaceous, as well as low pollen percentages 

(Heimhofer and Hochuli, 2010) suggest they were not abundant. 

In contrast with the Early Cretaceous biome configuration, the Late Cretaceous 

wood distribution suggest an important expansion of the warm humid belt towards the 

equator and the appearance of a humid tropical biome supported by the presence of 

bauxite, laterite and coals (PALEOMAP project, 2001-present) as well as the record of 

anoxic events (Arthur and Schlanger, 1979; Jenkyns, 1980). This major shift from dry-

arid seasonality to humid tropical is supported by the near-complete disappearance of 
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cheirolepid conifers from low latitude and their occurrence in humid lacustrine 

environments at mid-latitudes (Gomez et al., 2002; Mendes et al., 2012). The higher 

efficiency of water transport from the substrate to the atmosphere by angiosperms was 

possibly related to the marked change of seasonality and the ecological shift in 

equatorial latitudes (Boyce et al., 2010). This is also observed in the withdrawal of 

cupressoid and pinoid conifers to middle and high latitudes. Likewise, araucarioid and 

podocarpoid previously codominant in equatorial regions were replaced by angiosperms 

indicated by a significant increase of fossil wood occurrences during the latest 

Cretaceous.  

On the other hand, angiosperm wood distribution reaches highest latitudes of both 

hemispheres while they become dominant in terms of diversity and abundance at 

tropical low- and mid-latitudes during the Turonian–Santonian. Subsequently, 

Bennettitales, Caytoniales, and Cheirolepidiaceae all became extinct in the Campanian–

Maastrichtian following a long decline (Knoll, 1986; Lupia et al., 1999; Van der Ham et 

al., 2003) probably replacement by angiosperms and their better ability to adapt to the 

changing temperatures and/or atmospheric changes (de Boer et al., 2012; McElwain et 

al., 2005). Although a gradual decline in terrestrial MAT occurred during the latest 

Cretaceous (Prince and Grimes, 2007) productivity remained centered at high polar 

latitudes occupied by a mixed conifer forest under a regime of high precipitation and 

humidity (Spicer and Herman, 2010). 
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7.3. THE IMPACT OF ANGIOSPERM DIVERSIFICATION IN VEGETATION 

COMPOSITION 

Evidence suggests early angiosperms were limited to disturbed and/or aquatic 

sites (Feild and Arens, 2007; Friis et al., 2011) showing low levels of diversity and 

biomass (Taggar and Cross, 1997) suggesting that they were suppressed by 

gymnosperms and ferns that still dominated most Cretaceous biomes (Berendse and 

Scheffer, 2009).  

There is abundant research on the ecological, reproductive, anatomical and 

physiological advantages that facilitated angiosperms to outcompete and escape from 

their subordinate position. Key physiological advantages include, for example, leaves 

with more efficient gas exchange capabilities that increased angiosperm ability to adapt 

better to drastic changes in CO2 atmospheric concentration (de Boer et al., 2012; 

McElwain et al., 2005; McKown et al., 2010) and higher photosynthetic efficiency 

(Feild et al., 2011). The development of hardwood played an essential role in nutrient 

transport and absorption, and thus allowing a significant increase in growth efficiency 

(Feild and Arens, 2007). New anatomical characters not only increased growth rates by 

improving hydraulic and physiological functions, in addition, the litter produced by 

flowering plants, which takes less time to decompose became an extra source of nutrient 

cycling (Berendse and Scheffer, 2009). Likewise, reproductive strategies such as the 

positioning of pollen and seed organs in close proximity of one another (cf. 

Bennettitales), the production of fleshy fruits, and coloured flowers induced further 

diversity and coevolution with insects (Dilcher, 2000; Doyle, 2008; Friis et al., 2011; 

Moreau et al., 2006) allowing more effective and faster rates of reproduction (Verdu, 

2002).  
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These adaptations caused angiosperms to undergo a burst of diversification, which 

conceded an increased flexibility to adapt more effectively to global climate changes 

during the Cretaceous (Lloyd et al., 2008; Friis et al., 2011) probably caused by sea-

level and temperature variations (Fluteau et al., 2007; Jenkyns et al., 2004), poor ocean 

circulation (Haq et al., 1987), effusive volcanism (Courtillot et al., 2010), which 

resulted in cooler episodes (Prince, 1999; Steuber et al., 2005).  

Proof of this rapid expansion is evident in the higher abundance of angiosperm 

pollen (Lidgard and Crane, 1988; Lupia et al., 1999), as well as their ecological effect 

such as the change in abundance and composition of Cretaceous biomes (Chapter 4). 

The wider distribution of angiosperm fossil wood can be explained by a ecological 

turnover of previous conifer-dominated biomes at mid-latitude. For example, the 

biogeographic analysis of cheirolepid shows these conifers were especially abundant 

during the Early Cretaceous in equatorial arid regions. However, during the early Late 

Cretaceous, coincident with the angiosperm diversification, they nearly disappear from 

low latitudes and their distribution reduced to the temperate belt at mid-latitudes where 

later became extinct. Although it is difficult to link ecological replacement of taxa 

caused by direct angiosperm competition in detail, the extinction of cheirolepids could 

have been accentuated by the progress of angiosperm diversification and dominance of 

low- an mid-latitudes by the latest Cretaceous. The disappearance of the previous 

araucarioid-podocarpoid equatorial forest supports the idea of a major shift in the 

vegetation composition, probably also associated to more humid climate in this region 

during the Late Cretaceous (Chumakov et al., 1995). Complete dominance of flowering 

plants near the equator is further supported by an almost exclusive presence of 

angiosperm wood in Santonian–Maastrichtian localities. Moreover, the global analysis 

of fossil wood indicate angiosperms assumed dominance in most terrestrial biomes by 

the end of the Cretaceous (with exception of the polar forest) at the same time that 
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conifers suffered a significant reduction in abundance and were relegated to more 

extreme climatic conditions at high elevations and polar latitudes, where they continue 

to dominate today (Taggart and Cross, 1997). 

Accordingly, the global patterns of distribution of Cretaceous biomes show a 

rapid ecological diversification of flowering plants probably assisted by environmental 

opportunities. There is compelling evidence that angiosperm diversification strongly 

altered climate by accelerating the water cycle (Boyce et al., 2010). The further 

expansion of angiosperms during the Cretaceous represents a marked evolutionary 

turnover from gymnosperm to angiosperm-dominated biomes within a time span of 

about 30 Ma (Heimhofer and Hochuli, 2010).  

7.4. BIOGEOGRAPHC ANALYSIS AND THE INTERPRETATION OF 

CRETACEOUS BIOMES 

Palaeobiogeography is a tool derived from the original biogeography school 

developed by Alfred Russell Wallace in the 19th Century. It studies the physical 

environment and how it shaped the distribution of the world's species, that is to say, it 

analyses biomes and their changes across space and time using palaeogeographic 

reconstructions and fossil species to describe their interactions (Lieberman, 2000). 

Palaeobiogeographic studies also investigate climate variations as a result of the 

continents being in different places as another factor for the presence of different plants 

and animals (Brooks, 1985). 

This thesis employed different biogeographic techniques to analyse the 

compilation of many years of publications and palaeontological research, combined 

with climate-sensitive sediment data, to determine biomes. Palaeoclimatic zones 
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obtained by this analysis indicate that major changes in abundance and composition 

affected the configuration and distribution of Cretaceous biomes.  

General patterns that emerge from the analysis of the fossil wood record and that 

of the cheirolepid conifers reveal an Early Cretaceous dominated by dense and abundant 

high-latitude conifer forest growing in seasonal, temperate cool climates. Tropical-

humid mixed forest living at mid-latitudinal belts and a subtropical-arid equatorial 

region dominated by thermophilous conifers. Late Cretaceous middle and high latitudes 

remain similar to those during the Early Cretaceous but with an increasing presence of 

angiosperms, although still not dominant. While the equatorial region suffered a major 

shift from dry-arid to warm-humid biome possibly linked to global climatic events (e.g. 

Fluteau et al., 2007; Courtillot et al., 2010) and angiosperms radiation (Lupia et al., 

1999). 

It is well known global biome reconstructions tend to have limitations due to 

biases related to model precision, palaeogeographic inconsistencies and collection 

biases (Rees et al., 2000; Salzmann et al., 2008). Some authors consider the information 

obtained from the fossil record is limited because its fragmented nature does not 

represent the total organisms that actually lived (Peters and Foote, 2002) and might as 

well show a geological rather than a biological signal (Raup, 1972; Smith 2001). 

Therefore it is important to evaluate the completeness of the fossil record to 

understanding evolution over long timescales (Foote and Sepkoski, 1999). The 

overview of vegetation distribution here presented is subjected to possible biases such 

as the larger amount of researchers working in the Northern Hemisphere compared to 

the lesser research done in the Southern Hemisphere and the higher interest in studying 

early angiosperms compared to the difficult task of working with conifers, cycads, and 

pteridophytes (Eklund, 2003). In addition, there are large portion of Cretaceous 
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sedimentary rocks in remote regions (e.g. the Amazon, the Northern Territories of 

Canada, and the Middle East) not sampled well enough due to difficult access (Fig. 4.1).  

On the other hand, the influence of biases in the interpretation of paleontological 

evidence has been proved to depend on the approach, discernment and type of analyses 

applied to fossils (Benton and Harper, 2009). For example, phylogenetic–stratigraphic 

analyses suggest that studies approached at a genera/family taxonomic scale are 

adequate and capable of showing patterns of diversity, extinction or origination of life 

through time (Benton et al., 2000; Foote and Sepkoski, 1999).  

Misidentification caused by synonymy and the presence of plesiomorphic 

characters in fossil wood is frequent in the taxonomy of Early Cretaceous gymnosperms 

(Bamford and Philippe, 2001). Consequently, the grouping of conifers as morphotypes 

(i.e. pinoid araucarioid, cupressoid, and podocarpoid) allows avoiding morphological 

variability problems that arise when applying a strict taxonomic approach (Zeigler et al., 

1996). Although climatic signals given by certain fossil species tend to be less strong 

using this approach, it is still possible to reach reliable ecological conclusions. For 

example, the distribution of pinoid fossil wood, which is restricted to the northern 

hemisphere since Cretaceous times, agrees with the previous hypothesis of the origin of 

Pinaceae family at Arctic high latitudes (LePage, 1999). Hence supporting the idea of 

conifer families maintaining ecological preferences through geological time.  

Although problematic samples are common in the literature and palaeobotanical 

collections, the use of biogeographic techniques combined with anatomical comparisons 

and taphonomic observations allow a clarification of their age, provenance and affinity. 

The case of Woburnia porosa Stopes, once considered the earliest evidence for 

angiosperm wood, represents a good example where the presence of modern characters 

as well as the geographic distribution of other fossils of very similar anatomy helped to 



CHAPTER 7                                                                                                                                                DISCUSSION 

 

170 

resolve this taxonomical problem. The use of these tools allows us to further improve 

the quality of fossil data, which helps us to develop more accurate biome 

reconstructions.  

The importance of global biogeographic analyses of fossil evidence therefore 

resides in the valuable information on general evolutionary trends that allow us to 

obtain a deeper understanding of the Earth System biologic and climatic processes at a 

geological time-scale.  

 



CHAPTER 8: CONCLUSION AND FUTURE WORK 

8.1. CONCLUSIONS 

The global biogeographic analysis of Cretaceous fossil wood indicate that the loss 

of conifer abundance and the reduction of their distribution in the Late Cretaceous is 

parallelled by the rise of co-occurring angiosperms, which increased rapidly and 

expanded their distribution towards low and high latitudes. Angiosperm dominance in 

these regions is probably related to the increased (x2) biome productivity and to their 

various ecological adaptations and flexibility to adjust to climate variations during the 

Cretaceous. 

The distribution of Cretaceous Cheirolepidiaceae fossils show these conifers were 

related to sediments indicative of dry-hot environments during the Early Cretaceous 

where they were abundant. In the Late Cretaceous they are often associated with humid 

environments suggested by their common occurrence in bauxite, kaolinite and coal. 

Although in lower abundance, they also inhabited humid tropics at mid-latitudes. The 

biogeography of cheirolepid conifers indicates they were not restricted to dry-hot 

environments as previously suggested, therefore, a cautious usage of cheirolepid fossils 

as indicators of aridity is recommended. 

The implementation of anatomical and biogeographic analyses on fossil samples 

improves the quality of data offered by the fossil record of plants. They represent an 

essential tool for developing biome reconstructions with better taxonomic and 

geographic resolution. Hence, a re-examination of other problematic specimens of 

Cretaceous wood is recommended.  
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The biome reconstruction here presented offers a biogeographic frame of 

reference to contrast previous ideas and to integrate its new findings with computer 

climate models in order to develop more detailed global assessments of Cretaceous 

vegetation in the future.  

8.2. FUTURE WORK 

During the development of the present thesis it became evident that the task of a 

global inventory of Cretaceous wood was an immense goal probably more suitable if 

planned for a lifetime of research. The quality and validity of these types of analyses 

imply exhaustive investigations for each single record included in the dataset, which 

frequently implies a great amount of effort, time, logistics and resources that exceed 

those available for most doctorate candidates. Therefore, the final results of this thesis 

may leave many tasks still to be completed. The following pages explain some of the 

strategies, improvements and considerations that would improve the quality of 

biogeographic analyses of Cretaceous biomes as well as would offer new information 

on Cretaceous plants and palaeobotany in general. 

8.2.1. Further research in targeted museums and collections 

Biogeographic analysis carried on Cretaceous wood reveal that although there are 

a large number of studies on fossil wood that allow us to have a good general 

understanding of Cretaceous biomes, there is a significant amount of published 

literature that for accessibility issues has been left out of this study. Among these 

difficulties, for example, are the many journals (e.g. Palaeontographica) that their 

content has not been published online but there is also a vast amount of literature in 

other languages such as Chinese and Russian, that if carefully examined, may help to 

fill large gaps of data seen in the global map of fossil wood distribution (Fig. 4.1). 

Collaboration with colleagues from those and other countries would importantly 
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contribute to develop a more comprehensive assessment of fossil woods at a global 

scale by completing existing resources such as InsideWood and paleodb.org with other 

important databases of difficult access (e.g. Chumakov et al., 1995). 

Further targeted visits to museum and institutions such as the Natural History 

Museum in Paris, the Orlov Paleontological in Museum, Moscow, The Field Museum 

in Chicago, the Naturhistorisches Museum in Basel, and the Palaeobotanical Collection 

collection Rossmann in Bayreuth Germany. Although targeted collecting excursions 

would increase the amount of data, sometimes they involve more funding and human 

resources compared to visits to museums and collections, where large amounts of non-

studied fossils are found. Most of the time non-classified fossils are available for lease 

upon request for students to take them back to their home university palaeontological 

lab for more detailed analyses. 

Another possible bias is the limited amount of data reported from the equatorial 

region, possibly due to the infrequent exposure of Cretaceous rocks and poor fossil 

preservation in tropical regions. However, very little is known about the productivity 

Cretaceous equatorial ecosystems and fossil assemblages. Although tree-rings are not 

commonly found in wood of tropical species, the various techniques of paleoecology 

have not been applied to the few localities known in the equatorial region. New studies 

aimed to obtain climatic parameters from fossil plants found in low latitudes in order to 

assess the ecosystem productivity in the equatorial region would cover a large gap of 

knowledge in the current understanding of Cretaceous biomes.  

New data of Cretaceous equatorial ecosystems would offer quantitative evidence 

of productivity levels of the equatorial province and thus allow a better assessment of 

biome distribution under greenhouse climate regimes.  
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8.2.2. Taxonomy of Cretaceous plants  

The compilation of studies on Cretaceous woods reveals the need of taxonomical 

consensus among palaeobotanists when classifying fossil material, but at the same time 

when observing the variability of anatomic characters countless complications tend to 

arise. The study of small groups of wood morphotypes to document and quantify the 

variability based on the standard IAWA lists of characters (IAWA), PCA and Cluster 

Analysis seem a plausible solution to this problem.  

New studies employing this approach could significantly improve data quality 

expand the record of fossil wood currently available in InsideWood Database. 

Pinaceous conifers, for example, represent an adequate morphologic group to test this 

idea since the numbers of Cretaceous fossils related to this group are small and 

relatively well defined by certain anatomic characters. 

This system where new descriptions of fossil woods are standardized and 

incorporated to InsideWood database improve existing data and therefore its capabilities 

for wood identification, allowing a quantitative approach in the analysis of complex 

groups. Anatomical data generated in this research, such as dipterocarp woods, as well 

as some records of the fossil would database could be incorporated in IAWA and 

Palaeobiology databases to complement and update their current records. 
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8.2.3. Biome reconstructions 

Further research on Cretaceous biomes including Chumakov’s climate-sensitive 

sediment database and information of other museums, collections and missing 

publications in combination with the GIS analysis employed by Butler et al., (2009, 

2010) would improve significantly biogeographic analyses. Their approach would 

implement 6 time bins for the Cretaceous allowing more accurate plant association 

assessments based on detailed maps and precise palaeocoordinate calculation. This 

would also produce sufficiently large sample sizes to allow meaningful statistical 

comparisons and analyses. Using this method, the correlation between climate-sensitive 

sediments and fossil wood, cheirolepid conifers and other Cretaceous plants would not 

only offer detailed biogeographic information to contrast with our current understanding 

of Cretaceous climate and vegetation, but it will also allow us to investigate possible 

correlations with geographic patterns reported for other organisms such as dinosaurs, 

mammals and insects.  

In addition, detailed assessments of sampling biases such as the significance of 

the number of fossil plants recovered from marine sediments, as well as the problems of 

using very large time bins (~60 ma). Also, the association of fossil plant occurrences 

with climate-sensitive sediments needs to be addressed. For example, it is well known 

that large coal deposits tend to be overrepresented in the fossil record due to 

taphonomic megabias and rapid deposition rates (Falcon-Lang, 2009) and thus some 

considerations should be taken when compared to sediments of longer depositional time 

frame (e.g. evaporites). This is also de case for biome productivity assessment based on 

tree-ring that could also be improved by adding new measurements from the literature 

and museum visits, but more importantly is to test either if results are affected by 

ecological biases such as CO2 fertilization raised by Brienen et al., (2012). 



 

 

176 

REFERENCES  

Adatte, T., Stinnesbeck, W., Keller, G., 1996. Lithostratigraphic and mineralogic correlations of 

near K/T boundary clastic sediments in northeastern Mexico: Implications for origin and 

nature of deposition. Geological Society of America 307. 211–226. 

Allen, C.D., Breshears, D.D., 1998. Drought-induced shift of a forest/woodland ecotone: rapid 

landscape response to climate variation. Proceedings of the National Academy of Sciences 

of the United States of America 95, 14839–14842. 

Alvarez, L.W., Alvarez, W., Asaro, F., Michel, H.V., 1980. Extraterrestrial Causes for the 

Cretaceous-Tertiary Extinction. Science 208 (4448), 1095–1108. 

Alvin, K.L., 1977. The conifers Frenelopsis and Manica in the Cretaceous of Portugal. 

Palaeontology 20, 387–404. 

Alvin, K.L., 1982. Cheirolepidiaceae: biology, structure and paleoecology. Review of 

Palaeobotany and Palynology 37, 71-98. 

Alvin, K.L., Hlustik, A., 1979. Modified axillary branching in species of the fossil genus 

Frenelopsis a new phenomenon among conifers. Botanical Journal of the Linnean Society 

79, 231–241.  

Alvin, K.L., Spicer, R.A., Watson, J., 1978. A Classopollis-containing male cone associated 

with Pseudofrenelopsis. Palaeontology 21, 847–856.  

Alvin, K.L., Watson, J., Spicer, R.A., 1994. A new coniferous male cone from the English 

Wealden and a discussion of pollination in the Cheirolepidiaecae. Palaeontology 37, 173-

180. 

Anderson, D.L., 1994. The sublithospherical mantle as the source of continental flood basalts; 

the case against the continental lithosphere and plume head reservoirs. Earth and Planetary 

Science Letters 123, 269–280 

Archangelsky, S., 1963. A new Mesozoic flora from Tico, Santa Cruz Province, Argentina. 

Bull. Br. Mus. (Nat. Hist.), Geol. 8 (2), 45–92. 

Archangelsky, S., 1966. New gymnosperms from the Ticó Flora, Santa Cruz Province, 

Argentina. Bulletin of the British Museum (Natural History), Geology 13, 261–295. 

Archangelsky, S., 1968. On the genus Tomaxellia (Coniferae) from the Lower Cretaceous of 

Patagonia (Argentina) and its male and female cones. Botan- ical Journal of the Linnean 

Society 61, 153–165. 

Archangelsky, S., Del Fueyo, G.M., 1989. Squamastrobus gen. nov., a fertile podocarp from the 

early Cretaceous of Patagonia, Argentina. Review of Palaeobotany and Palynology 59, 

109–126. 

Arnold, C.A., Lowther ,J.C., 1955. A new Cretaceous conifer from northern Alaska. American 

Journal of Botany 42, 522–528. 

Arrhenius, S., 1896. On the Influence of Carbonic Acid in the Air upon the Temperature of the 



 

 

177 

Ground. Philosophical Magazine and Journal of Science Series 5, 41, 237–276. 

Arthur, M.A., Schlanger, S.O., 1979. Cretaceous "Oceanic Anoxic Events" as Causal Factors in 

Development of Reef-Reservoired Giant Oil Fields. The American Association of 

Petroleum Geologists Bulletin 63 (6), 870–885. 

Asama, K., 1982. Evolution and phylogeny of vascular plants based on the principles of growth 

retardation: Part 5. Origin of angiosperms inferred from the evolution of leaf forms. 

Bulletin of the National Science Museum, Tokyo, Series C (Geology) 8, 43–58. 

Ash, S.R., 1976. Occurrence of the controversial plant fossil Sanmiguelia in the Upper Triassic 

of Texas. Journal of Paleontology 50, 799–804. 

Ashton, P.S., 1982. Dipterocarpaceae. In: van Steenis, C.G.G.J. (Ed.), Flora Malesiana, Series I, 

volume 9, Nijhoff and Junk, The Hague, 237–552.  

Aucour, A.M., Gomez B., Sheppard, S.M.F., Thévenard, F., 2008. δ13C and stomatal number 

variability in the Cretaceous conifer Frenelopsis. Palaeogeography, Palaeoclimatology, 

Palaeoecology 257, 462–473. 

Auerbach, M., Shmida, A., 1993. Vegetation change along an altitudinal gradient on Mt. 

Hermon, Israel - no evidence for discrete communities. – Journal of Ecology 81, 25–33. 

Axelrod, I.D., 1970. Mesozoic paleogeography and early angiosperm history. Botanical Review 

36, 277–319.  

Axsmith, B.J., Andrews, F.M., Fraser, N.C., 2004. The structure and phylogenetic significance 

of the conifer Pseudohirmerella delawarensis nov. comb. from the Upper Triassic of North 

America. Review of Palaeobotany and Palynology 129, 251–263. 

Axsmith, B.J., Jacobs, B.F., 2005. The conifer Frenelopsis ramosissima (Cheirolepidiaceae) in 

the Lower Cretaceous of Texas systematics, biogeographical, and paleoecological 

implications. International Journal of Plant Sciences 166, 327–337. 

Bailey, R.G., 1976. Ecoregions of the United States. Unnumbered report. Ogden, UT: U.S. 

Department of Agriculture, Forest Service, Intermountain Region. 1 map (1:7,500,000). 

Bailey, R.G., 1998. Ecoregions: The ecosystem geography of the oceans and continents. 

Springer-Verlag, New York, NY, USA. 

Balme, B.E., 1995. Fossil in situ spores and pollen grains: an annotated catalogue. Review of 

Palaeobotany and Palynology 87, 81-323. 

Bamford, M.K., Philippe, M., 2001. Jurassic–Early Cretaceous Gondwanan homoxylous woods: 

A nomenclatural revision of the genera with taxonomic notes. Review of Palaeobotany and 

Palynology 113, 287–297. 

Banks, H.P., 1960. Notes on Devonian lycopods. Senckenbergiana Lethaea 41, 59–88. 

Barale, G., Ouaja, M., 2002. La biodiversité végétale des gisements d’âge Jurassique supérieur-

Crétacé inférieur de Merbah El Asfer (Sud-Tunisien). Cretaceous Research 23, 707–737. 

Barbacka, M., Boka, K., 2000. A new early Liassic Caytoniales fructification from Hungary. 

Acta Palaeobotanica 40, 85–111. 



 

 

178 

Barber, A.J., Crow, M.J., 2005. Structure and structural history. In: Barber, A.J., Crow, M.J., 

Milsom, J.S. (Eds.), Sumatra: Geology, resources and tectonic Evolution. Geological 

Society Memoir 31, 175–214.  

Barnard, P., 1973. Mesozoic floras, In: Hughes, N., (Ed.), Organisms and continents through 

time: Palaeontological Association of London Special Papers in Paleontology 12, 175–188. 

Barrera, E., Huber, B.T., Savin, S.M., Webb, P.-N., 1987. Antarctic marine temperatures: late 

Campanian through early Paleocene. Paleoceanography 2, 21–47. 

Barron, E.J., 1983. A warm, equable Cretaceous: the nature of the problem. Earth Sciences 

Review 19, 305–338. 

Batten, D.J., MacLennan, A.M., 1984. The palaeoenvironmental significance of the conifer 

family Cheirolepidiaceae in the Cretaceous of Portugal. In: Reif, W.-E., Westphal, F. 

(Eds.), Third Symposium on Mesozoic Terrestrial Ecosystems, Short Papers. Attempto 

Verlag, Tübingen, pp. 7–12 

Beerling, D.J., Woodward, F.I., Valdes, P.J., 1999. Global productivity in the mid-Cretaceous 

(100 Ma): Model simulations and data, in Barrera, E., and Johnson, C.C., (Eds.), Evolution 

of the Cretaceous ocean-climate system, Geological Society of America Special Paper 332, 

385–390. 

Benton, M.J., Wills, M., Hitchin, R., 2000. Quality of the fossil record through time. Nature 

403, 534–7. 

Benton, M.J., Harper, D.A.T., 2009. Introduction to Paleobiology and the Fossil Record. 2nd 

Ed, Wiley-Blackwell, p. 592. 

Benton, M.J., Storrs, G.W., 1994. Testing the quality of the fossil record: paleontological 

knowledge is improving. Geology 22 (2), 111–114. 

Berendse, F., Scheffer, M., 2009. The angiosperm radiation revisited, an ecological explanation 

for Darwin's 'abominable mystery'. Ecology Letters 12 (9), 865–872. 

Berner, R.A., 1990. Atmospheric Carbon Dioxide Levels Over Phanerozoic Time. Science 249 

(4975), 1382–1386. 

Bice, K.L., Huber, B.T., Norris, R.D., 2003. Extreme polar warmth during the Cretaceous 

greenhouse?, Paradox of the Late Turonian δ18O record at DSDP Site 511. 

Paleoceanography 18, 1029.  

Billings, W.D., 1968. The ecology of arctic and alpine plants. Biological Reviews 43 (4), 481–

529. 

Biswas, C, Johri, B.M., 1997. Coniferales. In: Biswas, C., Johri, B.M., (eds.) The gymnosperms. 

New Dehli, India: Narosa Publishing House, 166–184. 

Blackburn D.T., Sluiter, I.R.K., 1994. The Oligo-Miocene coal floras of south-eastern Australia, 

in: R.S. Hill (Ed.), History of the Australian Vegetation: Cretaceous to Recent, Cambridge, 

Great Britain, Cambridge University Press, 328–367. 

Blakey, R.C., 2011 (date accessed). www2.nau.edu/rcb7. 



 

 

179 

Blokhina, N.I., Afonin, M.A., Popov, A.M., 2006. Fossil wood of Keteleerioxylon 

kamtschatkiense sp. nov. (Pinaceae) from the Cretaceous of northwestern Kamchatka 

Peninsula. Paleontological Journal 40, 678–686. 

Blokhina, N.I., Bondarenko, O.V., 2004. Woody plant assemblages and palaeoenvironments in 

the Pliocene of Pavlovskaya depression (Southern Primory'e). Acta Palaeontologica 

Romaniae 5 (4), 23–35. 

Boelhouwers, J., Meiklejohn, I., Holness, H., Hedding, D., 2008. Geology, Geomorphology and 

Climate Change: land-sea interactions in a changing ecosystem. In: Chown, T.L., 

Froneman, P.W. (Eds.) The Prince Edward Islands: Land-Sea Interactions in a Changing 

Ecosystem. Sun Press, p. 65–96. 

Bohor, B.F., Modreski, P.J., Foord, E.E., 1987. Shocked Quartz in the Cretaceous-Tertiary 

Boundary Clays: Evidence for a Global Distribution. Science 236 (4802), 705–709. 

Bourgeois, J., Hansen, T.A., Wiberg, P.L., Kauffman, E.G., 1988. A tsunami deposit at the 

Cretaceous-Tertiary boundary in Texas. Science 241 (4865), 567–570. 

Boyce, C.K., Lee, J.E., Feild, T.S., Brodribb, T.J., Zwieniecki, M.A., 2010. Angiosperms 

helped put the rain in the rainforests: the impact of plant physiological evolution on 

tropical biodiversity. Annals of the Missouri Botanical Garden 97, 527–540. 

Bralower, T.J., Arthur, M.A., Leckie, R.M. Sliter, W.V., Allard, D.J., Schlanger, S.O., 1994. 

Timing and Paleoceanography of Oceanic Dysoxia/Anoxia in the Late Barremian to Early 

Aptian (Early Cretaceous) PALAIOS 9 (4), 335–369. 

Brenner, G.J., 1996. Evidence for the earliest stage of angiosperm pollen evolution: a 

paleoequatorial section from Israel. In: Taylor, D.W., Hickey, L.J., Flowering Plant Origin, 

Evolution and Phylogeny Chapman and Hall, N.Y. 5, 91–115. 

Brienen, R.J.W., Gloor, E., Zuidema, P.A., 2012. Detecting evidence for CO2 fertilization from 

tree ring studies: The potential role of sampling biases. Global Biogeochemical Cycles 26 

(1), 1944–9224. 

Brinkman, D.B., Tarduno, J.A., 2005. A Late Cretaceous (Turonian–Coniacian) high-latitude 

turtle assemblage from the Canadian Arctic. Canadian journal of Earth Sciences 42 (12), 

2073–2080. 

Brison, A.L., Philippe, M., Thévenard, F., 2001. Are Mesozoic growth ring patterns climate-

induced? Palaeobiology 27, 531–538. 

Brodribb, T.J., Holbrook, N.M., Zwieniecki, M.A., Palma, B., 2005. Leaf hydraulic capacity in 

ferns, conifers and angiosperms: impacts on photosynthetic maxima. New Phytologist. 165, 

839–846. 

Brooks, D.R., 1985. Historical ecology: A new approach to studying the evolution of eco- 

logical associations. Annals of the Missouri Botanical Garden 72, 660–80. 

Brouwers, E.M., Clemens, W.A., Spicer, R.A., Ager, T., Carter, D.L., Sliter, W.V., 1987. 

Dinosaurs on the North Slope, Alaska: Reconstructions of high latitude, latest Cretaceous 



 

 

180 

environments. Science 237: 1608–1610. 

Brown, R., 1956. Palmlike plants from the Dolores Formation (Triassic), southwestern 

Colorado. U.S. Geol. Survey Prof. Paper 274–H, 205–209. 

Brusatte, S.L., Nesbitt, S.J., Irmis, R.B., Butler, R.J., Benton, M.J., Norell, M.A., 2010. The 

origin and early radiation of dinosaurs. Earth-Science Reviews 101, 68–100. 

Buffetaut, E., 2004. Polar dinosaurs and the question of dinosaur extinction: a brief review. 

Palaeogeography, Palaeoclimatology, Palaeoecology 214 (3), 225–231. 

Canright, J.E., 1972. Evidence of the existence of Metasequoia in the Miocene of Taiwan. 

Taiwania 17, 222–228. 

Cantrill, D.J., 1992. Araucarian foliage from the Lower Cretaceous of southern Victoria, 

Australia. International Journal of Plant Science 153, 622–645. 

Cantrill, D.J., 1998. Early Cretaceous fern foliage from President Head, Snow Island, 

Antarctica. Alcheringa 22 (3), 241–258.  

Cantrill, D.J., Falcon-Lang, H.J., 2001. Gymnosperm woods from the Cretaceous (mid-Aptian) 

Cerro Negro Formation, Byres Peninsula, Livingston Island, Antarctica: the arborescent 

vegetation of a volcanic arc. Cretaceous Research 22, 277–293. 

Cantrill, D.J., Poole, I., 2002. Cretaceous patterns of floristic change in the Antarctic Peninsula. 

In Palaeobiogeography and biodiversity change: the Ordovician and Mesozoic-Cenozoic 

radiations. Crame J.A. and Owen A.W (Eds.) Spec. Publ. Geol. Soc. London, 194: 141–

152. 

Cantrill, D.J., Poole, I., 2005. Taxonomic turnover and abundance in Cretaceous to Tertiary 

wood floras of Antarctica: implications for changes in forest ecology. Palaeogeography, 

Palaeoclimatology, Palaeoecology 215, 205–219. 

Cantrill, D.J., Raine, J.I., 2006. Wairarapaia mildenhallii gen. et sp. nov., a new araucarian 

cone related to Wollemia from the Cretaceous (Albian-Cenomanian) of New Zealand. 

International Journal of Plant Sciences 167, 1259–1269. 

Carpenter, K., 1999. Revision of North American elasmosaurs from the Cretaceous of the 

Western Interior. Paludicola 2, 148–173. 

Casey, R. 1961. The stratigraphical palaeontology of the Lower Greensand. Palaeontology 3 

(4), 487–621. 

Césari, S.N., 2006. Aptian ferns with in situ spores from the South Shetland Islands, Antarctica. 

Review of Palaeobotany and Palynology 138: 227–238. 

Chambers, T.C., Drinnan, A.N., McLoughlin, S., 1998. Some Morphological Features of 

Wollemi Pine (Wollemia nobilis: Araucariaceae) and Their Comparison to Cretaceous 

Plant Fossils. International Journal of Plant Sciences 159 (1), 160–171. 

Chapman, J.L., 1994. Distinguishing internal developmental characteristics from external 

palaeoenvironmental effects in fossil wood. Review of Palaeobotany and Palynology 81, 

19–32. 



 

 

181 

Chatterjee, S., Guven, N., Yoshinobu, A., Donofrio, R., 2003. The Shiva Crater: Implications 

for Deccan Volcanism, India-Seychelles Rifting, Dinosaur Extinction, and Petroleum 

Entrapment at the K/T Boundary. Seattle Annual Meeting of Geological Society of 

America 60–8. 

Chiotti, Q., Lavender, B., 2007. From Impacts to Adaptation: Canada in a Changing Climate. 

Gov. Can., Ottawa, ON. 231-274. 

Chumakov, N.M., Zharkov, M.A., Herman, A.B., Doludenko, M.P., Kalandadze, N.N., 

Lebedev, E.A., Ponomarenko, A.G., Rautian A.S., 1995. Climate belts of the Mid-

Cretaceous time Stratigraphy and Geological Correlation 3, 241–260. 

Clarke, L.J., Jenkyns, H.C., 1999. New oxygen-isotope evidence for long-term Cretaceous 

climatic change in the Southern Hemisphere. Geology 27, 699–702. 

Clements, F.E., 1902. A system of nomenclature for phytogeography. Botanischts Jahrbuch, 31, 

1–20. 

Clements, F.E., Shelford, V.E., 1939. Bio-Ecology. New York, John Wiley 

Cohen. K.M., Finney, S., Gibbard, P.L., 2012. International Commission on Stratigraphy. 

Collinson, M.E., 1996. ‘What use are fossil ferns? 20 years on: with a review of the fossil 

history of extant Pteridophyte families and genera. In: Camus, J.M., Gibby, M., Johns, R.J. 

(Eds.), Pteridology in Perspective. Royal Botanic Gardens, Kew, pp. 349–394. 

Cooper, N. S., 1988. The effect of salinity on tropical ocean models. Journal of Physical 

Oceanography 18 (5), 697–707. 

Corlett, R., Primack, R.B., 2011. Tropical Rain Forests: An Ecological and Biogeographical 

Comparison, Second Edition. Wiley-Blackwell, Oxford, 336 pp. 

Cornet, B., 1989. The reproductive morphology and biology of Sanmiguelia lewisii, and its 

bearing on angiosperm evolution in the Late Triassic. Evolutionary Trends in Plants 3, 25–

51.  

Cornet, B., 1993. Dicot-like leaf and flowers from the late Triassic tropical Newark supergroup 

rift zone, U.S.A. Modern Geology 19, 81–99. 

Cornet, B., Habib, D., 1992. Angiosperm-like pollen from the ammonite-dated 

Oxfordian (Upper Jurassic) of France. Review of Palaeobotany and Palynology 7l, 269–

294. 

Courtillot, V.E., Besse, J., Vandamme, D., Montigny, R., Jaeger, J-J., Cappetta, H., 1986. 

Deccan flood basalts at the Cretaceous/Tertiary boundary? Earth and Planetary Science 

Letters Volume 80 (3–4), 361–374. 

Courtillot, V.E., Fluteau, F., Chenet, A.L., Moulin, M., 2010. Cretaceous extinctions: The 

volcanic hypothesis. Science 328, 973–974. 

Courtillot, V.E., Fluteau, F.,, 2010. Environmental Impact of Subaerial Large Igneous 

Provinces: the latest on the case of the Deccan and Karoo traps. EGU General Assembly, 

2-7 May, 2010 in Vienna, Austria, p. 4027. 



182 

Crabtree, D.R., 1988. Mid-Cretaceous ferns in situ from the Albino Member of the Mowry 

Shale, southwestern Montana. Palaeontographica 209B: 1–27. 

Crandall-Stotler, B., 1996. An anatomically preserved, complex thalloid liverwort from the 

Early Cretaceous, Puddledock flora of Virginia. American Journal of Botany 83 (suppl), 9. 

Crane, P.R., 1987. Vegetational consequences of the angiosperm diversification. In: Friis, E.M., 

Chaloner, W.G., Crane, P.R. (Eds.), The Origin of Angiosperms and their Biological 

Consequences. Cambridge University Press, Cambridge, pp. 107–144. 

Crane, P.R., 1996. The fossil history of Gnetales. International Journal of Plant Sciences, 157 (6 

Suppl.), S50–S57. 

Crane, P.R., Friis, E.M., Pedersen, K.R., 1994. Palaeobotanical evidence on the early radiation 

of magnoliid angiosperms. Plant Systematics and Evolution 8, 51–72. 

Crane, P.R., Herendeen, P.S., 1996. Cretaceous floras containing angiosperm flowers and fruits 

from eastern North America. Review of Palaeobotany and Palynology 90, 319–337. 

Crane, P.R., Herendeen, P.S., 2009. Bennettitales from the Grisethorpe Bed (Middle Jurassic) at 

Cayton Bay, Yorkshire, UK. American Journal of Botany, 96, 284–95 

Crane, P.R., Lidgard, S., 1989. Angiosperm diversification and paleolatitudinal gradients in 

Cretaceous floristic diversity, Science 246, 675–678. 

Craw, R.C., Grehan, J.R., Heads, M.J., 1999. Panbiogeography: Tracking the History of Life. 

Oxford University Press, New York. 

Crawley, M., 2001. Angiosperm Woods from British Lower Cretaceous and Palaeogene 

Deposits. Special Papers in Palaeontology 66, 100 pp. 

Creber, G.T., 1977. Tree rings: A natural data-storage system. Biological Reviews 52 (3), 349–

381. 

Creber, G.T., Chaloner, W.G., 1984a. Climatic indications from growth rings in fossil woods. 

In: Brenchley, P. (Ed.). Fossil and Climate. John Wiley and Sons, 49–73. 

Creber, G.T., Chaloner, W.G., 1984b. Influence of environmental factors on the wood structure 

of living and fossil trees. Botany Review 50, 357–448.  

Creber, G.T., Chaloner, W.G., 1985. Tree growth in the Mesozoic and early Tertiary and the 

reconstruction of palaeoclimates. Palaeogeography, Palaeoclimatology, Palaeoecology 52, 

35–59. 

Creber, G.T., Francis, J.E., 1999. Fossil tree-ring analysis: Palaeodendrology. In: Jones, T.P., 

Rowe, N.P. (Eds.), Fossil Plants and Spores: Modern Techniques. Geol. Soc. Lond., pp. 

245–250. 

Crié, M.L., 1888. Recherches sur la Flore Pliocene de Java. Samlung des Geologischen 

Reichsmuseums in Leiden. Beiträge zur Geologie von Ost-Asians Australiens 5, 1–21. 

Cronin, T.M., 1999. Principles of Paleoclimatology. Columbia University Press. New York, 

USA, p. 560.  

Cronquist, A., 1988. The Evolution and Classification of Flowering Plants (2d Ed.) New York 



183 

Botanical Garden, N.Y.  

Cruickshank, A.R.I., Fordyce, R.E., 1998. High latitude Late Cretaceous plesiosaurs in 

Gondwana. Journal of African Earth Sciences 27, 50–60. 

Davies, T.J. Barraclough, T.G., Chase, M.W., Soltis, P.S., Soltis, D.E., Savolainen, V., 2004. 

Darwin's abominable mystery: insights from a supertree of the angiosperms. Proceedings 

of the National Academy of Sciences, USA 101, 1904–1909. 

Dayanandan, S., Ashton, P.S., Williams, S.M., Primack, R.B., 1999. Phylogeny of the tropical 

tree family Dipterocarpaceae based on nucleotide sequences of the chloroplast RBCL gene. 

American Journal of Botany 86, 1182–1190. 

de Boer, H.J., Eppinga, M.B., Wassen, M.J., Dekker, S.C., 2012. A critical transition in leaf 

evolution facilitated the Cretaceous angiosperm revolution. Nature Communications 3, 

1221. 

DeConto, R.M., Brady, E.C., Bergengren J., Hay, W.W., 2000. Late Cretaceous climate, 

vegetation, and ocean interactions. In: Huber, B.T., Macleod, K.G., Wing, S.L. (Eds.) 

Warm Climates in Earth History. Cambridge University Press, p. 285  

Del Fueyo, G., Archangelsky, A., 2002. Araucaria grandifolia Feruglio from the Lower 

Cretaceous of Patagonia, Argentina. Cretaceous Research 13, 265–277. 

Del Fueyo, G.M., Archangelsky, S., Llorens, M., Cúneo, N.R., 2008. Coniferous ovulate cones 

from the Lower Cretaceous of Santa Cruz Province, Argentina. International Journal of 

Plant Sciences 169 (6), 799–813 

Den Berger, L.G., 1923. Fossile houtsoorten uit het Tertiar van Zuid-Sumatra. Verhandelingen 

van het Geologisch-Mijnbouwkundig Genootschap voor Nederland en Koloniën. 

Geologische serie 7, 143–148. 

Den Berger, L.G., 1927. Unterscheidung-smerkmale von rezenten und fossilen Dipterocapaceen 

Gattungen. Bulletin du Jardin Botanique de Buitenzorg Series 3, 495–498. 

Diéguez, C., Meléndez, N., 2000. Early Cretaceous ferns from lacustrine limestones at Las 

Hoyas, Cuenca Province, Spain. Palaeontology, 43, 1113–41. 

Dilcher, D.L., 1989. The occurrence of fruits with affinities to Ceratophyllaceae in lower and 

mid-Cretaceous sediments. American Journal of Botany 76 (6), 162. 

Dilcher, D.L., 2000. Toward a new synthesis: major evolutionary trends in the angiosperm 

fossil record. Proceedings of the National Academy of Sciences 97, 7030–7036. 

Dinis J.L., 2001. Definicão da Formacão da Figueira da Foz—Aptiano a Cenomaniano do 

sector central da margem oeste ibérica /Definition of the Figueira da Foz Formation—

Aptian to Cenomanian of the central sector of the western Iberian margin). Comunicações 

Instituto Geológico e Mineiro 88, 127–160. 

Douglas J.G., Williams, G.E., 1982. Southern polar forests: The Early Cretaceous floras of 

Victoria and their palaeoclimatic significance. Palaeogeography, Palaeoclimatology, 

Palaeoecology 39 (3-4), 17–185. 



184 

Doyle, J.A., 1992. Revised palynological correlations of the lower Potomac Group (USA) and 

the Cocobeach sequence of Gabon (Barremian-Aptian). Cretaceous Research 13, 337–349. 

Doyle, J.A., 1973. Fossil evidence on the early evolution of the monocotyledons. Quarternary 

Review of Biology 48, 399–413. 

Doyle, J.A., 2008. Integrating molecular phylogenetic and paleobotanical evidence on origin of 

the flower. International Journal of Plant Sciences 169 (7), 816–843. 

Doyle, J.A., 2009. Evolutionary significance of granular exine structure in the light of 

phylogenetic analyses. Review of Palaeobotany and Palynology 153, 198–210. 

Doyle, J.A., 2012. Molecular and Fossil Evidence on the Origin of Angiosperms. Annual 

Review of Earth and Planetary Sciences 40, 301–126.  

Doyle, J.A., Hickey, L.J., 1976. Pollen and leaves from the mid-Cretaceous Potomac Group and 

their bearing on early angiosperm evolution. In Origin and Early Evolution of 

Angiosperms, ed. Beck, C.B., New York: Columbia Univ. Press, pp. 139–206. 

Doyle, J.A., Jardiné, J., Doerenkamp, A., 1982. Afropollis, a new genus of early angiosperm 

pollen, with notes on the Cretaceous palynostratigraphy and paleoenvironments of northern 

Gondwana. Bull. Cent. Rech. Explor. Prod. Elf-Aquitaine 6, 39−117. 

Dressler, B.O., Sharpton, V.L., 1999.  Large Meteorite Impacts and Planetary Evolution II , 

 Geological Society of America  339, p. 464.                                                                                      

Dutta, S., Mathews, R.P., Singh, B.D., Tripathi, S.M., Singh, A., Saraswati, P.K., Banerjee, S., 

Mann, U., 2011. Petrology, palynology and organic geochemistry of Eocene lignite of 

Matanomadh, tuKutch Basin, western India: Implications to depositional environment and 

hydrocarbon source potential. International Journal of Coal Geology 85, 91–102. 

Eames, A.J., 1952. Relationships of Ephedrales. Phytomorphology, 2, 79–100. 

Eckenwalder, J.E., 2009. Conifers of the world. Timber Press, Portland, Oregon, U.S.A. 

Edwards, W.N., 1921. Fossil coniferous woods from Kerguelen Islands. Annals of Botany 35, 

609–617. 

Eklund, H., 2003. First Cretaceous flowers from Antarctica. Review of Palaeobotany and 

Palynology 127, 187–217. 

Endress, P.K., 2010. Flower structure and trends of evolution in eudicots and their major 

subclades. Annals of the Missouri Botanical Garden 97, 541–583. 

Estrada-Ruiz, E., Upchurch, G.R., Wheeler, E.A., Mack, G.H., 2012. Late Cretaceous 

Angiosperm Woods from the Crevasse Canyon and McRae Formations, South-Central 

New Mexico, USA: Part 1. International Journal of Plant Sciences 173(4), 412–428. 

Falcon-Lang, H.J., 2000. A method to distinguish between woods produced by evergreen and 

deciduous coniferopsids on the basis of growth ring anatomy: a new palaeoecological tool. 

Palaeontology 43 (4), 785–793. 

Falcon-Lang, H.J., 2003. Growth interruptions in conifer woods from the Upper Cretaceous 

(Late Campanian) Two Medicine Formation, Montana, USA: implications for 



 

 

185 

paleoclimate and dinosaur ecology. Palaeogeography, Palaeoclimatology, Palaeoecology 

199 (3–4): 299–314. 

Falcon-Lang, H.J., 2004. A new anatomically preserved ginkgoalean genus from the Upper 

Cretaceous (Cenomanian) of Pecínov Quarry, near Prague, Czech Republic. Palaeontology 

47 (2), 349–366. 

Falcon-Lang, H.J., 2005. Global climate analysis of growth rings in woods, and its implications 

for deep time paleoclimate studies. Paleobiology 31, 434–444. 

Falcon-Lang, H.J., Cantrill, D.J., 2000. Cretaceous (Late Albian) Coniferales of Alexander 

Island, Antarctica. Part 1: Wood taxonomy, a quantitative approach. Review of 

Palaeobotany and Palynology 111 (1–2), 1–17. 

Falcon-Lang, H.J., Cantrill, D.J., 2001. Gymnosperm woods from the Cretaceous (mid-Aptian) 

Cerro Negro Formation, Byers Peninsula, Livingston Island, Antarctica: the arborescent 

vegetation of a volcanic arc. Cretaceous Research 22 (3), 277–293. 

Falcon-Lang, H.J., Cantrill, D.J., 2002. Terrestrial Paleoecology of the Cretaceous (Early 

Aptian) Cerro Negro Formation, South Shetlands Islands, Antarctica A Record of Polar 

Vegetation in a Volcanic Arc Environment PALAIOS 17 (5), 491–506. 

Falcon-Lang, H.J., Cantrill, D.J., Nichols, G.J., 2001. Biodiversity and terrestrial ecology of a 

mid-Cretaceous, high-latitude floodplain, Alexander Island, Antarctica. Journal of the 

Geological Society, London 150, 709–724. 

Falcon-Lang, H.J., Fensome, R.A.,Venugopal, D.V., 2003. The Cretaceous age of the Vinegar 

Hill silica sand deposit, southern New Brunswick: evidence from palynology and 

palaeobotany. Atlantic Geology 39 (1), 39–46. 

Falcon-Lang, H.J., Kvacek, J., Ulicny, D., 2001. Fire-prone plant communities and 

palaeoclimate of a Late Cretaceous fluvial to estuarine environment, Pecínov Quarry, 

Czech Republic. Geological Magazine 138, 563–576. 

Falcon-Lang, H.J., Macrae, A., Csank, A.Z., 2004. Palaeoecology of Late Cretaceous polar 

vegetation preserved in the Hansen Point Volcanics, NW Ellesmere Island, Canada 

Palaeogeography, Palaeoclimatology, Palaeoecology, 212 (1-2): 45–64. 

Falcon-Lang, H.J., Wheeler, E.A., Baas, P., Herendeen, P., 2012. A diverse charcoalified 

assemblage of Cretaceous (Santonian) angiosperm woods from Upatoi Creek, Georgia, 

U.S.A. Part 1. Morphotypes with scalariform perforation plates. Review of Palaeobotany 

and Palynology 184, 49–73. 

Farjon, A., 1990. Pinaceae. Drawings and descriptions of the genera Abies, Cedrus, 

Pseudolarix, Keteleeria, Nothotsuga, Tsuga, Cathaya, Pseudotsuga, Larix, and Picea. 

Koeltz, Königstein, Germany. 

Farjon, A., 2001. World checklist and bibliography of conifers (second edition): Kew, Royal 

Botanical Gardens, 316 p. 

Farjon, A., 2005. A monograph of Cupressaceae and Sciadopitys. Royal Botanic Gardens, Kew. 



 

 

186 

Feild, T.S., Arens, N.C., Doyle, J.A., Dawson, T.E., Donoghue, M.J., 2004. Dark and disturbed: 

a new image of early angiosperm ecology. Paleobiology 30 (1), 82–107.  

Feild, T.S., Arens, N.C., 2007. The ecophysiology of early angiosperms. Plant, Cell & 

Environment 30, 291–309. 

Feild, T.S., Brodribb, T., Holbrook, N.M., 2002. Hardly a Relict: Freezing and the Evolution of 

Vesselless Wood in Winteraceae. Evolution 56 (3), 464–478. 

Feild, T.S., Brodribb, T.J., Iglesias, A., Chatelet, D.S., Baresch, A., Upchurch, G.R., Gomez, B., 

Mohr, B.A.R., Coiffard, C., Kvacek, J., Jaramillo, C., 2011. Fossil evidence for Cretaceous 

escalation in angiosperm leaf vein evolution. Proceedings of the National Academy of 

Science of the USA 108, 8363–8366. 

Felder, M.N., 1961. Verkiezeld hout in het Krijt van Zuid Limburg en de aangrenzende 

Belgische en Duitse grensstreek. Grondboor en Hamer Oldenzaal, 293–321. 

Fiorillo, A.R., Tykoski, R.S., 2012. A new Maastrichtian species of the centrosaurine ceratopsid 

Pachyrhinosaurus from the North Slope of Alaska. Acta Palaeontologica Polonica 57 (3), 

561. 

Florin, R.C., 1963. The distribution of conifer and taxad genera in time and space. Acta Horti 

Bergiani 20, 121–312. 

Fluteau, F., Ramstein, G., Besse, J., Guiraud, R., Masse, J.P., 2007. Impacts of palaeogeography 

and sea level changes on Mid-Cretaceous climate. Palaeogeography, Palaeoclimatology, 

Palaeoecology 247 (3–4), 357–381. 

Foote, M., Sepkoski, J.J., 1999. Absolute measures of the completeness of the fossil record. 

Nature 398, 415–417. 

Forster, A., Schouten, S., Baas, M., Sinninghe Damste, J.S., 2007. Mid-Cretaceous (Albian–

Santonian) sea surface temperature record of the tropical Atlantic Ocean. Geology 35, 919–

922. 

Frakes, L.A., 1999. Estimating the global thermal state from Cretaceous sea surface and 

continental temperature data. In: Barrera, E., Johnson, C.C. (Eds.), Evolution of the 

Cretaceous Ocean-Climate System. Geological Society of America, Special Paper 332, 49–

57. 

Frakes, L.A., Alley, N.F., Deynoux, M., 1995. Early Cretaceous ice rafting and climate zonation 

in Australia. International Geology Review 37, 567–583. 

Frakes, L.A., Francis, J.E., 1988. A guide to Phanerozoic cold polar climates from high-latitude 

ice-rafting in the Cretaceous. Nature 333, 547–549. 

Frakes, L.A., Francis, J.E., 1990. Cretaceous climates. In: Ginsburg, R.N., Beaudoin, B. (Eds.) 

Cretaceous Resources, Events and Rhythms. NATO ASI Series C, 304. Kluwer Academic 

Publishers, The Netherlands. 273–287. 

Frakes, L.A., Probst, J.-L., Ludwig, W., 1994. Latitudinal distribution of paleotemperature on 

land and sea from early Cretaceous to middle Miocene. Comptes Rendus de l'Académie 



 

 

187 

des Sciences, Paris 318 (2), 1209–1218. 

Francis, E.J., 1983. The dominant conifer of Jurassic Purbeck Formation. Palaeontology 26, 

277–294. 

Francis, J.E., 1986. Growth rings in Cretaceous and Tertiary wood from Antarctica and their 

palaeoclimatic implications. Palaeontology 29, 665–684. 

Francis, E.J., 1993. Review of “V.A. Vakhrameyeev 1991. Jurassic and Cretaceous Floras and 

Climates of the Earth”. Geological Magazine 130 (2), 283–284.  

Francis, J.E., 1999. Evidence from fossil plants for Antarctic palaeoclimates over the past 100 

million years. Terra Antartica Reports 3, 43–52. 

Friis E.M., Eklund, H., Pedersen, R.K., Crane P.R., 1994. Virginianthus calycanthoides gen. et 

sp. nov. A Calycanthaceous Flower from the Potomac Group (Early Cretaceous) of Eastern 

North AmericaInternational Journal of Plant Sciences 155 (6), 772–785. 

Friis E.M., Crane, P.R., Pedersen, K.R., 2011. Early Flowers and Angiosperm Evolution. 

Cambridge University Press, p. 585. 

Friis, E.M., Pedersen, K.R., Crane, P.R., 1995. Appomattoxia ancistrophora gen. et sp. nov., a 

new early Cretaceous plant with similarities to Circaeaster and extant Magnoliidae. 

American Journal of Botany 82 (7), 933–943. 

Friis, E.M., Pedersen, K.R., Crane, P.R., 1999. Early angiosperm diversification: the diversity 

of pollen associated with angiosperm reproductive structures in Early Cretaceous floras 

from Portugal. Annals of the Missouri Botanical Garden 86, 259–6. 

Friis, E.M., Pedersen, K.R., Crane, P.R., 2000. Reproductive structure and organization of basal 

angiosperms from the Early Cretaceous (Barremian or Aptian) of western Portugal. 

International Journal of Plant Sciences 161, S169–82. 

Friis, E.M., Pedersen, K.R., Crane, P.R., 2009. Early Cretaceous mesofossils from Portugal and 

eastern North America related to the Bennettitales-Erdtmanithecales- Gnetales group. 

American Journal of Botany 96, 252–83. 

Friis, E.M., Pedersen, K.R., Crane, P.R., 2010. Cretaceous diversification of angiosperms in the 

western part of the Iberian Peninsula. Review of Palaeobotany Palynology 162, 341–61. 

Gale, A.S., 2000. The Cretaceous world. In Biotic Response to Global Change. Culver, S.J. and 

Rawson, P.R (Eds.) Cambridge University Press, pp. 4–19. 

Gandolfo, M.A., Nixon, K.C., Crepet, W.L., 2001. Turonian Pinaceae of the Raritan Formation, 

New Jersey. Plant Systematics and Evolution 226, 187–203. 

Gandolfo, M.A., Nixon, K.C., Crepet, W.L., Ratcliffe, G.E., 1997. A new fossil fern assignable 

to Gleicheniaceae from Late Cretaceous sediments of New Jersey. American Journal of 

Botany 84, 483–493. 

Garcia Massini, J., Channing, A., Guido, D.M., Zamuner, A.B., 2012. First report of fungi and 

fungus-like organisms from Mesozoic hot springs. PALAIOS 27, 55–62. 

Gasson, P.E., 1994. Wood anatomy of the tribe Sophoreae and related Caesalpinioideae and 



 

 

188 

Papilionoideae. In: Ferguson, I.K., Tucker, S.C. (Eds.), Advances in Legume Systematics 

6: Structural Botany, 165–203. 

Gerards, T., Yans, J., Gerrienne, P., 2007. Observations on Wealden fossilized wood from the 

Mons Basin (Belgium) and their palaeoclimatic implications. Notebooks on Geology 4, 

29–34. 

Gibbs, M.T., Rees, P.M., Kutzbach, J.E., Ziegler, A.M., Behling, P.J., Rowley, D.B., 2002, 

Simulations of Permian climate and comparisons with climate-sensitive sediments. Journal 

of Geology 110, 33–55. 

Godefroit, P., Golovneva, L. Shchepetov, S., Garcia, G., Alekseev, P., 2009. The last polar 

dinosaurs: high diversity of latest Cretaceous arctic dinosaurs in Russia. 

Naturwissenschaften 96, 495–501. 

Gomez, B., Ewin, T.A.M., Daviero-Gomez, V.R., 2012. The conifer Glenrosa falcata sp. nov. 

from the Lower Cretaceous of Spain and its palaeoecology. Review of Palaeobotany and 

Palynology 172, 21–32. 

Gomez, B., Thevenard, F.D.R., Fantin, M., Giusberti, L., 2002. Late Cretaceous plants from the 

Bonarelli Level of the Venetian Alps, northeastern Italy. Cretaceous Research 23, 671–685. 

Gornitz, V., 2009. Encyclopedia of Paleoclimatology and Ancient Environments. Encyclopedia 

of Earth Sciences Series 28, 1049 p.  

Gothan, W., Remy, W., 1957. Steinkohlenpflanzen. Essen: Glükauf. 

Gottwald, H., Parameswaran, N., 1968. Das sekundäre xylem der familie Dipterocarpaceae, 

anatomische untersuchungen zur taxonomie und phylogenie. Botanische Jahrbücher für 

Systematik 85, 410–508. 

Grabherr, G., Kojima, S., 1993. Vegetation diversity and classification systems. In: Vegetation 

Dynamics & Global Change (Solomon, A.M. and H. Shugart, eds.). Chapman and Hall, 

New York, 338 pp. 

Gradstein, F.M., Ogg, J.G., Schmitz, M.D., Ogg, G.M., 2012. The geologic time scale 2012: 

Elsevier, 2 volumes, 1144 p. 

Graham, A., 1993. History of North American Vegetation Cretaceous (Maastrichtian) Tertiary 

In Flora of North America. Editorial Committee. New York and Oxford. Vol. 1, 57–70. 

Greguss, P., 1955. Identification of living gymnosperms on the basis of xylotomy. 1955 pp.  

Grein, M., Oehm, C., Konrad, W., Utescher, T., Kunzmann, L., Roth-Nebelsick, A., 2013. 

Atmospheric CO2 from the late Oligocene to early Miocene based on photosynthesis data 

and fossil leaf characteristics. Palaeogeography Palaeoclimatology Palaeoecology 374, 41–

51. 

Griesebach, A.R.H., 1838. Uber den Einfluss des Klimas auf die Begrenzung der naturlichen 

Floren. Linnaea, 12, 159–200. 

Griesebach, A.R.H., 1872. Die Vegetation der Erde nach ihrer klimatischen Anordnung Leipzig. 

Engelmann-Verlag. 



 

 

189 

Grimaldi, D., Engel, M.S., 2005. Evolution of the Insects. Cambridge University Press, 772 p. 

Hallam, A., Wignall, P.B., 1999. Mass extinctions and sea-level changes. Earth-Sciences 

Review 48, 217– 250. 

Hammer, Ø., Harper, D.A.T., 2006. Palaeontological Data Analysis. Blackwells Publishing, 

Oxford, 351 pp.  

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 1999-2013. PAST: Paleontological Statistics 

Software Reference Manual. University of Oslo. 221 p. 

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. PAST: Paleontological Statistics Software 

Package for Education and Data Analysis. Palaeontologia Electronica 4, 9 pp.  

Hamon, N., Sepulchre, P., Lefebvre, V., Ramstein, G., 2013. The role of East-Tethys seaway 

closure in the middle Miocene climatic transition (ca. 14 Ma). Climates of the Past 9, 

2115–2152. 

Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of fluctuating sea levels since the 

Triassic. Science 235, 1156–1167. 

Harland, M., Francis, J.E., Brentnall, S.J., Beerling, D.J., 2007. Cretaceous (Albian–Aptian) 

conifer wood from Northern Hemisphere high latitudes: Forest composition and 

palaeoclimate. Review of Palaeobotany and Palynology 143, 167–196. 

Harper, D.A.T., 1999. Numerical Palaeobiology. John Wiley & Sons.  

Harris, N., 2006. The elevation history of the Tibetan Plateau and its implications for the Asian 

monsoon. Palaeogeography, Palaeoclimatology, Palaeoecology 241 (1), 4–15. 

Harris, T.M., 1932. The fossil flora of Scoresby Sound East Greenland. Part 3: Caytoniales and 

Bennettitales. Meddelelser om Grønland 85: 1–133. 

Harris, T.M., 1956. The mystery of flowering plants. The Listener, 26 April, 514–516. Hellberg, 

E., Carcaillet, C., 2003. Wood anatomy of West European Betula: quantitative descriptions 

and applications for routine identification in paleoecological studies. Ecoscience 10, 370–

379.  

Harris, T.M., 1964. Caytoniales, cycadales & pteridosperms. London: Trustees of the British 

Museum (Natural History). 

Hart, M.B., 1990. Cretaceous sea level changes and global eustatic curves; evidence from SW 

England. Proceedings of the Ussher Society, 7, 268–272. 

Hass, H., Rowe, N.P., 1999. Thin sections and wafering. In: Jones, T.P., Rowe, N.P. (Eds.), 

Fossil Plants and Spore: Modern Techniques. Geological Society, London, pp. 76–81. 

Hathway, B., Macdonalds, D.I.M., Riding, J.B., Cantrill, D.J., 1998. Table Nunatak: a key 

outcrop of Upper Cretaceous shallow-marine strata in the southern Larsen Basin, Antarctic 

Peninsula. Geological Magazine 135, 519–535. 

Haworth, M., Hesselbo, S.P., McElwain, J.C., Robinson, S.A., Brunt, J.W., 2005. Mid- 

Cretaceous pCO2 based on stomata of the extinct conifer Pseudofrenelopsis 

(Cheirolepidiaceae). Geology 33, 749–752. 



 

 

190 

Haxeltine, A., Prentice, I.C., Cresswell, I.D., 1996. A coupled carbon and water flux model to 

predict vegetation structure. Journal of Vegetation Sciences 7 (5), 651–666. 

Hay, W.W., 2008. Evolving ideas about the Cretaceous climate and ocean circulation. 

Cretaceous Research 29, 725–753. 

Hay, W.W., DeConto, R.M., Wold, C.N., 1999. Alternative global Cretaceous paleogeography. 

In: Barrera, E., Johnson, C.C. (Eds.), Evolution of the Cretaceous Ocean–Climate System: 

The Geological Society of America, Special Paper, 332, pp. 1–47. 

Hay, W.W., Flogel, S., 2012. New thoughts about the Cretaceous climate and oceans. Earth- 

Science Reviews, 115, 262–272. 

Hacke, U.G., Sperry, J.S., Feild, T.S., Sano, Y., Sikkema, E.H., Pittermann, J., 2007. Water 

transport in vesselless angiosperms: conducting efficiency and cavitation safety. 

International Journal of Plant Science 168 (8), 1113–26. 

Heimhofer, U., Hochuli, P.A., 2010. Early Cretaceous angiosperm pollen from a low-latitude 

succession (Araripe Basin, NE Brazil). Review of Palaeobotany and Palynology, 161, 105–

126. 

Heimhofer, U., Hochuli, P.A., Burla, S., Dinis, J.M.L., Weissert, H., 2005. Timing of Early 

Cretaceous angiosperm diversification and possible links to major paleoenvironmental 

change. Geology 33, 141–144. 

Heinrichs, J., Reiner-Drehwald, M.E., Feldberg, K., Grimaldi, D.A., Nascimbene, P.C., von 

Konrat, M., Schmidt, A.R., 2011. Kaolakia borealis nov. gen. et sp. (Porellales, 

Jungermanniopsida): A leafy liverwort from the Cretaceous of Alaska. Review of 

Palaeobotany and Palynology 165 (3–4), 235–240. 

Heinrichs, J., Reiner-Drehwald, M.E., Feldberg, K., von Konrat, M., Hentschel, J., Váňa, J., 

Grimaldi, D.A., Nascimbene, P.C., Schmidt, A.R., 2012. The leafy liverwort Frullania 

(Jungermanniopsida) in the Cretaceous amber forest of Myanmar. Review of Palaeobotany 

and Palynology 169, 21–28. 

Hellberg, E., Carcaillet, C., 2003 Wood anatomy of West European Betula: quantitative 

descriptions and applications for routine identification in paleoecological studies. 

Ecoscience 10, 370–379. 

Helms, J.A., 1998. The dictionary of forestry. Society of American Foresters and CABI Pub. p. 

210. 

Herbst, R., Brea, M., Crisafulli, A., Gnaedinger, S., Lutz, A.I., Martínez, L., 2007. La 

paleoxilología en la Argentina. Historia y desarrollo. Buenos Aires, Asociación 

Paleontológica Argentina, 11 Ameghiniana, 57-71. 

Herendeen, P.S., 1991. Lauraceous wood from the mid-Cretaceous Potomac Group of eastern 

North America: Paraphyllanthoxylon marylandense sp. nov. Review of Palaeobotany and 

Palynology 69, 277–290. 

Herendeen, P.S., Magallón, S., Lupia, R., Crane, P.R., Kobylinska, J., 1999. A preliminary 



 

 

191 

conspectus of the allon flora from the late cretaceous (Late Santonian) of central Georgia, 

U.S.A. Annals of the Missouri Botanical Garden 86 (2), 407–471. 

Herman, A.B., 2009. Paleobotany and the Earth’s Climate: Looking into the Future from the 

Geological Past. Herald of the Russian Academy of Sciences 79 (3), 217–224. 

Herman, A.B., Spicer, R.A., 1996. Palaeobotanical evidence for a warm Cretaceous Arctic 

Ocean. Nature 380, 330–333. 

Herngreen, G.F.W., Chlonova, A.F., 1981. Cretaceous microfloral provinces. Pollen et Spores 

23 (3–4), 441–557. 

Hickey, L.J., Doyle, J.A., 1977. Early Cretaceous fossil evidence for angiosperm evolution. 

Botanical Review 43, 1–104.  

Hildebrand, A.R., Penfield, G.T., Kring, D.A., Pilkington, M., Camargo-Zanoguera, A., 

Jacobsen, S., Boynton, W.V., 1991. The Chicxulub crater: A possible Cretaceous-Tertiary 

boundary impact crater on the Yucatán peninsula, Mexico. Geology 19, 867–871. 

Hildebrand, A.R., Pilkington, M., Connors, M., Ortiz-Aleman, C., Chavez, R.E., 1995. Size and 

structure of the Chicxulub crater revealed by horizontal gravity gradients and cenotes. 

Nature 376, 415–417. 

Hill, R.S., 1995. Conifer origin, evolution and diversification in the Southern Hemisphere. In: 

Ecology of the Southern Conifers. (Enright, N.J., Hill, R.S., Eds.) Melbourne University 

Press: Melbourne p. 10–29. 

Hill, S.H., Brodribb, T.J., 1999. Southern Conifers in Time and Space. Australian Journal of 

Botany 47, 639–696. 

Hlustik, A., 1978. Frenelopsid plants (Pinopsida) from the Cretaceous of Czechoslovakia. In: 

Palaeont. Conf., Charles Univ. Prague, 1977 (Proceedings), 129–141. 

Hlustik, A., Konzalova, M., 1976. Polliniferous cones of Frenelopsis alata (K. Feistm.) 

Knobloch from the Cenomanian of Czechoslovakia. Vestnik Ustredniho ustavu 

geologickeho, 51, 37–45. 

Holdridge, L.R. 1979. Life Zone Ecology. IICA Press, San Jose, Costa Rica 

Holmes, M.A., 1992. Cretaceous subtropical weathering followed by cooling at 60° latitude: the 

mineral composition of southern Kerguelen Plateau sediment, Leg 120. In Wise, S.W., Jr., 

Schlich, R., et al., Proc. ODP, Sci. Results, 120: College Station, TX (Ocean Drilling 

Program), 99-111. 

Hu, Y., Meng, J., Wang, Y., Li, C., 2004. Large Mesozoic mammals fed on young dinosaurs. 

Nature 433, 149–152. 

Huber, B.T., Norris, R.D., MacLeod, K.G., 2002. Deep-sea paleotemperature record of extreme 

warmth during the Cretaceous: Geology 30, 123–126. 

Hughes, N. F., 1961, Fossil evidence and angiosperm ancestry: Sci. Prog. 49, 84–102. 

Hughes, N.F., 1976. Palaeobiology of angiosperm origins. Cambridge University Press, 

Cambridge. 242 pp.  



 

 

192 

Hughes, N.F., 1994. The Enigma of Angiosperm Origins. Cambridge University Press, 

Cambridge. U.K.  

Humboldt, A. von, 1805. Essai sur la geographie des plantes; accompagne d'un tableau des 

regions equinoxiales. Par A. de Humboldt et A. Bonpland, redige par A. de Humboldt. 

Humboldt, A. von., 1806. Ideen zu einer Physiognomik der Gewiichse. Tubingen: Cotta. 

Iamandei, E., Iamandei, S., 2004. New Conifers in Late Cretaceous lignoflora from the South 

Apuseni. Acta Palaeontologica Romaniae 4, 137–150. 

Iamandei, E., Iamandei, S., 2005. Early Cretaceous protopinaceous fossil wood from South 

Dobrogea, Romania. Acta Palaeontologica Romaniae 5, 231–247. 

IAWA Committee, 1989. IAWA List of Microscopic Features for Hardwood Identification. 

International Association of Wood Anatomists Bulletin 10, 219–332. 

IAWA Committee, 2004. IAWA list of microscopic features for softwood identification. IAWA 

Journal 25 (1), 1–70. 

Ickert-Bond, S.M., Skvarla, J.J., Chissoe, W.F., 2003. Pollen dimorphisms in Ephedra L. 

(Ephedraceae). Review of Palaeobotany and Palynology 124, 325–334. 

Ignatov, M.S., Shcherbakov, D.E., 2011. Lower Cretaceous mosses from Khasurty. Arctoa 20, 

19–42. 

InsideWood Database, 2004-present. http://insidewood.lib.ncsu.edu/search. 

Jefferson, T.H., 1982. Fossil forests from the Lower Cretaceous of Alexander Island, 

Antarctica. Palaeontology 25, 681–708. 

Jefferson, T.H., 1983. Palaeoclimatic significance of some Mesozoic Antarctic fossil floras. In: 

Oliver, R.L., James, P.R., Jago, J.B. (Eds.) Antarctic Earth Sciences (4th Int. SCAR Symp. 

on Antarctic Earth Sci., Adelaide, 1982. Cambridge Univ. Press, U.K., pp. 593–599. 

Jenkyns, H.C., 1980. Cretaceous anoxic events: from continents to oceans. Journal of the 

Geological Society, London 137, 171–88.  

Jenkyns, H.C., Forster, A., Schouten S., Damsté, J.S.S., 2004. High temperatures in the Late 

Cretaceous Arctic Ocean. Nature 432, 888–892. 

Jenkyns, H.C., Schouten-Huibers, L., Schouten, S., Sinninghe Damsté, J.S., 2012. Warm 

Middle Jurassic–Early Cretaceous high-latitude sea-surface temperatures from the 

Southern Ocean. Climates of the Past 8, 215–226. 

Kear, B.P., 2003. Cretaceous marine reptiles of Australia: a review of taxonomy and 

distribution. Cretaceous Research 24, 277–303.  

Keller, G., Abramovich, S., Berner, Z., Adatte, T., 2009. Biotic effects of the Chicxulub impact, 

K–T catastrophe and sea level change in Texas. Palaeogeography, Palaeoclimatology, 

Palaeoecology 271, 52–68. 

Keller, G., Adatte, T., Baum, G., Berner, Z., 2008. Reply to ‘Chicxulub impact predates K–T 

boundary: new evidence from Brazos, Texas' comment by Schulte et al. Earth and 



 

 

193 

Planetary Science Letters 269, 620–628. 

Keller, G., Adatte, T., Stinnesbeck, W., Rebolledo-Vieyra, M., Urrutia-Fucugauchi, J., Kramar, 

U., Stüben, D., 2004. Chicxulub impact predates the K-T boundary mass extinction. PNAS, 

101 (11), 3753–3758. 

Kelley, S.P., Gurov, E., 2002. Boltysh, another end-Cretaceous impact. Meteoritics and 

Planetary Science 37, 1031–1043. 

Kershaw, P., Wagstaff, B., 2001. The southern conifer family Araucariaceae: history, status, 

and value for paleoenvironmental reconstruction. Annual Review of Ecology and 

Systematics 32, 397–414. 

Kimura, T., 2000. Notes on the two Early Cretaceous floras in South Korea. Geosciences 

Journal 4, 11–14. 

Klymiuk, A.A., Stockey, R.A., 2012. A lower cretaceous (Valanginian) seed cone provides the 

earliest fossil record for Picea (Pinaceae). American Journal of Botany 99 (6), 1069–1082. 

Knoll, A.H., 1986. Patterns of change in plant communities through geological time. In 

Community Ecology. Diamond, J., Case, T.J. (Eds) Harper & Row, NY, USA. pp. 126–

141. 

Konopka, A.S., Herendeen, P.S., Smith Merrill, G.L., Crane, P.R., 1997. Sporophytes and 

gametophytes of Polytrichaceae from the Campanian (Late Cretaceous) of Georgia, USA. 

International Journal of Plant Sciences 158, 489–499. 

Konopka, A.S., Herendeen, P.S., Smith Merrill, G.L., Crane, P.R., 1998. Sporophytes and 

gametophytes of Dicranaceae from the Santonian (Late Cretaceous) of Georgia, USA. 

American Journal of Botany 85 (5), 714–723. 

Köppen, W., 1936. Das geographische system der klimate, in: Handbuch der Klimatologie, Vol 

I, Part C, Köppen and Geiger (Eds.), Gebrüder Borntraeger, Berlin, 44pp. 

Kottek, M., Grieser, J., Beck, C., Rudolf, B., Rubel, F., 2006. World Map of the Köppen-Geiger 

climate classification updated. Meteorologische Zeitschrift 15 (3), 259–263. 

Krassilov, V.A., 1975. Dirhopalostachyaceae – a new family of proangiosperms and its bearing 

on the problem of angiosperm ancestry. Paläontogr B 153, 100–110. 

Krassilov, V.A., 1977. Contributions to the knowledge of the Caytoniales. Review of 

Palaeobotany and Palynology 24, 155–178. 

Krassilov, V.A., 1978. Mesozoic lycopods and ferns from the Bureja Basin. Palaeontographica 

B, 166, 16–29. 

Krassilov, V.A., 1982. Taxonomy: A Unique Find: Pollen in the intestine of Early Cretaceous 

Sawflies. Paleontological Journal 16 (4), 80–95. 

Krassilov, V.A., Dobruskina, I.A., 1995. Angiosperm fruit from the Lower Cretaceous of Israel 

and origins in Rift Valleys. Paleontological Journal 29 (2A), 110–115. 

Kräusel, R., 1922a. Fossile Hölzer aus dem Tertiar von Sud-Sumatra. Verhandelingen van het 

Geologisch-Mijnbouwkundig Genootschap voor Nederland en Koloniën. Geologische serie 



 

 

194 

5, 231–294. 

Kräusel, R., 1922b. Üeber einen Fossilen Baumstammm von Bolang (Java). Ein Beitrag zur 

Kenntnis der fossilken flora Niederlandisch-Indiens. Verslag van de gewone vergaderingen 

der Wisen Natuurkundige Afdeeling der Koninklijke Akademie van Wetenschappen te 

Amsterdam 31, 15–20. 

Kräusel, R., 1925. Der Stand unserer Kenntnisse von der Tertiarflora Nederlandisch-Indien. 

Verhandelingen van het Geologisch-Mijnbouwkundig Genootschap voor Nederland en 

Koloniën. Geologische serie 8, 329–342. 

Kräusel, R., 1926. Über einige Fossile Hölzer aus Java. Leidse geologische mededelingen 2, 1–

6.  

Krogmann , L., 2011. The Cretaceous – The ‘Golden Age’ of Insect Evolution. Insect 

Systematics and Evolution 42, 99. 

Kumagai, H., Sweda, T., Hayashi, K., Kojima, S., Basinger, J.F., Shibuya, M., Fukaoa, Y.,1995. 

Growth-ring analysis of Early Tertiary conifer woods from the Canadian High Arctic and 

its paleoclimatic interpretation. Palaeogeography Palaeoclimatology, Palaeoecology 116, 

247–262. 

Kunzmann, L., 2007. Araucariaceae (Pinopsida): aspects in palaeobiogeography and 

palaeobiodiversity in the Mesozoic. Zoologischer Anzeiger 246, 257–277. 

Kunzmann, L., Mohr, B.A.R., Bernardes-de-Oliveira, M.E.C., 2004. Gymnosperms from the 

Lower Cretaceous Crato Formation (Brazil). I. Araucariaceae and Lindleycladus (incertae 

sedis). Mitteilungen aus dem Museum für Naturkunde Berlin, Geowissenschaftliche Reihe 

7, 155–174. 

Kunzmann, L., Mohr, B.A.R., Bernardes-de-Oliveira, M.E.C., Wilde, V., 2006. Gymnosperms 

from the Early Cretaceous Crato Formation (Brazil). II. Cheirolepidiaceae. Fossil Record 9, 

213–225. 

Kupfer, J.A., Cairns, D.M., 1996. The suitability of montane ecotones as indicators of global 

climatic change. Progress in Physical Geography 20, 253–272. 

Kvaček, J., 1999. Two conifers (Taxodiaceae) of the Bohemian Cenomanian (Czech Republic, 

Central Europe). Acta Palaeobotanica, 129–151 

Kvaček, J., 2000. Frenelopsis alata and its microsporangiate and ovuliferous reproductive 

structures from the Cenomanian of Bohemia (Czech Republic, Central Europe). Review of 

Palaeobotany and Palynology, 112, 51–78. 

Labandeira, C.C., Lepage, B.A., Johnson A.H., 2001. A Dendroctonus bark engraving 

(Coleoptera: Scolytidae) from a middle Eocene Larix (Coniferales: Pinaceae): early or 

delayed colonization? American Journal of Botany 88 (11), 2026-39. 

Labandeira, C.C., Currano, E.D., 2013. The fossil record of plant-insect dynamics. Annual 

Review of Earth and Planetary Sciences 41, 287–311. 

Leckie, R.M., Bralower, T.J., Cashman, R., 2002. Oceanic anoxic events and plankton 



 

 

195 

evolution: biotic response to tectonic forcing during the mid-Cretaceous. Paleoceanography 

17, 13.1–13.29. 

Lejal-Nicol, A., 1987. Flores nouvelles du Paléozoïque et du Mésozoïque d'Egypte et du 

Soudan Septentrional. Berliner geowissenschaftliche Abhandlungen A 75 (1), 151–248. 

LePage, B.A., 1999. The evolution, biogeography and palaeoecology of the Pinaceae based on 

fossil and extant representatives. ISHS Acta Horticulturae 615: IV International Conifer 

Conference. 

LePage, B.A., 2003. A new species of Thuja (Cupressaceae) from the Late Cretaceous of 

Alaska: Implications of being evergreen in a polar environment. American Journal of 

Botany 90, 165–172. 

Li, H-Q., Taylor, D.W., 1999. Vessel-bearing stems of Vasovinea tianii gen. et sp. nov. 

(Gigantopteridales) from the Upper Permian of China. American Journal of Botany, 86, 

1563–1575. 

Li, H-Q., Taylor, E.L., Taylor, T.N., 1996. Permian vessel elements. Science, 271, 18–19.  

Lidgard, S.H., Crane, P.R., 1988. Quantitative analyses of the early angiosperm radiation. 

Nature 331, 344–346. 

Lieberman, B.S., 2000. Paleobiogeography. New York: Plenum/Kluwer Academic. 

Liu, X.Q., Li, C.S., Wang, Y.F., 2006. Plants of Leptostrobus Heer (Czekanowskiales) from the 

Early Cretaceous and Late Triassic of China, with discussion of the genus. Journal of 

Integrative Plant Biology 48 (2), 137–147. 

Liu, Z., 1988. Plant fossils from the Zhidan Group between Huating and Longxian, 

southwestern part of Ordos Basin. Bull Xi’an Inst Geol Miner Resour Chin Acad Geol Sci 

24:91–100. 

Lloyd, K.M., McQueen, A.A.M., Lee, B.J., Wilson, R.C.B., Walker, S., Wilson, J.B., 2000. 

Evidence on ecotone concepts from switch, environmental and anthropogenic ecotones. J. 

Vegetation Science, 11 (6), 903–910. 

Londoño-Murcia, M.C., Tellez-Valdés, O., Sánchez-Cordero, V., 2010. Environmental 

heterogeneity of World Wildlife Fund for Nature ecoregions and implications for 

conservation in Neotropical biodiversity hotspots. Environmental Conservation 37(2), 116–

127. 

Londoño, C., Alvarez, E., Forero, E., Morton, C.M., 1995. A New Genus and Species of 

Dipterocarpaceae from the Neotropics. I. Introduction, Taxonomy, Ecology, and 

Distribution, Brittonia 47, 225–236. 

Long, A.G., 1966. Some Lower Carboniferous fructifications from Berwickshire, together with 

a theoretical account of the evolution of ovules, cupules and carpels. Trans. R. Soc. Edinb., 

66, 345.  

Loyola, R.D., Kubota, U., Lewinsohn, T.M., 2007. Endemic vertebrates are the most effective 

surrogates for identifying conservation priorities among Brazilian ecoregions. Diversity 



 

 

196 

and Distributions 13, 389–396. 

Luo, Z., Wang, E., Sun, O.J., 2010. Soil carbon change and its responses to agricultural 

practices in Australian agro‐ecosystems: A review and synthesis. Geoderma 155, 211–223. 

Lupia, R., Lidgard, S., Crane, P.R., 1999. Comparing palynological abundance and diversity: 

Implications for biotic replacement during the Cretaceous angiosperm radiation. 

Paleobiology 25, 305–340. 

MacLeod, N., Rawson, P.F., Forey, P.L., Banner, F.T., Boudagher-Fadel, M.K., Bown, P.R., 

Burnett, J.A., Chambers, P., Culver, S., Milner, A.R., Morris, N., Owen, E., Rosen, B.R., 

Smith, A.B., Taylor, P.D., Urquhart, E., Young, J.R., 1997. The Cretaceous Tertiary biotic 

transition. Journal of the Geological Society 154, 265–292. 

Magallón, S., 2004. Dating lineages: molecular and paleontological approaches to the temporal 

framework of clades. International Journal of Plant Sciences 165 (4), S7–S21. 

Magallón, S., Herendeen, P.S., Crane, P.R., 2001. Androdecidua endressii gen. et sp. nov., from 

the late cretaceous of Georgia (United States): Further floral diversity in Hamamelidoideae 

(Hamamelidaceae). International Journal of Plant Sciences 162 (4), 963–983.  

Maguire, B., Ashton, P.S., 1977. Pakaramoideae, Dipterocarpaceae of the western hemisphere. 

II. Systematic geographic and phyletic consideration. Taxon 26, 359–368. 

Maheshwari, H.K., 2007. Deciphering angiosperm origins. Current Science 92 (5), 606–611. 

Mandang, Y.I., Kagemori, N., 2004. A Fossil Wood of Dipterocarpaceae from Pliocene Deposit 

in the West Region of Java Island, Indonesia. Biodiversitas 5, 28–35. 

Mandang, Y.I., Martono, D., 1996. Wood fossil diversity in the west region of Java Island. 

Buletin Penelitian Hasil Hutan 14, 192–203. 

Martínez-Cabrera, H.I., Cevallos-Ferriz, S.R.S., 2004. A new species of Tapirira 

(Anacardiaceae) from early Miocene sediments of the El Cien Formation, Baja California 

Sur, Mexico. International Association of Wood Anatomists Journal 25, 103–117. 

Maury-Lechon, G., Curtet, L., 1998. Biogeography and Evolutionary Systematics of 

Dipterocarpaceae. In: Appanah, S., Turnbull, J.M. (Eds.), A Review of Dipterocarps: 

Taxonomy, ecology and silviculture. Center for International Forestry Research, Bogor, 

Indonesia, 5–44. 

McElwain, J.C., 1998. Do fossil plants signal pa- laeoatmospheric CO2 concentration in the 

geo- logical past?: Royal Society of London Philosophical Transactions B 353, 83–96. 

McElwain, J.C., Willis, K.J., Lupia, R., 2005. Cretaceous CO2 decline and the radiation and 

diversification of angiosperms. In: Ehleringer, J.R., Cerling, T.E., Dearing, M.D., (Eds.) A 

history of atmospheric CO2 and its effect on plants, animals, and ecosystems. New York, 

USA: Springer, 133–165.  

McIntosh, R.P., 1985. The Background of Ecology: Concept and Theory. Cambridge University 

Press, Cambridge, U.K. 

McKellar, R.C., Chatterton, B.D., Wolfe, A.P., Currie, P.J., 2011. A diverse assemblage of Late 



 

 

197 

Cretaceous dinosaur and bird feathers from Canadian amber. Science, 333 (6049), 1619–

1922. 

Mckenna, M.C., 1995. Was Europe connected directly to North America prior to the middle 

Eocene? In: Evolutionary biology. Dobzhansky et al., (Eds.) 6, 179–189. 

McKown, A.D., Cochard, H., Sack, L., 2010. Decoding leaf hydraulics with a spatially explicit 

model: principles of venation architecture and implications for its evolution. The American 

Naturalist 175 (4), 447–460. 

McLoughlin, S., 2001. The breakup history of Gondwana and its impact on pre-Cenozoic 

floristic provincialism. Australian Systematic Botany 49, 271–300. 

Meher-Homji, V.M., 1979. Distribution of the Dipterocarpaceae: some phytogeographic 

considerations on India. Phytocoenologia 6, 85–93. 

Mejia-Velasquez, P.J., Dilcher, D.L., Jaramillo, C.A., Fortini, L.B., Manchester, S.R., 2012. 

Palynological composition of a Lower Cretaceous South American tropical sequence: 

Climatic implications and diversity comparisons with other latitudes. American Journal of 

Botany 99(11), 1819–1827. 

Mendes M.M., Pais, J., Pedersen, K.R., Friis, E.M., 2010b. Erdtmanitheca portucalensis, a new 

pollen organ from the Early Cretaceous (Aptian-Albian) of Portugal with Eucommiidites-

type pollen. Grana 49, 26–36. 

Mendes, M.M., Dinis, J., Pais, J., Friis, E.M., 2011. Early Cretaceous flora from Vale Painho 

(Lusitanian basin, western Portugal): An integrated palynological and mesofossil study. 

Review of Palaeobotany and Palynology 166, 152–162. 

Mendes, M.M., Dinis, J.L., Gomez, B., Pais, J., 2010a. Reassessment of the cheirolepidiaceous 

conifer Frenelopsis teixeirae Alvin et Pais from the Early Cretaceous (Hauterivian) of 

Portugal and palaeoenvironmental considerations. Review of Palaeobotany and Palynology 

161, 30-42. 

Miller, C.N., 1975. Petrified cones and needle-bearing twigs of a new taxodiaceous conifer from 

the Early Cretaceous of California. American Journal of Botany 62: 706–713. 

Miller, C.N., 1977. Mesozoic conifers. The Botanical Review 43 (2), 217–280. 

Miller, C.N., 1982. Current status of Paleozoic and Mesozoic conifers. Review of Palaeobotany 

and Palynology 37: 99–114. 

Miller, C.N., LaPasha, C.A., 1983 Structure and affinities of Athrotaxites berryi Bell, an Early 

Cretaceous conifer. American Journal of Botany 70, 772–779. 

Miller, K.G., Sugarman, P.J., Browning, J.V., Kominz, M.A., Hernandez, J.C., Olsson, R.K., 

Wright, J.D., Feigenson, M.D., van Sickel, W., 2003. Late Cretaceous chronology of large, 

rapid sea-level changes: glacioeustasy during the Greenhouse World. Geology 31, 585–

588. 

Mirzaie Ataabadi, M., Mohammadalizadeh, J., Zhang, Z., Watabe, M., Kaakinen, A., Fortelius, 

M., 2011. Late Miocene large mammals from Ivand (Northwestern Iran). Geodiversitas 33 



 

 

198 

(4), 709–728.  

Missouri Botanical Gardens, 2010. Plant list (PINOPHYTA). www.mobot.org 

Mohr, B., Gee, C.T., 1992. Late Cretaceous palynofloras (sporo- morphs and dinocysts) from 

the Kerguelen Plateau, Southern Indian Ocean (Sites 748 and 750). In Wise et al., (Eds.), 

Proceedings of the Ocean Drilling Program, Scientific Results 120 (1): 281–306.  

Moiseeva, M.G., 2012. The Maastrichtian flora of the Amaam Lagoon area (Northeastern 

Russia). Stratigraphy and Geological Correlation 20 (7), 579–679. 

Molengraaff, G.A.F., 1902. Geological Explorations in Central Borneo (1893–1894), with an 

Appendix on Fossil Radiolaria of Central Borneo by G.J. Hinde. Society for the Promotion 

of the Scientific Exploration of the Dutch Colonies, Amsterdam, The Netherlands, 22 pp. 

Moreau, C.S., Bell, C.D., Villa, R., Archibald, S.B., Pierce, N., 2006. Phylogeny of ants: 

diversification in the age of angiosperms. Science 312, 101–104. 

Morley, R.J., 2003. Interplate dispersal paths for megathermal angiosperms. Perspectives in 

Plant Ecology, Evolution and Systematics 6, 5–20. 

Morris, D.W., 1992. Scales and costs of habitat selection in heterogeneous landscapes. 

Evolutionary Ecology 6, 412–432. 

Mucina, L., 1997. Classification of vegetation: Past, present and future. Journal of Vegetation 

Science 8, 751–760. 

Muller, S.W., Schenck, H.G., 1943. Standard of Cretaceous System. AAPG Bulletin 27 (3), 

262–278. 

Murphy P.G., Lugo, A.E., 1986. Ecology of Tropical Dry Forest. Annual Review of Ecology 

and Systematics 17, 67–88. 

Murtugudde, R., Busalacchi, A.J., 1999. Interannual variability of the dynamics and 

thermodynamics of the tropical Indian Ocean. Journal of Climate 12 (8), 2300–2326.  

Mutterlose, J., 1992. Biostratigraphy and palaeobiogeography of Early Cretaceous calcareous 

nannofossils. Cretaceous Research 13, 293–307. 

Nagalingum, N.S., Drinnan, A.N., Lupia, R., McLoughlin, S., 2002. Fern spore diversity and 

abundances in Australia during the Cretaceous. Review of Paleobotany and Palynology 

2431, 1–24. 

Neilson, R.P., 1991. Climatic constraints and issues of scale controlling regional biomes. In: 

The role of landscape boundaries in the management and restoration of changing 

environments. Holland, M.M., Risser, P.G., Naiman, R.J., (Eds). Chapman and Hall, New 

York, NY. USA. p. 31–51. 

Neilson, R.P., 1995. A model for predicting continental-scale vegetation distribution and water 

balance. Ecology Applications 5, 362–385. 

Nelms, L.G., 1989. Late Cretaceous dinosaurs from the North Slope of Alaska. Journal of 

Vertebrate Paleontology 9 (3), 34A. 

Nicholls, F.L. Russell, A.P., 1990. Paleobiogeography of The Cretaceous Western Interior 



 

 

199 

Seaway of North America; the vertebrate evidence. Palaeogeography, Palaeoclimatology, 

Palaeoecology 79, 149–169. 

Nixon, K.C., Crepet, W.L., Stevenson, D., Friis, E.M., 1994. Areevaluation of seed plant 

phylogeny. Annals of the Missouri Botanical Garden 81, 484–533. 

Nordt, L., Atchley, S., Dworkin, S.I., 2002. Paleosol barometer indicates extreme fluctuations in 

atmospheric CO2 across the Creatceous-Tertiary boundary: Geology 30, 703–706. 

Norris, R.D., Bice, K.L., Magno, E.A., Wilson, P.A., 2002. Jiggling the tropical thermostat in 

the Cretaceous hothouse. Geology 30, 299–302. 

O'Dea, A., Hoyos, N., Rodríguez, F., Degracia, B., De Gracia, C., 2012. History of upwelling in 

the Tropical Eastern Pacific and the paleogeography of the Isthmus of Panama. 

Palaeogeography, Palaeoclimatology, Palaeoecology 348–349, 59–66. 

Oakley, D., Falcon-Lang, H.J., 2009. Morphometric analysis of Cretaceous (Cenomanian) 

angiosperm woods from the Czech Republic. Review of Palaeobotany and Palynology 153, 

375–385. 

Oakley, D., Falcon-Lang, H.J., Gasson, P.E., 2009. Morphometric analysis of some Cretaceous 

angiosperm woods and their extant structural and phylogenetic analogues: Implications for 

systematics. Review of Palaeobotany and Palynology 157, 375–390. 

Odum, E.P., 1971. Fundamentals of ecology. 3rd Ed. Saunders, Philadelphia, Pa., p. 574. 

Officer, C.B., Drake, C.L., Pindell, J.L., Meyerhoff, A.A., 1992. Cretaceous-Tertiary events and 

the Caribbean caper: GSA Today 2, 69–70. 

Ohsawa, T., Nishida, M., Nishida, H., 1992. Structure and affinities of the petrified plants from 

the Cretaceous of northern Japan and Saghalien. XII. Obirastrobus gen. nov., petrified 

pinaceous cones from the Upper Cretaceous of Hokkaido. Botanical Magazine 105, 461–

484. 

Olivero, E.B., 2012. Sedimentary cycles, ammonite diversity and palaeoenvironmental changes 

in the Upper Cretaceous Marambio Group, Antarctica. Cretaceous Research 34, 348–366. 

Olson, M.D., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V. N., 

Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks, C.J., 

Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux J.F., Wettengel, W.W., Hedao, P., 

Kassem, K.R., 2001. Terrestrial Ecoregions of the World: A New Map of Life on Earth, 

BioScience 51 (11), 933–938. 

Oskolski, A.A., Kotina, E.L., Fomichev, I.V., Tronchet, F., Lowry, P.P., 2007. Systematic 

implications of wood and bark anatomy in the Pacific Island genus Meryta (Araliaceae). 

Botanical Journal of the Linnean Society 153, 363–379. 

Otto-Bliesner, B.L., Upchurch, G.R., 1997. Vegetation-induced warming of high-latitude 

regions during the Late Cretaceous period. Nature 385, 804–807. 

PALEOMAP project. 2001-present. 2011 date accessed. www.scotese.com 

Parrish, J.T., 1998. Interpreting pre-Quaternary climate from the geologic record. Columbia 



 

 

200 

University Press, New York, NY, USA. 

Parrish, J.T., Spicer, R.A., 1988. Late Cretaceous terrestrial vegetation: A near-polar 

temperature curve. Geology 16, 22–25. 

Passalia, M.G., 2009. Cretaceous pCO2 estimation from stomatal frequency análisis of 

gymnosperm leaves of Patagonia, Argentina. Palaeogeography, Palaeoclimatology, 

Palaeoecology 273, 17–24. 

Peralta-Medina, E., Falcon-Lang, H.J., 2012. Cretaceous forest composition and productivity 

inferred from a global fossil wood database. Geology 40 (3), 219–222. 

Perez Loinaze, V.S., Archangelsky S., Cladera, G., 2012. Palynostratigraphic study of the Early 

Cretaceous Río Mayer and Kachaike formations at the Quebrada El Moro Section, Austral 

Basin, southwestern Argentina. Cretaceous Research 34, 161–171. 

Peters, S.E., Foote, M., 2002. Determinants of extinction in the fossil record. Nature 416, 420–

4. 

Philip, J., Babinot, J.F., Tronchetti, G., Fourcade, E., Azema, J., Guiraud, R., Bellion, Y., Ricou, 

L.E., Vrielynck, B., Boulin, J., Cornée, J.J., Herbin, J.P., 1993. Late Cenomanian (94 to 92 

Ma). In: Dercourt, J., Ricou, L.E., Vrielinck, B. (Eds.), Atlas Tethys palaeoenvironmental 

maps. Gauthier-Villars, Paris, pp. 153–178. 

Philippe, M., Bamford, M., McLoughlin, S., Alves, L.S.R.,  Falcon-Lang, H.J., Gnaedinger, S., 

Ottone, E.G., Pole, M., Rajanikanth, A., Shoemaker, R.E., Torres, T., Zamuner, A. 2004. 

Biogeographic analysis of Jurassic–Early Cretaceous wood assemblages from Gondwana. 

Review of Palaeobotany and Palynology 129,141–173. 

Philippe, M., Barbacka, M., Gradinaru, E., Iamandei, E., Iamandei, S., Kázmér, M., Popa, M., 

Szakmány, G., Tchoumatchenco, P., Zatoń, M., 2006. Fossil wood and Mid-Eastern 

Europe terrestrial palaeobiogeography during the Jurassic–Early Cretaceous 

interval. Review of Palaeobotany and Palynology, 142, 15–32.  

Philippe, M., Cuny, G., Bamford, M., Jaillard, E., Barale, G., Gomez, B, Ouaja, M., The ́ 

venard, F., Thie ́ baut, M., von Seng-busch, P., 2003. Metapodocarpoxylon libanoticum 

(Edwards) Duperon-Laudoueneix et Pons and Late Jurassic–Early Cretaceous continental 

biogeography. Journal of Biogeography 30, 389–400. 

Philippe, M., Gomez, B., Girard, V., Coiffard, C., Daviero-Gomez, V., Thévenard, F., Billon-

Bruyat, J.-P., Guiomar, M., Latil, J.-L., Le Loeuff, J., Néraudeau, D., Olivero, D., Schlögl, 

J., 2008. Woody or not woody? Evidence for early angiosperm habit from the Early 

Cretaceous fossil wood record of Europe. Palaeoworld 17 (2), 142–152. 

Philippe, M., Thevenard, F. 1996. Repartition and palaeoecology of the Mesozoic wood genus 

Xenoxylon: palaeoclimatological implications for the Jurassic of Western Europe. Review 

of Palaeobotany and Palynology 91, 353–370. 

Pole, M., Vadja, V., 2009. A new terrestrial Cretaceous-Paleogene site in New 

Zealanddturnover in macroflora confirmed by palynology. Cretaceous Research 30, 917–



 

 

201 

938. 

Poole, I., 1993. A dipterocarpaceous twig from the Eocene London clay formation of Southeast 

England. Special Papers in Palaeontology 49, 155–163. 

Poole, I., Cantrill, D.J., 2006. Cretaceous and Cenozoic vegetation of Antarctica integrating the 

fossil wood record. Geological Society, London, Special Publications 258, 63–81. 

Pope, K.O.; Baines, K.H.; Ocampo, A.C. e Ivanov, B.A., 1997. Energy, volatile production, and 

climatic effects of the Chicxulub Cretaceous/Tertiary impact. Journal of Geophysical 

Research 102 (E9), 245–264. 

Posthumus, O., 1929. On palaeobotanical investigations in the Dutch East Indies and adjacent 

regions. Extrait du Bulletin du Jardin Botanique de Buitenzorg, Serie 3, 10, 374–384. 

Prasad, V., Farooqui, A., Tripathi, S.K.M., Garg, R., Thakur, B., 2009. Evidence of late 

Palaeocene- early Eocene equatorial rain forest refugia in southern Western Ghats, India. 

Journal of Bioscience 34, 777–797. 

Preacher, K. J., 2001. Calculation for the Chi-square test: An interactive calculation tool for chi-

square tests of goodness of fit and independence [Computer software] http://quantpsy.org. 

Price, G.D., 1999. The evidence and implications of polar ice during the Mesozoic. Earth 

Science Review 48, 183–210. 

Prince, G.D, Grimes, S.T., 2007. New approaches for quantifying the Cretaceous terrestrial 

climate record. In: M., Williams, A.M., Haywood, J., Gregory, D.N., Schmidt (Eds.). 

Deep-Time Perspectives on Climate Change: Marrying the Signal from Computer Models 

and Biological Proxies. TMS Special Pubications, p. 600. 

Pryer, K.M., Schneider, H., Smith, A.R., Cranfill, R., Wolf, P.G., Hunt, J.S., Sipes, S.D., 2001. 

Horsetails and ferns are a monophyletic group and the closest living relatives to seed 

plants. Nature 409 (6820), 618–22. 

Raup, D.M., 1972. Taxonomic diversity during the Phanerozoic. Science 177, 1065–71. 

Rees, P.M., 2002. Land-plant diversity and the end-Permian mass extinction. Geology 30 (9), 

827–830. 

Rees, P.M., Ziegler, A.M., Valdes, P.J., 2000. Jurassic phytogeography and climates: new data 

and model comparisons. In: Huber, B.T., Macleod, K.G. & Wing, S.L. (Eds.) Warm 

climates in earth history. Cambridge University Press p. 297–318. 

Reis, R.P., 2000. Depositional systems and sequences in a regional setting displaying variable 

sedimentary geometries and controls: example of the Late Cretaceous Lusitanian Basin 

(central Portugal). Comunicações do Instituto Geológico e Mineiro 87, 63–76. 

Ren, W., Sun, B., Li, X., Wu, J., Xiao, L., Wang, Y., 2008. Microstructures of Two Species of 

Cheirolepidiaceae from Cretaceous in Zhejiang, China and Its Paleoenvironmental 

Significance. Acta Geologica Sinica 82, 579–583. 

Retallack, G., Dilcher, D.L., 1981. Arguments for a Glossopterid ancestry of angiosperms. 

Paleobiology 79, 54–67. 



 

 

202 

Retallack, G.J., 1997. Earliest Triassic origin of Isoetes and quillwort evolutionary radiation. 

Journal of Paleontology 71, 500–521. 

Reymanowna, M., 1973. The Jurassic flora from Grojec near Krakow in Poland, Part II:  

aytoniales and the anatomy of Caytonia. Acta Palaeobotanica 14, 46–87. 

Reyre, Y., 1970. Stereoscan observations on the genus Classopollis Pflug 1953. Palaeontology, 

IQ, 302–322. 

Reyre, Y., 1973. Palynologie du Mesozoïque saharien. Memoires du Museum National 

d’Histoire Naturelle, Ser. C, 27, 1–284. 

Rich, T.H., Vickers-Rich, P., Gangloff, R.A., 2002. Polar dinosaurs. Science 295, 979–980. 

Robertson, D.S., McKenna, M.C., Toon, O.B., Hope, S., Lillegraven, J.A., 2004. Survival in the 

first hours of the Cenozoic. Geological Society of America 116 (5–6), 760–768. 

Rothwell, G.W., Crepet, W.L., Stockey R.A., 2009. Is the anthophyte hypothesis alive and 

well? New evidence from the reproductive structures of Bennettitales. American Journal of 

Botany 96 (1), 296–322. 

Rothwell, G.W., Mapes, G., Stockey, R.A., Hilton, J., 2012. The seed cone Eathiestrobus gen. 

nov.: Fossil evidence for a Jurassic origin of Pinaceae. American Journal of Botany 99, 

708–720. 

Royer, D.L., 2001. Stomatal density and stomatal index as indicators of paleoatmospheric CO2 

concentration. Review of Palaeobotany and Palynology 114, 1–28. 

Royer, D.L., Berner, R.A., Montañez, I.P., Tabor, N.J., Beerling, D.J., 2004. CO2 as a primary 

driver of Phanerozoic climate. GSA Today 14 (3), 4–10. 

Rust, J., Singh, H., Rana, R.S., McCann, T., Singh, L., Anderson, K., Sarkar, N., Nascimbene, 

P.C., Stebner, F., Thomas, J.C., Kraemer, M.S., Williams, C.J., Engel, M.S., Sahni, A., 

Grimaldi, D., 2010. Biogeographic and evolutionary implications of a diverse paleobiota in 

amber from the early Eocene of India. Proceedings of the National Academy of Sciences 

107, 18360–18365. 

Rzedọwski, J., 1975. An Ecological and Phytogeographical Analysis of the Grasslands of 

Mexico. Taxon 24 (1), 67–80. 

Saiki, K., 1997. Frenelopsis pombetsuensis: a new cheirolepidiaceous conifer from the Lower 

Cretaceous (Albian) of Hokkaido, Japan. Paleontology Research 1, 126–131. 

Salzmann, U., Haywood, A.M., Lunt, D.J., Valdes, P.J., Hill, D.J., 2008. A new global biome 

reconstruction and data-model comparison for the Middle Pliocene. Global Ecology and 

Biogeography 17 (3), 432–447. 

Sasaki, S., 2006. Ecology and physiology of Dipterocarpaceae. In: Suzuki, K., Ishii, K., 

Sakurai, S., Sasaki, S. (Eds.), Plantation Technology in Tropical Forest Science, Springer, 

3–22. 

Schouten, S., Hopmans, E.C., Forster, A., Van Breugel, Y., Kuypers, M.M.M., Damsté, J.S.S., 

2003. Extremely high sea-surface temperatures at low latitudes during the middle 



 

 

203 

Cretaceous as revealed by archaeal membrane lipids. Geology 31, 1069–1072. 

Schulte P., Alegret, L. Arenillas, I., Arz, J.A., Barton, P.J., Bown, P.R., Bralower, T.J., 

Christeson, G.L., Claeys, P., Cockell, C.S., Collins, G.S., Deutsch, A., Goldin, T.J., Goto, 

K., Grajales-Nishimura, J.M., Grieve, R.A.F., Gulick, S.P.S., Johnson, K.R., Kiessling, W., 

Koeberl C., Kring D.A., MacLeod K.G., Matsui, T., Melosh, J., Montanari, A., Morgan, 

J.V., Neal, C.R., Nichols, D.J., Norris, R.D., Pierazzo, E., Ravizza, G., Rebolledo-Vieyra, 

M., Reimold, W.U., Robin, E., Salge, T., Speijer, R.P., Sweet, A.R., Urrutia-Fucugauchi J., 

Vajda V., Whalen, M.T., Willumsen, P.S., 2010. The Chicxulub Asteroid Impact and Mass 

Extinction at the Cretaceous-Paleogene Boundary Science 327, 1214. 

Schulte, P., Speijer, R.P., Brinkhuis, H., Kontny, A., Caleys, P., Galeotti, S., Smit, J., 2008. 

Comment on the paper, ‘Chicxulub impact predates K–T boundary: new evidence from 

Brazos, Texas’ by Keller et al. (2007). Earth Planet Science Letters 269, 613–619. 

Schulte, P., Speijer, R.P., Mai, H., Kontny, A., 2006. The Cretaceous–Paleogene (K–P) 

boundary at Brazos, Texas: sequence stratigraphy, depositional events and the Chicxulub 

impact. Sedimentary Geology 184, 77–109 

Schweitzer, H.-J. 1963. Der weibliche Zapfen von Pseudovoltzia liebeana und seine Bedeutung 

für die Phylogenie der Koniferen. Palaeontographica 113B: 1–29. 

Schweitzer, J.H., 1958. Die Fossilen Dipterocarpaceen-Hölzer. Paleontographica B 104, 1–66. 

Stopes, M.C., 1913. Petrifactions of the earliest European angiosperms. Proceedings of the 

Royal Society, Series B 203, 75–100.  

Scotese, C. R., Gahagan, L. M., and Larson, R. L., 1989, Plate tectonic reconstructions of the 

Cretaceous and Cenozoic ocean basins, in Scotese, C. R. and Sager, W.W. (Eds.), 

Mesozoic and Cenozoic plate reconstructions, Elsevier, Amsterdam, p. 27–48. 

Scott, R.W., Fernández-Mendiola, P.A., Gili, E., Simó A., 1990. Persistence of Coral-Rudist 

Reefs into the Late Cretaceous. PALAIOS 5 (2), 98–110. 

Selden, P., Nudds, J., 2005. Evolution of Fossil Ecosystems. Chicago: University of Chicago 

Press. 288 p. 

Sellwood, B.W., Valdes, P.J., 2006. Mesozoic climates: General circulation models and the 

rock record. Sedimentary Geology 190, 269–287. 

Seton M., Gaina C., Müller R.D., Heine, C., 2009. Mid-Cretaceous seafloor spreading pulse: 

Fact or fiction? Geology 37 (8), 687–690. 

Seward, A., 1892. Fossil plants as tests of climate. Clay and Sons, London, 151 p. 

Shaver, G.R., Jonansson, S., 1999. Response of Arctic ecosystems to climate change: results of 

long-term field experiments in Sweden and Alaska. Polar Research 18 (2), 245–252. 

Shimada, K., Tsuihiji, T., Sato, T., Hasegawa, Y., 2010. A remarkable case of a shark−bitten 

elasmosaurid plesiosaur. Journal of Vertebrate Paleontology 30, 592–597. 

Smith, A.B., 2001. Large-scale heterogeneity of the fossil record, implications for Phanerozoic 

biodiversity studies. Philosophical Transactions of the Royal Society B 356, 1–17. 



 

 

204 

Smith, A.R., Pryer, M.K., Schuettpelz, E., Korall, P., Schneider, H., Wolf, P.G., 2006. A 

Classification for Extant Ferns. Taxon 55(3), 705–731. 

Smith, W., 1815. A Delineation of the Strata of England and Wales, with Part of Scotland. J. 

Carey, London. 

Sohl, L.E., Chandler, M.A., 2007. Reconstructing Neoproterozoic palaeoclimates using a 

combined data/modelling approach. In Deep-Time Perspectives. In: Deep-Time 

Perspectives on Climate Change: Marrying the Signal from Computer Models and 

Biological Proxies, Micropalaeontological Society Special Publication 2. Williams, M., 

Haywood, A.M., Gregory, J., Schmidt, D.N. (Eds.) Geological Society, London, 61–80. 

Spicer, R.A. Ahlberg, A., Herman, A.B., Hofmann, C., Raikevich, M., Valdes, P.J., Markwich, 

P.J., 2008. The Late Cretaceous continental interior of Siberia: A challenge for climate 

models. Earth and Planetary Science Letters, 267, 228–235. 

Spicer, R.A., Ahlberg, A., Herman, A.B., Hofmann, C., Raikevich, M., Valdes, P.J., Markwich, 

P.J., 2008. The Late Cretaceous continental interior of Siberia: A challenge for climate 

models. Earth and Planetary Science Letters, 267, 228–235. 

Spicer, R.A., Corfield, R., 1992. A Review of Terrestrial and Marine Climates in the Cretaceous 

and Implications for Modelling the Greenhouse Earth. Geol. Mag. 129: 168-180. 

Spicer, R.A., Herman, A.B., 2010. The late Cretaceous environment of the Arctic: A 

quantitative reassessment based on plant fossils. Palaeogeography, Palaeoclimatology, 

Palaeoecology 295 (3-4), 423–442. 

Spicer, R.A., Herman, A.B., Ahlberg, A.T., Raikevich, M.I., Rees, P.M.A., 2002, Mid-

Cretaceous Grebenka flora of North-eastern Russia: stratigraphy, palaeobotany, taphonomy 

and palaeoenvironment. Palaeogeography, Palaeoclimatology, Palaeoecology, 184, 65–

105. 

Spicer, R.A., Parrish, J.T., 1990. Late Cretaceous-Early Tertiary palaeoclimates of northern 

high latitudes: A quantitative view: Journal of the Geological Society of London 147, 329–

341. 

Spicer, R.A., Rees, P.McA, Chapman, J.L., 1993. Cretaceous phytogeography and climate 

signals. Philosophical Transactions of the Royal Society, Biological Sciences 341, N 1297: 

277–286. 

Spicer, R.A., Wolfe, J.A., and Nichols, D., 1987, Alaskan Cretaceous-Tertiary Floras and Arctic 

Origins. Paleobiology, v.13, p.73- 83. 

Spurr, S.H., Barnes, B.V., 1980. Forest ecology. 3rd Edition. John Wiley and Sons Inc., New 

York, NY.  

Srinivasan, V.,1995. Conifers from the Puddledock locality (Potomac Group, Early Cretaceous) 

in eastern North America. Review of Palaeobotany and Palynology 89, 257–286. 

Srivastava, S.K., 1976. The fossil pollen genus Classopollis. Lethaia 9, 437–457. 

Steuber, T., Rauch, M., Masse, J-P., Graaf, J., Malko, M., 2005. Low-latitude seasonality of 



 

 

205 

Cretaceous temperatures in warm and cold episodes. Nature 437, 1341–1344. 

Stewart, W.W.N, Rothwell, G.W., 1993. Paleobotany and the evolution of plants. Cambridge 

University Press. 31 p.  

Stockey, R.A., 1982. The Araucariaceae: An evolutionary perspective. Review of Palaeobotany 

and Palynology 37, 133–154. 

Stoll, H.M., Schrag, D.P., 1996. Evidence for glacial control of rapid sea level changes in the 

Early Cretaceous. Science 272, 1771–1774. 

Stopes, M.C., 1912. Catalogue of the Mesozoic plants in the British Museum (Natural History). 

British Museum, London.Sun, G. Dilcher, D.L., Wang, H., Chen, Z., 1998. In search of the 

first flower: a Jurassic angiosperm, Archaefructus, from Northeast China. Science 282, 

1692–1695. 

Stopes, M.C., 1915. Catalogue of the Cretaceous plants in the British Museum (Natural History) 

London. Part II. Lower Greensand (Aptian) Plants of Britain, British Museum of Natural 

History, London, 360 pp.  

Strömberg, C.A.E., 2011. Evolution of Grasses and Grassland Ecosystems. Annual Review of 

Earth and Planetary Sciences 39, 517–544. 

Sucerquia, P., Bernardes-de-Oliveira, M.E.C., Moreno-Sánchez, M., 2008. Frenelopsid conifers 

in the northern South America and its stratigraphic, paleogeographic and palaeoclimatic 

significance.IPC-XII/IOPC-VIII Bonn,Germany 2008 AbstractVolume: 2, 271. 

Sun, B., Dai, J., Wang, Y., Jia, H., Yan, D., Jiang, Z., 2010. Pseudofrenelopsis fossils from 

Cretaceous gypsum beds in Guixi, Jiangxi Province, China and their geological 

significance. Island Arc 20, 43–56. 

Sun, G., Dilcher, D.L., Zheng, S., Zhou, Z., 2011. A eudicot from the Early Cretaceous of 

China. Nature 471, 625–628. 

Sun, G., Dilcher, D.L., Zheng, S.L., Zhou, Z.K., 1998. In search of the first flower: a Jurassic 

angiosperm, Archaefructus, from Northeast China. Science 282, 1692–1695 

Sun, G., Ji, Q., Dilcher, D.L., Zheng, S., Nixon, K.C., Wang, X., 2002. Archaefructaceae, a 

New Basal Angiosperm Family. Science 296, 899–904. 

Suwarna, N., Suharsono Gafoer, S., Aminruddin, Dan, A., Kusnama, Hermanto, B., 1998. 

Geology of the Bankgo Quadrangle (0913-4), Sumatra. Scale 1: 100, 000. Geological 

Survey of Indonesia. Directorate of Mineral Resources, Geological Research and 

Development Centre, Bandung.  

Suwarna, N., Suharsono, Gafoer, S., Amin, T.C., Kusnama, Hermanto, B., 1994. Geology of the 

Sarolangun Quadrangle (0913) Sumatra. Scale 1: 250, 000. Geological Survey of 

Indonesia. Directorate of Mineral Resources, Geological Research and Development 

Centre, Bandung.  

Swank, W., Douglass, J., 1974. Streamflow Greatly Reduced by Converting Deciduous 

Hardwood Stands to Pine. Science 185 (4154) 857–859. 



 

 

206 

Sykes, M.T., Prentice, I.C., Cramer, W., 1996. A bioclimatic model for the potential distribution 

of northern European tree species under present and future climates. Journal of 

Biogeography 23, 203–233. 

Taggart, R.E., Cross, A.T., 1997. The relationship between land plant diversity and productivity 

and patterns of dinosaur herbivory. In Wolberg, D.L., Stump, E., Rosenberg, G.D., (Eds.), 

Proceedings of the Dinofest International Symposium, Arizona State University (Tempe). 

Academy of Natural Sciences, Philadelphia. p.403–416. 587pp.  

Takahashi, K., Suzuki, M., 2003. Dicotyledonous fossil wood flora and early evolution of wood 

characters in the Cretaceous of Hokkaido, Japan. IAWA Journal 24, 269–309. 

Takhtajan, A., 1969. Flowering Plants: Origin and Dispersal. Oliver and Boyd, Edinburgh. 

Tansley, A., 1935. The use and abuse of vegetational concepts and terms. Ecology, 16, 284–

307. 

Taylor, E.L., Taylor, T.N., Kerp, H., Hermsen, E.J., 2006. Mesozoic seed ferns: old paradigms, 

new discoveries. Journal of the Torrey Botanical Society 133, 62–82. 

Taylor, T.N., Archangelsky, S., 1985. The Cretaceous pteridosperms Ruflorinia and Ktalenia 

and implications on cupule and carpel evolution. American Journal of Botany 72 (12), 

1842–1853. 

Taylor, T.N., Taylor, E.L., Krings, M., 2009. Paleobotany The Biology and Evolution of Fossil 

Plants. 2nd Ed. Elsevier, London, U.K., p. 1230. 

Thomas, H.H., 1925. The Caytoniales, a new group of angiospermous plants from the Jurassic 

rocks of Yorkshire. Philosophic Transaction of Royal Society London 213B: 299–363. 

Tidwell, W.D., Nishida, H., 1993. A new fossilized tree fern stem, Nishidacaulis burgii gen. et 

sp. nov., from Nebraska, South Dakota, USA. Review of Palaeobotany and Palynology 78, 

55–67. 

Tidwell, W.D., Simper, A.D., Thayn, G.F., 1977. Additional information concerning the 

controversial Triassic plant: Sanmiguelia. Paläontographica. 163B, 143–151.  

Tidwell, W.D., Thayn, G.F., 1985. Flora of the Lower Cretaceous Cedar Mountain Formation of 

Utah and Colorado, Part IV. Palaeopiceoxylon thinosus (Protopinaceae). The Southwestern 

Naturalist 30(4), 525–532. 

Tidwell, W.D., Wright, W.W., 2003. Tempskya dernbachii sp. nov. from Neuquen Province, 

Argentina, the first Tempskya species reported from the Southern Hemisphere. Review of 

Palaeobotany and Palynology 127, 133–145. 

Toon, O.B., Zahnle, K., Morrison, D., Turco, R.P., Covey, C., 1997. Environmental 

perturbations caused by the impacts of asteroids and comets. Reviews of Geophysics 35,1, 

41–78. 

Torres, T., Barale, G., Méon, H., Philippe, M., Thévenard, F., 1997. Cretaceous Floras from 

Snow Island (South Shetland Islands, Antarctica) and Their Biostratigraphic Significance 

 The Antarclic Región: Geological Evolution and Processes 1023–1028. 



 

 

207 

Torsvik, T.H., Cocks, L.R.M., 2012. From Wegener until now: the development of our 

understanding of Earth’s Phanerozoic evolution, Geologica Belgica 15, 181–192. 

Troncoso, A., Gnaedinger, S., Herbst, R., 2000. Heidiphyllum, Rissikia y Desmiophyllum 

(Pinophyta, Coniferales) en el Triásico del norte chico de Chile y sur de Argentina. 

Ameghiniana 37, 119–125. 

Twitchett, R.J., 2006. The palaeoclimatology, palaeoecology and palaeo environmental analysis 

of mass extinction events. Palaeogeography Palaeoclimatology Palaeoecology 232 (2–4), 

190–213. 

Ufnar, D.F., González, L.A., Ludvigson, G.A., Brenner, R.L., Witzke, B.J., 2004. Evidence for 

increased latent heat transport during the Cretaceous (Albian) greenhouse warming. 

Geology 32, 1049–1052. 

Uhl, D., 2006. Fossil plants as palaeoenvironmental proxies – some remarks on selected 

approaches. Acta Palaeobotanica 46, 87–100. 

Ulicny, D., Nichols, G.J., 1997. Shallow marine and coastal sandstone bodies: processes, facies 

and sequence stratigraphy: examples from the Bohemian Cretaceous Basin, Czech 

Republic. Amoco Field Course, Prague, Czech Republic 

Upchurch, G.R., Doyle, J.A., 1981. Paleoecology of the conifers Frenelopsis and 

Pseudofrenelopsis (Cheirolepidiaceae) from the Cretaceous Potomac Group of Maryland 

and Virginia. In Geobotany, Volume 2 (ed. R.C. Romans) New York: Plenum Publishing 

Corporation, pp. 167–202. 

Vakhrameev V.A., 1970. Range and Palaeoecology of Mesozoic Conifers, the 

Cheirolepidiaceae. Paleont, zhur., 1, 19–34. 

Vakhrameev, V.A., 1978. The climates of the Northern Hemisphere in the Cretaceous in the 

light of paleobotanical data. Paleontological Journal 12, 143–154. 

Vakhrameev, V.A., 1991. Jurassic and Cretaceous floras and climates of the Earth. Cambridge 

University Press, Cambridge. 318pp 

Valdes, P., 2000, Warm climate forcing mechanisms, in Huber, B.T., et al., (Eds.), Warm 

climates in earth history: Cambridge, UK, Cambridge University Press, p. 3–20.  

van der Ham, R.W.J.M., van Konijnenburg-van Cittert, J.H.A., Dortangs, R.W., Herngreen, 

G.F.W., van der Burgh, J., 2003. Brachyphyllum patens (Miquel) comb. nov. 

(Cheirolepidiaceae?): remarkable conifer foliage from the Maastrichtian type area (Late 

Cretaceous, NE Belgium, SE Netherlands). Review of Palaeobotany and Palynology 127, 

77–97. 

van der Ham, R.W.J.M., van Konijnenburg-van Cittert, J.H.A., van der Burgh, J., 2001. 

Taxodiaceous conifers from the Maastrichtian type area (Late Cretaceous, NE Belgium, SE 

Netherlands). Review of Palaeobotany and Palynology, 116, 233–250. 

van Konijnenburg-Van Cittert, J.H.A., 2002. Ecology of some Late Triassic to Early Cretaceous 

ferns in Eurasia. Review of Palaeobotany and Palynology 119 (1–2), 113–124. 



 

 

208 

van Konijnenburg-van Cittert, J.H.A., van Waveren, I.M., Jonkers, J.B., 2004. Catalogue of the 

Mesozoic and Cenozoic holotypes in the collection of plant fossils in the Nationaal 

Natuurhistorisch Museum, Leiden. NNM Technical Bulletin 7, 1–27. 

Vera, E.I., 2011. Livingstonites gabrielae Gen. et Sp. Nov., permineralized moss (Bryophyta: 

Bryopsida) from the aptian cerro negro formation of Livingston Island (South Shetland 

Islands, Antarctica). Ameghiniana 48 (1), 122–128.  

Verdu, M., 2002. Age at maturity and diversification in woody angiosperms. Society for the 

Study of Evolution 56 (7), 1352–1361. 

Villar de Seoane, L., 1999. Estudio comparado de Cyathea cyathifolia comb. nov. del Cretacico 

inferior de patagonia, Argentina. Revista Española de Paleontologia 14, 157–163. 

Vozenin-Serra, C., Diez, J.B., 2011. A new species of Protaxodioxylon (Cupressaceae s.l.) from 

the late Albian of the Aragonian branch of the Iberian Range (Spain). Palaeoclimatic 

implications, Geodiversitas, 33 (1), 11–24. 

Walker, J.D., Geissman, J.W., Bowring, S.A., Babcock, L.E., 2012. Geologic Time Scale v. 4.0: 

Geological Society of America. 

Walker, S., Wilson, J.B., Steel, J.B., Rapson, G.L., Smith, B., King, W.M., Cottam, Y.H., 2003. 

Properties of Ecotones: Evidence from Five Ecotones Objectively Determined from a 

Coastal Vegetation Gradient. Journal of Vegetation Science 14, 579–90. 

Walter, H., Box, E., 1976. Global classification of natural terrestrial ecosystems. Vegetatio 32 

(2), 75–81.  

Wang, X., 2010. Suggested Angiosperm Ancestors In: The Dawn Angiosperms. Lecture Notes 

in Earth Sciences 121, 238p. 

Wang, X., Duan, S., Geng, B., Cui, J., Yang, Y., 2007. Schmeissneria: A missing link to 

angiosperms? BMC Evolutionary Biology 7, 14. 

Wang, Y., Zheng, S., Yang, X., Zhang, W., NI, Q., 2007. The Biodiversity and Palaeoclimate of 

Conifer Floras From the Early Cretaceous Deposits in Western Liaoning Northeast China. 

International Symposium on Cretaceous Major Geological Events and Earth System. Sept. 

3-5, Beijing, China. 

Wappler, T., Denk, T., 2011. Herbivory in early Tertiary Arctic forests. Palaeogeography 

Palaeoclimatology Palaeoecology 310, 283–95  

Watkins, J.E., Cardelus, C.L., 2012. Ferns in an Angiosperm World: Cretaceous Radiation into 

the Epiphytic Niche and Diversification on the Forest Floor. International Journal of Plant 

Sciences 173 (6), 695–710. 

Watson, J., 1977. Some Lower Cretaceous conifers of the Cheirolepidiaceae from the USA and 

England. Palaeontology 20, 715–749. 

Watson, J., 1982. The Cheirolepidiaceae: a short review. Phyta, Studies on living and fossil 

plants, Plant Comm. Vol., 265–273. 

Watson, J., 1983. A new species of the conifer Frenelopsis from the Cretaceous of Sudan. 



 

 

209 

Botanical Journal of the Linnean Society 86, 161–167.  

Watson, J., 1988. The Cheirolepidiaceae. In: Beck, C.B. (Ed.), Origin and Evolution of 

Gymnosperms. Columbia University Press, New York, pp. 382–447 

Watson, J., Alvin, K.L., 1996. An English Wealden floral list, with comments on possible 

environmental indicators. Cretaceous Research 17 (1), 5–26. 

Weaver, J.E., Clements, F.E., 1929. Plant Ecology, N.Y., USA.   

Whalley, P., 1987. Insects and Cretaceous mass extinction. Nature 327, 562. 

Wheeler, E.A., 2011. InsideWood – A web resource for hardwood anatomy. International 

Association of Wood Anatomists Journal 32, 199–211. 

Wheeler, E.A., Baas, P., 1991, A survey of the fossil record for dicotyledonous wood and its 

significance for evolutionary and ecological wood anatomy: International Association of 

Wood Anatomists Journal, 12, 275–332. 

Wheeler, E.A., Baas, P., 1993. The potentials and limitations of dicotyledonous wood anatomy 

for climatic reconstructions. Paleobiology 19, 487–498. 

Wheeler, E.A., Lehman, T., Gasson, P.E., 1994. Javelinoxylon, an Upper Cretaceous 

dicotyledonous tree from Big Bend National Park, Texas, with presumed Malvalean 

affinities. American Journal of Botany 81, 703–710. 

Whitmore, T.C., 1998. An introduction to tropical rain forests, 2nd edition. Oxford University 

Press, Oxford, UK, 296 pp. 

Whittaker, R.H., 1970. Communities and Ecosystems. New York: MacMillan. 

Whittaker, R.T., Fernandez-Palacios, J.M., 2006. Island biogeography: ecology, evolution, and 

conservation. 2nd Ed., Oxford University, UK, p. 416. 

Wickremasinghe, B.K.L., Heart, T.R., 2006. A comparative wood anatomical study of the genus 

Diospyros L. (Ebenaceae) in Sri Lanka. Ceylon Journal of Science 35, 115–136. 

Widdowson, M., 2007. Laterite and ferricrete. In Geochemical Sediments and Landscapes, D.J. 

Nash, S.J. McLaren (Eds.), Wiley-Blackwell, Oxford. p. 46–94. 

Wilf, P., Johnson, K.R., 2004. Land plant extinction at the end of the Cretaceous: a quantitative 

analysis of the North Dakota megafloral record. Paleobiology 30 (3), 347–368. 

Willis K.J., Bhagwat, S.A., 2010. Questions of importance to the conservation of global 

biological diversity: answers from the past. Climate Past Discussion 6, 1139–1162. 

Willis, K.J., 2009. Evolution and Function of Earth's Biomes: Temperate Forests. In: Cílek, V., 

Smith, R.H., (Eds.) Earth system: history and natural variability. Volume 3, Encyclopedia 

of Life Support Systems, Eolss Publishers, Oxford, U.K. 

Willis, K.J., McElwain, J.C., 2002. The Evolution of Plants. Oxford: Oxford University Press. 

Wilson, J.B., Agnew, A.D.Q., 1992. Positive-feedback switches in plant communities. Advance 

Ecology Research 33, 263–336. 

Wilson, P.A., Norris, R.D., 2001. Warm tropical ocean surface and global anoxia during the 

mid-Cretaceous period. Nature 412, 425–429.  



 

 

210 

Wilson, P.A., Norris, R.D., Cooper, M.J., 2002. Testing the Cretaceous greenhouse hypothesis 

using glassy foraminiferal calcite from the core of the Turonian tropics on the Demerara 

Rise. Geology 30, 607–610. 

Wing, S.L., Herrera, F., Jaramillo C., Gomez, C., Wilf, P., Labandeira, C.C., 2009. Late 

Paleocene fossils from the Cerrejon Formation, Colombia, are the earliest record of 

neotropical rainforests. Proceedings of the National Academy of Sciences 106, 18627–32.  

Wing, S.L., Hickey, L.J., Swisher, C.C., 1993. Implications of an exceptional fossil flora for 

Late Cretaceous vegetation. Nature 363, 342–344. 

Witkowski, J., Sim, P.A., Harwood, D., 2011. Rutilariaceae redefined: a review of fossil bipolar 

diatom genera with centrally positioned linking structures, with implications for the origin 

of pennate diatoms. European Journal of Phycology 46 (4), 378–398. 

Wolfe, J.A., 1987. Late Cretaceous-Cenozoic History of Deciduousness and the Terminal 

Cretaceous Event. Paleobiology 13 (2), 215–226. 

Woltz, P., 1986. Étude des plantules; Comparaison avec les familles de conifères de 

l’hemisphere sud. Les Podocarpus, Origines et évolution. Ph.D. Thesis of the Faculty of 

Sciences and Technology. Université de Saint Jerome, France 

Woodward, F.I., 1987. Stomatal numbers are sensitive to increases in CO2 from pre-industrial 

levels, Nature 327, 617–618. 

Woodward, F.I., Kelly, C.K., 1995. The influence of CO2 concentration on stomatal density. 

New Phytologist 131, 311–327. 

Woodward, F.I., Lomas, M.R., Kelly, C.K., 2004. Global climate and the distribution of plant 

biomes. Philosophical Transactions of The Royal Society B, 359, 1465–1476. 

Wu, S-Q., 1999. A preliminary study of the Jehol flora from the western Liaoning. Palaeoworld 

11, 7–37. 

Xu, X., Guo, Y., 2009. The origin and early evolution of feathers: insights from recent 

paleontological and neontological data. Vertebrate Palentology Asiatica 47, 311–329. 

Yang, X.-J. 2008. A male cone of Pseudofrenelopsis dalatzensis with in situ pollen grains from 

the Lower Cretaceous of northeast China. Géobios 41, 689–698. 

Yao, X., Taylor, T.N., Taylor, E.L., 1997. A taxodiaceous seed cone from the Triassic of 

Antarctica. American Journal of Botany 84, 343–354. 

Yatskievych, 2002. Pteridophytes (Ferns). In: Encyclopedia of Life Science. Missouri Botanical 

Garden, St Louis, MO, U.S.A. 

Zan, S.-Q., Axsmith, B. J., Fraser, N.C., Liu, F.-X., Xing, D., 2008. New evidence for Laurasian 

corystosperms: Umkomasia from the Upper Triassic of Northern China. Review of 

Palaeobotany and Palynology 149, 202–207. 

Zavialova, N., Buratti, N., Roghi, G., 2010. The ultrastructure of some Rhaetian Circumpolles 

from southern England. PDF file, Grana, 49, 281-299.  

Zhang, P., 1999. Study of geographical distribution and biological properties of ecology on 



 

 

211 

Tetracentron sinense. Yantai Teachers Univ. J. (Nat. Sci.) 15 (2), 148–150. 

Zharkov, M.A., Murdmaa, I.O., Filatova, N.I., 1998. Paleogeography of the Coniacian– 

Maastrichtian ages of the Late Cretaceous. Stratigraphy and Geological Correlation 6 (3), 

209–221. 

Zhou, Z., 1995. On some Cretaceous pseudofrenelopsids with a brief review of 

cheirolepidiaceous conifers in China. Review of Palaeobotany and Palynology 84, 419-

438. 

Zhou, Z.−H., Wang, X.−L., Zhang, F.−C., Xu, X., 2000. Important features of Caudipteryx – 

Evidence from two nearly complete new specimens. Vertebrata PalAsiatica 38, 241–254. 

Ziegler, A.M., Raymond, A.L., Gierlowski, T.C., Horrell, M.A., Rowley, D.B., Lottes, A.L., 

1987. Coal, climate and terrestrial productivity: the Present and Early Cretaceous 

compared. In Coal and Coal-Bearing Strata: Recelll Advances, Geological Society Special 

Publication No. 32, pp. 25–49 

Zobel, B.J., Buijtenen, J.P. van, 1989. Wood variation: Its Causes and Controls. Springer-

Verlag, Berlin, 363 pp. 

Zwierzycki, J., 1935. Die Ergebnisse der paläobotanischen Djambi-Expedition 1925. Part 2. Die 

geologischen Ergebnisse. Jaarboek van het Mijnwezen in Nederlandsch Indië 59, 1–71. 



 

 
212 

 

APPENDIX 

APPENDIX 1. Database of Cretaceous fossil wood 

Database in PDF file (Appendix 1) to be found within the enclosed CD at the end 

of this thesis.  

 

APPENDIX 2. Maps of Cretaceous wood distribution 

 

The following maps show the distribution of conifers and angiosperm groups 

(Chapter 4) in more detail. Small black squares represent other localities within the 

same time-bin where the group is not present. 

T1, Berriasian–Hauterivian (145.5–125 Ma); T2, Aptian–Albian (126–99 Ma); 

T3, Cenomanian–Santonian (99–83 Ma); T4, Campanian–Maastrichtian (84–65.5 Ma). 

 

Angiosperm distribution T2 

 

Figure 4.9. Angiosperm wood distribution for T2, Aptian–Albian (126–99 Ma). 
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Angiosperm wood T3 and T4 

 

 

Figure 4.10. Angiosperm wood distribution for T3, Cenomanian–Santonian (99–83 

Ma). 

 

 

 

Figure 4.11. Angiosperm wood distribution for T4, Campanian–Maastrichtian (84–65.5 

Ma). 
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Araucarioid wood T1 and T2 

 

 

Figure 4.12. Araucarioid wood distribution for T1, Berriasian–Hauterivian (145.5–125 

Ma). 

 

 

Figure 4.13. Araucarioid wood distribution for T2, Aptian–Albian (126–99 Ma). 
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Araucarioid wood T3 and T4 

 

 

Figure 4.14. Araucarioid wood distribution for T3, Cenomanian–Santonian (99–83 

Ma). 

 

 

 

Figure 4.15. Araucarioid wood distribution for T4, Campanian–Maastrichtian (84–65.5 

Ma). 
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Cupressoid wood T1 and T2 

 

 

Figure 4.16. Cupressoid wood distribution for T1, Berriasian–Hauterivian (145.5–125 

Ma). 

 

 

 

Figure 4.17. Cupressoid wood distribution for T2, Aptian–Albian (126–99 Ma). 
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Cupressoid wood T3 and T4 

 

 

Figure 4.18. Cupressoid wood distribution for T3, Cenomanian–Santonian (99–83 Ma). 

 

 

 

Figure 4.19. Cupressoid wood distribution for T4, Campanian–Maastrichtian (84–65.5 

Ma). 
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Pinoid wood T1 and T2 

 

 

Figure 4.20. Pinoid wood distribution for T1, Berriasian–Hauterivian (145.5–125 Ma). 

 

 

 

Figure 4.21. Pinoid wood distribution for T2, Aptian–Albian (126–99 Ma). 
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Pinoids wood T3 and T4 

 

 

Figure 4.22. Pinoid wood distribution for T3, Cenomanian–Santonian (99–83 Ma). 

 

 

 

Figure 4.23. Pinoid wood distribution for T4, Campanian–Maastrichtian (84–65.5 Ma). 
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Podocarpoid wood T1 and T2 

 

 

Figure 4.24. Podocarpoid wood distribution for T1, Berriasian–Hauterivian (145.5–125 

Ma). 

 

 

 

Figure 4.25. Podocarpoid wood distribution for T2, Aptian–Albian (126–99 Ma). 
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Podocarpoid wood T3 and T4 

 

 

Figure 4.26. Podocarpoid wood distribution for T3, Cenomanian–Santonian (99–83 

Ma). 

 

 

 

Figure 4.27. Podocarpoid wood distribution for T4, Campanian–Maastrichtian (84–65.5 

Ma). 

 

  



 

 
222 

 

APPENDIX 3. Database of cheirolepid conifers 

 

Database in PDF file (Appendix 3) to be found within the enclosed CD at the end 

of this thesis.  

 

 

APPENDIX 4. Character matrix for the PCA analysis of extant dipterocarp woods 

 

Character matrix in PDF file (Appendix 4) to be found within the enclosed CD at 

the end of this thesis.  

 

 

APPENDIX 5. Character matrix for the PCA analysis of fossil dipterocarp woods 

 

Character matrix in PDF file (Appendix 5) to be found within the enclosed CD at 

the end of this thesis.  

 

 

APPENDIX 6. Database of the fossil wood record of Dipterocarpaceae 

 

Database in PDF file (Appendix 6) to be found within the enclosed CD at the end 

of this thesis.  

 




