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ABSTRACT

Dense forests with closed canopies are of enormous climatic and
ecological significance. Three-dimensional forest structure affects surface albedo,
atmospheric circulation, hydrologic cycling, soil stability, and the carbon cycle, both on
the local and global scale. Increasingly, dense canopy forests are recognized for their role
in plant and animal evolution and provide a great variety of microhabitats into which
much of the diversity of animal and plant life has specialized. The geologic history of
three dimensional forest structure is poorly known, however, because fossil assemblages
seldom reflect tree spacing, size, or branching and adaptations specific to closed-canopy
forests – such as large, fleshy fruits or branchless boles – rarely preserve. The best
preserved and most abundant plant fossils are leaves and leaf fragments, however leaf
morphology alone does not indicate canopy conditions. This study focuses on leaf
biochemical signatures that have potential to record light environment, preserve in
geologic archives, and ultimately serve as proxies of canopy density.

Dense, closed-canopy forests are defined by strong vertical light and humidity
gradients, and a pronounced decrease in photosynthetic rate in the understory. This rate
difference results in an enrichment in the carbon isotope composition of leaves (δ13Cleaf)
at the top of the canopy relative to the lower levels. Our study found that leaves from a
deeply-shaded closed-canopy forest in Panama had a ~10‰ vertical range in δ13Cleaf
values, vertically, while leaves from a seasonal canopied forest in Maryland expressed
only a ~6‰ range. A Monte Carlo model that resampled δ13Cleaf values indicated that
iii

canopy closure could be identified by isotopic range from a relatively small (~50) number
of leaves. Based on this result, we used δ13Cleaf range as a diagnostic feature of canopy
coverage and measured δ13Cleaf values of fossil leaves to identify canopy density
characteristics of three ancient forests. Our results confirm the earliest closed-canopy
Neotropical forest in a Paleocene fossil assemblage and identified open canopy features in
a Cretaceous fossil assemblage and a forest edge in another Paleocene assemblage.

Identifying canopy closure in fossil leaves by analogy by isotopic leaf features
observed in modern plants assumes that patterns of photosynthetic carbon isotope
fractionation (∆leaf) are the same in ancient plants and their extant relatives. ∆leaf values
calculated for modern leaves had a wide range of values from canopy to understory. ∆leaf
values calculated from fossil leaf data indicated that the majority of leaves in the
assemblages were from the upper canopy. A similar analysis of n-alkanes from modern
found that modern leaves express a wide range of δ13Clipid values, in correlation with
humidity, canopy height, and irradiance. δ13Clipid values from fossil leaves had smaller
ranges than modern relatives but a mixing model that used the relative abundance of leaves
in the assemblage and the fossil δ13Clipid data closely reproduced the chain-length
distribution and δ13Clipid of alkanes from bulks sediments from the fossil assemblage.
Calculated fractionation during lipid synthesis (εlipid) in fossil leaves was less negative
than modern leaf values and may reflect drier climates or the bias in fossil leaf
assemblages toward upper canopy leaves.
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The amount of n-alkanes made by a leaf is greater in the understory than it is in the
canopy. Understory leaves also have more depleted δ13Clipid values. Alkanes extracted
from fossil leaves in the closed-canopy assemblage also exhibited depleted δ13Clipid values
in leaves with higher alkane content. An analysis of the published literature found leaf
higher angiosperms produce greater concentrations of leaf alkanes. The systematic
increase in alkane production as well as the higher alkane amounts in understory leaves
may be related to the enhanced fungal resistance proffered by alkanes that would be
necessary in humid understories. Increased alkane production may then also be related to
shade tolerance and early adaptation by higher angiosperms to closed-canopy conditions.
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Chapter 1. Introduction

1.1. Introduction

The dense, closed-canopy forests of the moist tropics are among the most diverse
terrestrial ecosystems. Alpha diversity (number of species in an ecosystem or “species
richness”) in closed-canopy tropical forests can reach up to 300 tree species per hectare
(Phillips et al., 1994; Turner, 2001; Wright, 2002). Species co-exist in a wide spectrum of
niches. These niches can be defined horizontally, across the landscape, by topographic
and edaphic (soil-related) variations (Connell & Grubb, 1996; Clark et al., 1998). More
importantly, niches are defined vertically by the canopy structure of the forest. The wide
variety of tree heights combined with extreme gradients in light and humidity from
canopy top to forest floor provide a diversity of microhabitats and light environments that
allow plants to specialize into different strata of the forest as they mature (Augspurger,
1984; Kohyama, 1993, Myneni et al., 2007).

The geologic history of forest structure and canopy closure is not well understood. Fossil
assemblages seldom reflect tree spacing, size, or branching patterns (Tiffney, 1984; Davis
et al., 2005). Adaptations specific to closed-canopy forests – such as large, fleshy fruits
or branchless boles – rarely preserve (Bruun & Ten Brink, 2008). The best preserved and
most abundant plant fossils are leaves and leaf fragments, however leaf morphology
alone does not indicate canopy conditions. This study focuses on leaf biochemical
signatures that have the potential to record light, humidity, and isotopic gradients,
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preserved in geologic archives, and ultimately serve as proxies of canopy density. Study
results have been applied to analysis of Neotropical leaf fossils. This introductory chapter
explores the previous research that informs this topic and the specific goals of our work.

1.2. Climatic feedback in closed-canopy forests

Closed-canopy forests affect regional and global climate. Evapotranspiration in tropical
rainforests lowers albedo and increases surface moisture availability, which in turn
regulates global temperature, hydrologic cycling, and atmospheric circulation (Bastable
et al., 1993; Betts, 1999; Boyce et al., 2010). Closed-canopy tropical forests thrive in
year-round warmth (> 20° C) and high precipitation (> 2000 mm/year) regimes (Turner,
2001). Tropical rainforests are only ~12% of the Earth's surface but account for 45% of
carbon in terrestrial biomass (IPCC, 2000; Grace et al., 2001; Malhi et al., 2002). This
makes the origin and evolution of closed-canopy forests a topic of interest to both
climatologists and paleo-ecologists alike.

1.3. Reconstruction of ancient canopied forests from fossils

The rise of closed-canopy forests is often linked with the widespread distribution of
angiosperms in the Paleocene, but the location and age of the first forest canopies is
disputed (Germeraad et al., 1968; Lappartient, 1981; Upchurch & Wolfe, 1987; Spicer et
al., 1993; Morley, 2000; Johnson & Ellis, 2002; Burnham & Johnson, 2004; Davis et al.,
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2005; Jaramillo et al., 2010). Reconstructions of canopy in the geologic past typically
rely on physiognomic features of fossil leaves as an indicator of climate or light
environment, or on identification of taxa associated with extant closed-canopy forests
(Johnson & Ellis, 2002; Davis et al., 2005; Wing et al., 2009). Positive identification of
stand architecture from fossil leaves is difficult since morphological differences can be
very subtle and require exceptional preservation (Burnham et al., 1992; Ellis et al., 1999).
Further, fossil assemblages include extinct taxa that are not necessarily analogous to
modern forests and lack extant taxa that we have used to shape our interpretation of
floristic components.

1.4. The origin and evolution of the closed-canopy forest in the Neotropics

Neotropical forests of Central and South America have developed different family-level
dominance than those of Africa and Asia since the separation of Gondwana. The
Cretaceous plant record of the Neotropics is best known from pollen assemblages, most
of which are dominated by gymnosperms. Angiosperm pollen is first reported from the
Late Aptian but cannot be allied to modern taxa (Herngreen & Duenas Jimenez, 1990).
Albian pollen deposits can be allied with the Arecaceae in many cases but is dominated
by dicotyledenous angiosperm pollen (Burnham & Johnson, 2004). Although shade
tolerance is not unique to the angiosperms, these taxa represent 80-90% of species in
modern, closed-canopy tropical forests, which suggest the Late Cretaceous increase in
angiosperms could be associated with greater canopy closure (Burnham & Johnson,
2004; Valladares & Niinemets, 2008; Jaramillo et al., 2010).
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Paleoflora from the Paleocene-age Cerrejón Formation in Colombia contain all the
floristic elements associated with closed-canopy forests, and reconstructed climatic
parameters suggest a tropical rainforest biome (Wing et al., 2004; Herrera, 2008a;
Herrera, 2008b; Wing et al., 2009). The diversity of families in the Cerrejón fossil
assemblages is very low, though, when compared with modern closed-canopy
environments (Wing et al., 2009). This lack of diversity could be interpreted as a slow
recovery from the end-Cretaceous extinction or could reflect the bias in litter from
closed-canopy forests towards leaves from the upper canopy (Ferguson, 1985; la Parra et
al., 2007). Litter from closed-canopy forests contains leaves mostly from species that
dominate the canopy and does not reflect the full diversity of the forest. With a clearer
biogeochemical indication of canopy closure it would be easier to understand low
diversity in paleofloral assemblages from closed-canopy forests. In addition to informing
interpretations of fossil leaf assemblages, a biomarker approach could also open up
geologic records that lack well-preserved fossils for interpretation of the canopy
structure.

1.5. Biochemical features of canopy closure: The canopy effect

One of the most defining features of the closed-canopy forest is a strong vertical light
gradient. As little as 1% of available photosynthetic photon flux density reaches plants on
the forest floor (Chazdon & Fetcher, 1984; Niinemets, 2007; Santiago & Wright, 2007).
This extreme gradient in light leads to a greater than 100% increase in photosynthetic rate
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from forest floor to canopy top (Meir et al., 2002). Along this photosynthetic gradient,
plants express strong physiological trends in anatomical and chemical leaf traits (Medina
& Minchin, 1980; Francy et al., 1985; Leaney et al., 1985; Farquhar et al., 1989;
Niinemets et al., 1999; Beerling & Royer, 2002; Meir et al., 2002; Poorter et al., 2006;
Boyce, 2008). Leaves in the understory can have lifespans ten times longer than canopy
leaves (Reich et al., 1991).

The 13C-abundance in bulk leaf tissue (expressed as δ13Cleaf – see section 1.11 for more
details on isotopic notation) declines downward in the canopy. This “canopy effect” is a
long-recognized indicator of canopy conditions (Vogel, 1978). Three primary
mechanisms contribute to the canopy effect. First, due to high respiration by soil biota
and poor atmospheric mixing, the CO2 in an understory is often 13C depleted; this
isotopic depletion can be recorded in leaf tissue during photosynthesis (Medina &
Minchin, 1980; Da Silveira et al., 1989; Brooks et al., 1997). Second, understory
humidity is higher, permitting stomata to remain open without loss of leaf-water,
reducing the difference between leaf interior and atmospheric CO2 concentrations and
resulting in a fuller expression of enzymatic 13CO2 discrimination (Δleaf; Farquhar et al.,
1989; Madhavan et al., 1991; also, see section 1.11 for details on calculation). Third,
elevated carbon assimilation rates in the canopy top lead to greater draw-down of internal
CO2 and much less 13C discrimination when compared to leaves lower in the canopy
(Francey et al., 1985; Ehleringer et al., 1986; Zimmerman & Ehleringer, 1990; Lockheart
et al., 1997; Niinemets et al., 1999).
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δ13Cleaf values indicative of canopy closure are potentially preserved in fossil leaf
material, although this application has not been explored. Rather, measurements of
δ13Cleaf from fossil angiosperm leaves have been used to make inferences about carbon
cycle perturbations, molecular taphonomy, and chemotaxonomy and assume that leaf
fossils represent the entire forests and are not influenced by ecosystem structure (Otto et
al., 1994; Huang et al., 1995; Gupta et al., 2007; Zanetti et al., 2007; Xiao et al., 2013).
These published studies indicate biomarker compounds are more likely to be found in
fossils rather than sediments, how they differ from modern relatives, and how stomata
anatomy and carbon metabolism have responded to changes in atmospheric CO2.

1.6. Isotopic reconstruction of ancient ecosystems

The δ13CTOC values of organic matter found in soils and sediments has been used to infer
a variety of climate conditions, as well as ecological features such as the phylogenetic
dominance of plants on the landscape (Bowen et al., 2004; Magioncalda et al., 2004;
Wing et al., 2005; Schouten et al., 2007; Secord et al., 2008; Magill et al., 2013). The use
of terrestrial organic carbon in geologic archives for the purpose of plant community
reconstruction is problematic since these substrates integrate all preserved carbon– not
just plant biomass. Further, reconstructions of plant communities are generally based on
comparisons of just one modern plant organ (the leaf) and rarely consider the
contribution of other plant organs (roots, bark, stems, etc) as well as associated epiphytic
and mycorrhizal fungal communities into the soil organic carbon pool (Grocke, 2002;
Bowling et al., 2008; Mueller et al., 2012). For this reason many workers now advocate
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plant-specific biomarkers as a better proxy of carbon from ancient plants (Bird et al.,
1995; Briggs et al., 2000; Lockheart et al., 2000; van Aarssen et al., 2000; Pancost &
Boot, 2004; Smith & Freeman, 2006; Smith et al., 2007; Polissar et al., 2009; Jaramillo et
al., 2010).

1.7. The advantages of plant-specific biomarkers in ecosystem reconstruction

High-molecular weight n-alkanes with odd numbers of carbon atoms (C25 – C35), oddoriginate in leaf cuticle and are common in the rock record, often independent of plant
macrofossil remains (Eglinton & Hamilton, 1963; Kolattukudy, 1976; Cranwell, 1981).
Relative to biomass, n-alkanes are exceptionally resistant to chemical change and
microbial alteration (Eglinton & Logan, 1991; van Bergen et al., 1995).

Long-chain n-alkanes extracted from leaves are more depleted in 13C than bulk leaf
material (Collister et al., 1994); this isotopic depletion can range widely (4-12‰)
(Chikaraishi et al., 2004; Diefendorf et al., 2011; Diefendorf et al.,2012). Extracted
cuticle lipids have long been used as paleobiological and paleo-environmental isotopic
proxies (Hayes et al., 1989; Rieley et al., 1991; Freeman & Colarusso, 2001; Pagani et
al., 2006; Smith et al., 2007; Pedentchouk et al., 2008; Tipple & Pagani, 2010). The
extent to which this fractionation is influenced by environmental gradients or the isotopic
canopy effect has not yet been explored.
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1.8. Ecophysiology of leaf alkane production

n-Alkanes are a major wax component of plant cuticle along with alcohols, ketones, and
fatty acids. Broadly, cuticle refers to the coating found on aerial plant organs. From a
biomass flux standpoint leaves are the major source of alkanes in sediments. The
cuticular membrane can range from just a few nanometers thick to tens of micrometers
and varies widely between and within taxonomic groups (de Vries, 1968; Sargent, 1976;
Heide-Jorgensen, 1978; Heide-Jorgensen, 1980; Jeffree, 2006). The concentration of
alkanes in cuticle is lower in plants subjected to drought conditions (Baker, 1974). Also,
experiments have found that increases in temperature can cause an increase in the wax
amount but a decrease in the relative concentration of alkanes in those waxes (Jenks et
al., 2001).

Long-lived leaves in the deeply shaded understory contain far more defense compounds
against herbivory than their high-light counterparts (Coley, 1988). Recent work indicates
that leaf life span is associated with overall higher abundances of both foliar n-alkanes
and terpenoid compounds in evergreen specimens (Diefendorf et al., 2011; Diefendorf et
al,. 2012). The effects of light regime on both n-alkane production and chain-length
distribution are largely unexplored. Greater allocation of carbon to defense compounds in
longer-lived leaves by understory plants could possibly influence the observed isotopic
fractionation (εlipid, see section 1.11 for details on this calculation) between whole leaf
tissue and individual lipids such as n-alkanes.
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1.9. Factors affecting preservation of biomarkers

Reconstruction of a paleoenvironment from fossil plant material requires not only an
understanding of the controls on production and distribution of plant biomass and lipid
biomarkers within ecosystems, but also an understanding of the transport, preservation,
and depositional environments of fossil and lipid substrates. Alkanes and plant
macrofossils share the same preferred preservation environment. In particular,
compression leaf fossils that retain organic matter are preserved almost exclusively in
aqueous anoxic settings characterized by fine-grained sediments and humic acids
(Stewart & Rothwell, 1993). Similarly, alkanes also preserve better under anoxic
conditions and are found in conjunction with mineral surfaces or sorbed on to mineral,
hence clays and other fine-grained sediments are an excellent source of abundant alkanes
(Hedges & Keil, 1995).

n-Alkanes enter sedimentary systems by a variety of transport mechanisms. Alkanes can
be deposited by wind either as aerosols or as adsorbed components in dust (Simoneit et
al., 1977; Gagosian et al., 1987). Alkanes are also transported into marine depositional
environments along deltaic or continental shelves as riverine runoff (Hedges & Keil,
1995; Hedges et al., 1997; Schlunz & Schneider, 2000). Plant-derived n-alkanes can enter
waterways either from degraded vegetation in the water column or from soils that erode
into the water (Meyers & Ishiwateri; 1993; Goni et al., 1997; Seki et al., 2010). Leaf wax
n-alkanes can enter soils either by wind, sand, or rainfall ablation (Colina-Tejada et al.,
1997). Most alkanes in soils are released though degradation of leaf litter.

9

1.10. Factors affecting organic matter preservation in leaf fossils

Biochemical analysis of plant fossils should consider the nature of fossilization and the
biases any modifications or decomposition that may be inherent in the process. The path
from the plant to the rock record can be summarized as (1) abscission and accumulation,
(2) transport and mixing, and (3) burial (Rex & Chaloner, 1983; Burnham et al., 1992;
Stewart & Rothwell, 1993). Taphonomic forces can affect the quantity and condition of
leaves preserved in the fossil record. Plant fossil assemblages are not just a summary of
the living flora local to the accumulation point or a simple integration of synchronously
senesced leaves.

Leaf assemblages are dominated by the abundant species on a landscape and do not
necessarily record total species richness or the distribution of taxa (Burnham et al., 1992).
Unequal decay processes in this litterfall will also alter the expressed distribution of
leaves in paleofloral assemblages. Decay rates can be affected by soil alkalinity,
moisture, and mineral composition but most importantly by the chemical characteristics
of the leaf itself, which are dictated by taxonomy and the growth conditions of an
individual leaf (Swift et al., 1979; Hill & Gibson, 1986; Ferguson, 1985; Spicer, 1989;
see Mueller et al., 2013). Upon abscission, leaf traits such as weight, size, shape, and
petiole length can all affect leaf-fall and the distance a leaf is transported (Ferguson,
1985). These factors can bias the fossil record towards certain leaf forms. Transport
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processes can or may result in a mixing of leaves from a wider area than represented by
autochthonous deposits (Spicer, 1981; Spicer & Wolfe, 1989).

Alkanes are best preserved in the same rapidly formed, anoxic sedimentary deposits as
fossil leaves (Briggs et al., 2000). Biomarker preservation in fossil leaf cuticle has only
been explored in one locality (Huang et al., 1995). More work is necessary in order to
understand the conditions where biochemical analyses of fossils are best suited

1.11. Isotopic notation and calculation of isotope fractionation

All carbon isotope values are reported in delta (δ) notation relative to the Vienna Pee Dee
Belemnite (VPDB) standard such that

δ13C = [(13Rsample/13RVPDB) – 1] and
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R = 13C/12C

δ values reflect the deviation of a sample from a standard (in this case the Vienna Pee
Dee Belemnite) in parts per thousand (‰ or “permil”). These values can describe very
small variations in the relative abundances of rare isotopes in organic matter.

Apparent isotope fractionation is an estimate measurable mass difference between a
reactant and a product due to a specific reaction. This metric is generally defined as
αa-b = 13Ra/13Rb

11

but values from this calculation are difficult to use in practice since the variation is
expressed in the 4th or 5th decimal place. In this work, we use specific notation to refer to
the isotopic fractionation that occurs during photosynthesis (Δleaf), when atmospheric CO2
is fixed into leaf tissue (Farquhar et al., 1989)

∆leaf = (δ13Catm - δ13Cleaf)/(1 + δ13Cleaf / 1000)

We use a different notation to refer to lipid biosynthetic fractionation (εlipid), the
difference between leaf tissue and the lipids that arise within tissues (Hayes et al., 2001).

εlipid = [(δ13Clipid + 1000) / (δ13Cleaf + 1000) - 1] x 1000

Both equations are algebraically equivalent, though reactants and products are reversed.
The different fractionation notations reflect differences in use by different disciplines:
Δleaf is a common unit in ecological literature while εlipid is more common in the geology
literature.
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1.12. Study objectives and chapter outlines

This dissertation explores the vertical variations in δ13C values for leaves and leaf lipids
in closed-canopy forests. We concentrate on the areally constrained, intra-organismal
δ13C variations that arise in response to canopy closure. We then apply our findings to
fossil archives in order to understand the history of canopy closure in the Neotropics

Chapter 2: Closed-canopy forests exhibit a wide range of δ13Cleaf values, whereas more
open ecosystems express a narrow range of δ13Cleaf values. How many fossil
leaves would need to be analyzed from a fossil assemblage in order to capture
a diagnostic range of δ13Cleaf values that would indicate if the canopy was
open or closed?

Chapter 3: Organic carbon is preserved in fossil leaves. The range of δ13Cleaf values in a
collection of leaves should reflect the extent of canopy coverage. Will the
range of δ13Cleaf values from leaves in a paleoflora confirm the floristic
evidence of canopy closure? Will the range of δ13Cleaf values differ among
fossil leaf assemblages enough to identify open or forest edge assemblages?

Chapter 4: The isotopic composition of leaf-derived sedimentary carbon and preserved
alkanes is often used to infer ecologic or environmental conditions. Generally,
the extent of isotope fractionation between carbon pools is assumed to be the
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same in the past as it is in extant organisms. We compare δ13Cleaf and δ13Clipid
values from fossil and modern leaves lto explore fractionation factors for
important plant families of the Neotropics. How similar are the ∆leaf and εlipid
values expressed in leaves from fossil and extant trees? Has carbon
metabolism changed appreciably in similar plant families since the Eocene?

Chapter 5: Fossils preserve leaf carbon and alkanes but it is not known if distinctive
patterns of alkane abundance or isotopic composition or if sediments preserve
lipid characteristics of the forest stand. Are patterns of isotopic expression
preserved in alkanes from fossil leaves when compared to modern relatives?
What sedimentary and depositional conditions promote biomarker
preservation in paleoflora? Can biomarkers and their isotopes be used to
identify biochemical features of forest structure in a paleoflora? How well
does the alkane complement of a sediment represent the assemblage of alkane
source leaves?

Chapter 6: The isotopic composition and chain-length distribution of alkanes is often
used to infer environmental conditions or phylogentic composition for plant
communities in the geologic past but the intra-organismal variations in alkane
expression within a canopy on small spatial scales have not been explored.
What are the vertical patterns of alkane production in closed-canopy
ecosystems? Can these variations in alkane production be defined
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environmentally or taxonomically? Is there an evolutionary influence on
alkane production?
1.13. Publications arising from this dissertation

Each chapter constitutes an individual publishable work. Chapters provide more
detail than anticipated publication and are meant to provide a cohesive theme to the
dissertation. Current and anticipated publications arising from this work include:

Chapter 2: “Isotopic characteristics of canopies in simulated leaf assemblages” Accepted
with revisions in 2013 Geochimica et Cosmochimica Acta Heather V. Graham
with co-authors Mark Patzkowsky, Scott L. Wing, Geoffrey G. Parker,
Marilyn Fogel, and Katherine H. Freeman.

Chapter 3: “Biogeochemical confirmation of the first closed-canopy Neotropical forest in
the fossil record: A novel application of isotopic methods”, will be submitted
to Geology by Heather V. Graham with co-authors Scott L. Wing, Fabiany
Herrera, and Katherine H. Freeman.

Chapter 4: “Plant waxes and fossil leaves from Cretaceous and Paleocene Neotropics: a
Comparison of Modern and Ancient Fractionation Factors”, will be submitted
to Organic Geochemistry by Heather V. Graham with co-author Katherine H.
Freeman.
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Chapter 5: “Simulated and observed alkane distribution and isotope composition in
sediments using biogeochemical analysis of fossil leaves”, will be submitted
to Organic Geochemistry by Heather V. Graham with co-author Katherine H.
Freeman.

Chapter 6: “Alkane production in angiosperms: Understanding the influences of
phylogeny and ecophysiology”, will be submitted to New Phytologist by
Heather V. Graham with with co-authors Scott L. Wing, Anna Henderson and
Katherine H. Freeman.
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Chapter 2. Isotopic characteristics of canopies in simulated leaf assemblages

2.1. Abstract

The geologic history of closed-canopy forests is of great interest to paleoecologists and
paleoclimatologists alike. Closed canopies have pronounced effects on local, continental
and global rainfall and temperature patterns. Although evidence for canopy closure is an
elusive feature in the fossil record, the characteristic isotope gradients of the “canopy
effect” could be preserved in leaves and proxy biomarkers. To assess this, we employ
new carbon isotopic data for leaves collected in diverse light environments within a
deciduous, temperate forest (Maryland, USA) and a perennially closed canopy, moist
tropical forest (Bosque Protector San Lorenzo, Panamá). In the tropical forest, leaves
exhibit a maximum carbon isotope range of 10‰, with higher δ13Cleaf values occurring
both in upper reaches of the canopy, and with higher light exposure and lower humidity.
Leaf fractionation (∆leaf) co-varied with height above ground, light, and humidity.
Vertical 13C enrichment in leaves largely reflects changes in ∆leaf, and does not trend
strongly with δ13C of CO2 within the canopy. At the site in Maryland, leaves express a
more modest δ13C range (~6‰), with a clear trend that follows both light and elevation.
Using canopy data, binned by elevation, we simulated isotope patterns for leaf
assemblages. The re-sampling (bootstrap) model determines both the mean and range of
carbon isotope values for simulated leaf assemblages ranging in size from 10 to over
1,000 leaves. Each canopy’s isotope range is captured with 50 or more randomly sampled
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leaves, thus illustrating that it is possible to distinguish leaf assemblages from a closed
canopy with sufficiently large samples. For very large leaf assemblages, mean isotopic
values approximate the δ13C of carbon contributed by leaves to soil and are similar to
observed δ13Clitter values at sites within Panamá, including the canopy crane site. The
model predicts a persistent ~1‰ difference in δ13Clitter for the two sites consistent with
higher water availability in the tropical forests. This work provides a new framework for
linking contemporary ecological observations to the geochemical record using fluxweighted isotope data and lends insights to the effect of forest architecture on organic and
isotopic records of ancient terrestrial ecosystems.

2.2. Introduction

Dense or “closed” forest canopies are of enormous climatic and ecological significance.
Canopy closure refers to the extent to which the forest floor is covered by vegetation. A
common definition of a closed canopy is a minimum coverage of 40% (FAO/UNEP,
1999). Canopy closure affects surface albedo, atmospheric circulation, surface roughness,
and hydrologic cycling, which can, in turn, influence terrestrial temperature and rainfall
redistribution (Bruenig, 1989; Bastable et al., 1993; van Dijk & Keenan, 2007; Boyce &
Lee, 2010; Boyce et al., 2010). Closed canopies stabilize soils, giving them large aboveand below-ground carbon storage potential. By preventing soil erosion and promoting
soil moisture, canopy structure can affect soil carbon and the carbon cycle - both on the
local and global scales (Grace et al., 1995; Buchmann et al., 1997; Koch, 1998;
Giambelluca, 2002; Reilly et al., 2010). Dense forest canopies also host a great variety
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of microhabitats into which much of the diversity of animal and plant life has specialized
(Kohyama, 1993; Wilson, 1994; Ozanne et al., 2003), and the proliferation of canopy
habitats may have been important in the evolution of arboreal primates and our hominid
ancestors (Sussman, 2005).

The three-dimensional structure of a canopy – the height, density, distribution, and
coverage of aerial biomass (Parker, 1995) – remains an elusive collection of traits to
detect in the fossil record. Fossil assemblages seldom preserve branchless boles, or
evidence of tree spacing or branch density associated with canopy density (Secord et al.,
2008). While a few exceptional assemblages include large, fleshy fruits (an adaptation to
dense canopy) (Tiffney, 1984; Erikksson et al., 2000; Bruun & Ten Brink, 2008; Friis et
al., 2011) or in situ litter, logs, and stumps (Williams et al., 2003; DiMichele & FalconLang, 2011), the most common macroscopic plant fossils are leaves and leaf fragments
(Ellis et al., 1999). Forest architecture is inferred from leaf fossils by morphologic and
taxonomic comparison to extant ecosystems (Upchurch & Wolfe, 1987; Wing et al.,
1991; Wilf, 2000; Wing et al., 2000; Johnson & Ellis, 2002; Wing et al., 2009).

The origin of the closed forest canopy is generally linked with the rise of angiosperms
(Morley, 2000; Burnham & Johnson, 2004) but the emergence and evolution of closed
canopies are poorly understood. Indeed, even the timing of these first canopies is
disputed (Upchurch & Wolfe, 1987; Davis et al., 2005). It is difficult to determine from
the fossil record the character of the canopied forest habitats and how canopies responded
to climate perturbations or other events (Boyce et al. 2010). Given the impact of forests
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on climate systems, there is great interest in identifying canopy properties of ancient
ecosystems. A proxy method that captures carbon isotopic gradients could enable
characterization of ancient canopy closure (Ehleringer et al.,1986; Secord et al., 2008;
Cerling, et al., 2011). At present, however, the specific imprint of forest architecture on
isotopic and geochemical properties of preserved leaf fossils, bulk organic matter or plant
biomarkers, is not well known.

A long recognized indicator of canopy conditions - the “canopy effect” - is a decrease in
δ13C of leaves (hereafter called δ13Cleaf) from the top of the canopy to the forest floor
(Vogel, 1978). Gradients in light, humidity, and the concentration and carbon isotopic
composition of atmospheric CO2 can all influence δ13Cleaf (Aoki, 1978; Medina &
Minchin, 1980; Madigosky, 2004; Ometto et al., 2006). Higher carbon assimilation rates
in the well-lit canopy top cause leaves to draw down internal CO2 rapidly, thus lowering
discrimination against 13C compared with leaves in the understory (Chazdon & Fetcher,
1984; Ehleringer et al., 1986; Zimmerman & Ehleringer, 1990; Hanba et al., 1997;
Lockheart et al., 1997; Heaton, 1999; Niinemets et al., 1999; Meir et al., 2002; Poorter et
al., 2006; Niinemets, 2007). This is a major cause of the canopy effect (Baldocchi, 1993;
Ellsworth & Reich, 1993). In addition, lower humidity in the upper canopy stimulates
stomatal closure, which slows water loss and restricts the supply of CO2 to the leaf,
limiting the extent to which Rubisco (the primary enzyme of carbon fixation in
photosynthesis) can express its preference for 12CO2 (Madhavan et al., 1991; Stewart et
al., 1995; Brooks et al., 1997). Finally, understory atmospheric CO2 can be more
depleted in 13C compared to the canopy, due to a higher proportion of respired CO2
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(Vogel, 1978; Medina & Minchin, 1980; Sternberg et al.,1989; Van der Merwe &
Medina, 1991).

The canopy effect is potentially preserved in the fossil record as a large range in the
stable carbon isotope composition of different leaves from the same fossil assemblage
(Arens et al., 2000; Beerling & Royce, 2002; Fricke et al., 2007). The relative
abundance and demographics of leaves in living closed canopy forests, however, suggest
that the canopy effect might be attenuated and difficult to detect in the fossil record. In
tropical closed-canopy forests, the vast majority of leaf biomass occurs in the well-lit
upper canopy. Leaves in the upper canopy have higher photosynthetic rates and are shortlived compared to more shaded leaves, although this is not always observed (Parker et
al., 1989; Wright & Cannon, 2001; Santiago & Wright, 2007). Reich et al. (1991) found
that on a global scale there exists an inverse logarithmic relationship between leaf life
span and net photosynthetic rate. Such a production bias may result in a greater
proportion of leaves from the upper canopy strata contributing to litter assemblages.
Further, canopy leaves are smaller and exposed to higher winds, making them more
likely to be transported to depositional environments where they have a greater
likeliehood of entering the fossil record (Dilcher, 1973; Spicer, 1980; Ferguson, 1985;
Burnham, 1992).

This work seeks to understand how taphonomy – the factors interposed between a living
ecosystem and a fossil assemblage - affects the isotopic composition of fossil leaf
assemblages or sediments. We employ leaf carbon isotope data and published studies of

31

leaf fluxes from two forests with markedly different canopy structure and light
environment: 1) a seasonally closed-canopy, mature deciduous temperate forest in coastal
Maryland and 2) an old-growth, perennially closed-canopy, moist evergreen tropical
forest in Panamá. We evaluated data for these forests with a re-sampling (bootstrap)
model that simulates leaf assemblages in order to answer the following questions.

•

How many leaves from a litter assemblage are necessary to distinguish the
isotopic gradient characteristics of canopy closure?

•

Are mean δ13Cleaf values for a litter assemblage diagnostic of canopy type?

•

Can we predict the δ13C values of cumulative litter, soil organic matter, and
organic carbon in sedimentary archives using litter flux and isotope patterns in
canopies?

We use the re-sampling model to determine the likely δ13C range and mean for leaves
sampled from a litter assemblage. We also extend our re-sampling model to predict the
isotopic composition of cumulative carbon delivered to soils and sediments and compare
these results to available data from forest soils. The modeled leaf and soil organic carbon
isotope patterns will help improve inferences about forest structure that are derived from
carbon isotope measurements of fossil leaves, as well as secondary material – such as
teeth, hair, paleosol carbonates, or organic soil carbon (van der Merwe & Medina, 1991,
Koch, 1998; Secord et al., 2008, Levin et al., 2011).
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The forests chosen for this study occur in very different environments, Panamá and
Maryland, USA. These sites have distinctive differences in climate and seasonality that
are reflected in the canopy isotope gradients. These isotopic differences are driven by the
timing of leaf production. In the tropical forest, leaves are added throughout the year and
canopy closure is persistent (Leigh, 1975; Lowman and Wittman, 1996). In the temperate
forest foliage is added within an open canopy during the spring in response to
photoperiod and/or temperature (Korner & Basler, 2010).

2.3. Methods

2.3.1. Collection sites

The Bosque Protector San Lorenzo forest preserve of Panamá (Fig. 2.1) is located at 9˚
17’N, 79˚38’W. This evergreen, moist tropical terre firme forest is 130 m above sea level
and 4.4 km from the Caribbean coast. The site has a tropical monsoonal climate (Köppen
classifcation by FAO GeoNetwork) receiving on average 330 cm of rainfall annually and
has a mean annual temperature of 26 ºC. The 6 ha preserve contains more than 22,000
trees and 240 recorded species of trees and lianas. The canopy is co-dominated by
Manilkara spp., and Brosimum utile. Calophyllum longifolium, and Aspidosperma
cruenta occupy much of the mid-canopy, and Virola sebifera occupies mid-canopy,
understory, and gaps (CTFS; http://www.ctfs.si.edu/site/Sherman). This forest exhibits a
marked, year-round light gradient with less than 1% of available light (>99% light
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attenuation) reaching the forest floor. No logging has occurred on this site for at least 200
years and it has been an officially protected site for over a century.

The Smithsonian Environmental Research Center (SERC) forest (38˚ 53’ N, 76˚ 33’ W)
is located on the inner coastal plain of the Chesapeake Bay in Maryland (USA) (Fig. 1).
Mean annual temperature at the site is 13 ºC with hot, humid summers and short, cool
winters. Average annual precipitation in this area is 108 cm and the region is classified as
a humid subtropical climate (Köppen classifcation by FAO GeoNetwork). This
seasonally deciduous forest is dominated by Liriodendron tulipifera in the upper and
mid-canopy, Fagus grandifolia in the lower mid-canopy and Carpinus caroliniana in the
understory (Parker et al., 1989; Brown & Parker, 1994). This forest canopy is closed
(>99% light attenuation) at the height of the summer growing period but most deciduous
foliage is produced during spring leaf flush when the canopy is open (Brown & Parker,
1994). Thus, due to timing, isotopic differences between the temperate and tropical data
sets represent fundamental differences in canopy closure. This site has been undisturbed
for ~150 years.

2.3.2. Sampling methods and environmental measurements

At the San Lorenzo forest, leaves were collected along a 47-m vertical transect using a
canopy crane. This tower crane, managed by the Smithsonian Tropical Research Institute
(STRI), provides access to nearly the entire forest structure in a 0.92 ha area. Bulk leaf
samples were taken at 72 unique sampling sites characterized by the average of percent
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available light during the time of maximum photosynthesis. Leaves were clipped from
trees, stored in paper bags and dried at 70ºC the same day as collection. Atmospheric air
samples were collected within the canopy in association with leaf sampling sites in 160
ml serum bottles. These bottles were allowed to equilibrate with atmosphere for 60-90
minutes, and then crimp-sealed with butyl rubber gas-tight septa. All samples were
acquired during a two-month time window, from January to February of 2010.

Available percentage of light was determined at each sampling site within the canopy
from 9 a.m. – 12 p.m. – the portion of the day when the most photosynthesis occurs
(Goulden et al., 2003). Light measurements were made using data from three light meters
over a range of time scales. A LiCor LI200SB pyranometer installed on the crane well
above the canopy collected mean, maximum, minimum, and total solar radiation at 15
minute time intervals. A second set of light measurements were made using a LiCor
LI190 quantum PAR (photosynthetically active radiation) sensor, recording 5 minute
averages, maxima, and minima at each sampling site. Finally, a Spectrum Technologies
Field Scout hand-held quantum PAR meter was used to characterize leaf sites during
collection. Light measurements were made repeatedly by all three devices throughout the
day and for the entire sampling period in order to characterize fully the average irradiance
during the period of highest photosynthesis, before water stress inhibits stomatal opening.
Light data for the tropical forest are summarized in Figures 2A and 2C. Humidity and
temperature measurements were coordinated with light measurements using a Traceable
digital thermo-hygrometer. Relative humidity values are shown in Figures 3 and 4.
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Leaf samples from the SERC site in Maryland were collected over a 40-m vertical
transect using a mobile construction crane. Leaf samples were taken at 81 unique
sampling sites characterized by light environment. Leaves were clipped from trees, stored
in paper bags and dried at 70ºC within 8 hours of collection. All samples were acquired
during the summer of 2001. Available light at each sampling site was characterized using
digital hemispherical photography. PAR is calculated from these images using
measurements of cover from direct, indirect, and total site factors, as determined by the
HemiView software package. Site factors reflect the calculated position of the sun
relative to obstacles in an image and reflect the mean fraction of all times when light is
not blocked during clear (‘direct’) conditions or some standard overcast (‘indirect’)
conditions. An average of these two is the ‘total’ site descriptor. Light was binned into
five distinct categories of estimated environmental light, the crown illumination index,
using methods similar to those outlined in Keeling & Phillips (2007).

2.3.3. Isotopic analysis methods

The carbon isotope analyses of leaves collected in Panamá were performed at
Pennsylvania State University. A composite of dried leaves from each sampling site was
ground and homogenized before analysis using a continuous flow Costech elemental
analyzer connected to a Thermo Finnigan Delta XP IRMS. δ13C values were corrected for
sample size and reported relative to Vienna Pee Dee Belemnite (VPDB) (Coplen et al.,
2006). Error was determined by repeated analysis of internal standards (calibrated by
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IAEA CH-7, IAEA CH-6, and USGS-24). Instrument precision is ±0.07‰ (n=36).
Accuracy, the average difference between the measured and true δ13C value, is ±0.11‰
(n = 28).

The carbon isotope analyses of leaves collected in Maryland were performed at the
Carnegie Institution of Washington. Dried leaves from each sampling site were ground
and homogenized before analysis using a Carlo Erba Instruments NC 2500 elemental
analyzer coupled to a Thermo Scientific Delta V Plus IRMS. δ13C values were corrected
for sample size and reported relative to VPDB. Instrument precision of ~0.25‰ is based
on the reproducibility of NIST standards repeatedly analyzed as samples (NBS-18, NBS19, and Iso-Analytic R022).

Carbon dioxide in atmospheric gas samples was cryogenically distilled from water and
non-condensible gases under vacuum. Isolated CO2 was isotopically analyzed using a
Finnigan MAT 252 dual-inlet isotope ratio mass spectrometer equipped with a
microvolume inlet. Data were corrected for sample size dependence and normalized to
the standard Vienna Standard Mean Ocean Water (VSMOW) scale. Isotope values for
leaf carbon and CO2 were used to compute Δleaf,

∆leaf = (δ13CCO2 - δ13Cleaf) / (1+ δ13Cleaf /103)

(Eqn. 1)

the fractionation during carbon fixation due to gas diffusion at the stomata and enzymatic
fractionation by Rubisco (Farquhar et al., 1989). The Δleaf notation for fractionation is
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common in ecological literature and is a close approximation of the negative of εleaf:

$ δ + 1000 '
εleaf = 1000& leaf
−1)
%δCO 2 + 1000 (

(Eqn. 2)

€
whereas εleaf values are more commonly used in geochemical literature.

2.3.4. Flux and biomass

Vertical biomass distribution data are not available for the San Lorenzo site in Panamá.
We therefore employed data from a similar forest (Osada et al., 2001) to estimate
standing biomass and annual leaf flux. The Pasoh Forest Reserve at 2˚ 59’ N, 102˚ 18’ E
in Peninsular Malaysia is a well-studied site that is widely used to infer and compare
properties of lowland tropical rainforests (Manokaran & LaFrankie, 1990; Condit et al.,
1996; Condit et al., 1999; Wills & Condit, 1999; Wright et al., 2005). Pasoh is a moist
evergreen tropical forest and the canopy has a similar stand structure to the Panamanian
forest (Manokaran & LaFrankie, 1990). The Pasoh forest community is highly diverse
and dominated by Dipterocarpaceae. Shorea spp. comprise most of the upper canopy
with Xerospermum noronhianeae and Dacryodes spp. prominent in the mid-canopy.
Pasoh biomass and annual leaf flux data were originally published by Osada et al. (2001).
Biomass refers to the total mass (tons) of leaf material per area (hectare) on the trees at
the height of the growing season and flux is defined as the annual mass of leaves per area
from within a height interval (1 m) that falls as litter. The authors estimated forest
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biomass using equations that relate leaf biomass to diameter and height of bole. These
equations were derived from destructive sampling at a small site and extrapolated to the
rest of the stand. Leaf fall flux was estimated by relating leaf life span at a particular
height to the biomass at that height (Osada et al., 2001).

While the two tropical closed-canopy forests used for biomass and flux data (Pasoh
Forest; Osada et al., 2001) and for isotopic data (San Lorenzo; this study) are populated
by different taxa, the stand structures are very similar (Manokaran & LaFrankie, 1990;
Condit et al, 1996.). The Osada et al. (2001) data set for biomass and flux at Pasoh is of
sufficient vertical resolution to be compared to our data from Panamá and from the
temperate Maryland forest at SERC (Parker et al., 1989). Biomass and flux data for the
SERC forest were originally published by Parker et al. (1989); leaf sampling and isotopic
analyses are more recent.

2.3.5. Bootstrap analysis

Leaf flux and δ13Cleaf values were incorporated into a resampling model using the ‘R’
statistical package (R Core Development Team, 2007). All data were binned in five meter
increments vertically, resulting in nine bins for the San Lorenzo forest and seven for the
SERC forest. The resampling model performs a bootstrap analysis of binned flux and
isotope data for both forests.

The resampling model samples with replacement biomass flux and isotopic data binned
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by height. The resampling model chooses a virtual ‘leaf’ from these bins with the
likelihood (L) of selecting a leaf from a particular vertical bin (bin of height x)
determined by the proportion of leaf flux coming from that bin.

L = Φbin x / Φ∑ all bins

(Eqn.3)

The collected ‘leaf’ is then assigned a randomly selected δ13C value from the collected
data for that height bin in that forest type. The model repeats sampling and assignment
for y number of times, where y is the assemblage or collection size – the number of
‘leaves’ sampled in silico. The mean δ13C value for a single assemblage of y leaves
(δ13Cy-mean) is then calculated and recorded. Each simulated collection scenario is
repeated 2000 times resulting in 2000 assemblage δ13Cy-mean values. The highest 50 and
lowest 50 of these δ13Cy-mean values are removed from the data set to include only those
means within 95% of the collected data, approximately two standard deviations. The
isotopic range of leaves (Δy) for a given sampling size y is calculated as the difference
between the highest and lowest δ13Cleaf values (δ13Cy-max mean - δ13Cy-min mean = Δy) from the
remaining 1900 values.

2.4. Results

2.4.1. Light and height measurements
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Figures 2.2A and 2.2B summarize vertical light data for both forest types, and both
illustrate the general trend of increasing light with increasing height. Further, Fig. 2.2A
also shows the very wide diversity of light environments available to leaves in the dense
mid-canopy of a tropical closed-canopy forest. Similarly, the temperate forest (Fig. 2.2B)
is characterized by three distinct light regions (0-15 m, 15-25 m, and 25-35 m) dictated
by the bimodal biomass distribution and a mid-canopy with a variety of levels of
available light.

2.4.2. Leaf carbon isotope data

δ13Cleaf measurements from Maryland forest (Fig. 2.2D) are generally more enriched
(~1‰) than leaves sampled from the Panamá forest (Fig. 2.2C). Both forests exhibit a
vertical isotope gradient (i.e., the canopy effect): δ13Cleaf values are lowest near the
ground and trend to higher values upward. The extent and character of this gradient
differs between the sites. The Maryland forest has an overall range of 5.8‰, the Panamá
forest an overall range of ~ -10‰, but the Panamá site has much more variable δ13Cleaf
values (Fig. 2.2D). The most 13C-depleted leaves (~ -34‰) are observed in understory
samples collected less than 5 m above the forest floor. The high isotopic variability as a
function of height likely reflects the highly variable growth conditions within the upper
and mid-canopy (i.e., 20 to 30 m above the forest floor), where light ranges between 10
and 90% and the δ13Cleaf values range nearly 6‰.
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2.5. Discussion

2.5.1. Light properties and the δ13C canopy effect at San Lorenzo

The canopy effect is commonly attributed to 13C-depleted CO2 that collects at the base of
a forest as a result of microbial respiration in the soil (Vogel, 1978; Medina & Minchin,
1980; Van der Merwe & Medina, 1991). This observation is supported by atmospheric
sampling conducted in many forests that shows overall depletion in 13C of CO2 during the
night as photosynthesis ceases but microbial respiration continues (see Pataki et al.,
2003). Although such data are not available for our study, we sampled atmospheric
gases in the mid-canopy of the San Lorenzo forest in order to assess the variation of
δ13CCO2 with height, humidity, and light (as a measure of canopy density and atmospheric
mixing) at the time when photosynthetic activity is highest (before 12 pm; Goulden et al.,
2003) (Fig. 2.3A, C, E). Despite an expectation of a positive relationship between light
and the δ13CCO2, our data show no significant correlation between these two variables, or
between height and δ13CCO2 (Fig. 2.3A, C). This suggests that the atmosphere was well
mixed at mid-day.

Using our CO2 data, we determined ∆leaf using δ13Cleaf values for a leaves at the
atmosphere collection site (this collection subset includes Aspidosperma, Brosimum,
Calophyllum and Virola). ∆leaf is plotted in figures 2.3B and 2.3D relative to leaf sample
height and available light. ∆leaf, as defined by Farquhar et al., (1989) (Eqn. 1) describes
the fractionation of carbon isotopes by a leaf during the uptake and fixation of CO2.
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Greater ∆leaf values are expected in leaves with higher stomatal conductance, such as
those in humid forest settings, and those with low rates of photosynthesis and carbon
fixation because of low light levels. In both situations CO2 within the leaf is replenished
rapidly relative to the rate at which it is fixed, allowing Rubisco to more fully express its
preference for 12CO2. As expected, our data reveal greater fractionation (i.e., larger ∆leaf
values) at both lower light availability and with lower leaf height (Fig. 2.3B, D).

Reduced isotope fractionation with height contributes to the observed canopy effect. As
expected, higher relative humidity correlates with increased fractionation (larger ∆leaf
values, Fig. 2.3F) since higher humidity encourages greater stomatal opening and allows
for greater expression of enzymatic fractionation by Rubisco (Madhavan et al., 1991).
Correlation between light and δ13CCO2 values likely reflects the influence of
photosynthetic uptake rate (Fig. 2.3E). The relative effects of humidity and light on
photosynthesic fractionation is difficult to gauge within this small section of the canopy,
since both are humidity and light are highly variable and weakly co-vary within the dense
canopy (Fig. 2.4).

A stepwise regression model of light and relative humidity indicates that light is more
strongly associated with the ∆leaf trend (R2 = 0.40; p =0.02). Adding the relative humidity
data only marginally improved the predictive ability of this model (R2 = 0.41; (with light
alone, P=0.06). These results indicate that light level at the leaf has more effect on
fractionation than the relative humidity at that site. The results of other stepwise
regression models for δ13CCO2 that considered factors such as respiration or carbon
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assimilation rates were not statistically significant indicating these factors are not
influential in the δ13CCO2 values of the intra-canopy atmosphere.

Given that both height and light trend with ∆leaf, we suggest that lower δ13C leaf in the
lower canopy reflects slower photosynthetic rates as well as higher humidity and lower
vapor pressure deficits at depth in the lower canopy.

2.5.2. Canopy isotope gradients in biomass and litter flux

Figure 5 illustrates biomass allocation, annual flux and carbon isotope composition for
both temperate and tropical forests. The Maryland forest exhibits a bimodal biomass
distribution (Fig. 2.5A; Parker et al., 1989) with thick understory and upper canopy
layers. By comparison, tropical forests (Osada et al., 2001) (Fig. 2.5D) have most of
their biomass in the upper canopy and very little is located in the understory (Fig. 2.3D;
Osada et al., 2001). Consistent with other studies (Lowman and Wittman, 1996; Leigh,
1999) low-latitude closed-canopy forests (Fig. 2.5E) have a much larger foliar biomass
flux when compared to high latitude closed-canopy forests. For the temperate forest,
annual biomass flux (382.66 g/m2; Fig. 2.3B) differs only slightly from the standing
biomass estimate (Fig. 2.5A) because the forest trees are annually deciduous and
herbivory is low at this site (Parker et al., 1989). Biomass flux in the tropical forest (829
g/m2; Fig. 2.5E) illustrates the shorter lifespan and rapid turnover of leaves in the upper
canopy associated with high irradiance and very high rates of photosynthesis.
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Leaves in the mid-canopy (20-30 m) of the tropical forest exhibit a wide array of δ13C
values (Fig. 2.5F) whereas δ13C leaf values from the Maryland forest (Fig. 2.5C) exhibit a
more linear relationship with light. The Maryland forest has less variability in carbon
isotopic composition at any given elevation. This may be the influence of enhanced
atmospheric mixing or the result of more even lighting throughout the canopy during the
time of spring leaf flush (Polgar & Primack, 2011).

2.5.3. Resampling model outcomes

How many leaves from a litter assemblage are necessary to distinguish the isotopic
gradient characteristics of canopy closure?

The understory produces a low flux of leaves to depositional environments. As a result, a
relatively large number of leaves are likely necessary to find even one with the lowest
carbon isotope composition characteristic of the canopy isotope gradient. Thus, our aim
was to quantify the minimum sample size needed to ensure a high probability of both
including leaves from the understory and capturing the isotopic range diagnostic of
canopy closure. We simulated assemblages of y = 10, 25, 50, 100, and 250 leaves amounts most likely to be available in paleoflora (compiled in Wing et al., 2009),

The isotopic range of leaves within an assemblage was calculated as the difference
between the highest and lowest δ13Cleaf values (Δy) for the 95% of the leaf population
returned by the computational model. Although mean values for Δy consistently differ by
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~1‰ between forest types (Fig. 2.6), Δy values for collections of y ≤ 50 overlap
considerably. For larger sample sizes (y >50), mean Δy values for simulated collections
become more distinct between the two forest types until there is no overlap in Δy.

Overall, our modeling results indicates that it is possible to capture the full range of the
canopy effect from a random sampling of y > 50 leaves. The percentage of simulated
collection assemblages from the tropical data set that included at least one understory leaf
(i.e., those leaves from the lowest bin) was found to be 14.9% for y = 25, 28.8% for y =
50, 49.9% for y = 100 and 84.6% y ≥ 250. A samples size of y > 50 leaves is manageable
for many paleofloral assemblages and 28.8% of simulated assemblages included an
understory leaf. Further, the odds of finding understory leaves increase when leaf
selection is based on morphologic metrics of light environment (e.g., size, vein density
stomatal index, etc.) of whole leaves from well-described families (Upchurch & Wolfe,
1987; Kubiske et al., 1996; Richards, 1996; Boyce, 2008; Dillen et al., 2008).

Are mean δ13Cleaf values for a litter assemblage diagnostic of canopy type?

Within a canopy type, the mean carbon isotope composition of simulated assemblages
(δ13Cy-mean) are similar and reflect the dominance of upper canopy biomass in all leaf
collections where y > 50 (Fig. 2.7).

For leaf assemblages of all sizes (y = 10 to 1,000), δ13Cy-mean values for the tropical forest
are consistently 1‰ lower than for the temperate forest (Fig. 2.7). This observation is not
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due merely the input of the highly 13C-depleted, shade leaves. For example, δ13Cy-mean
values were similarly 1‰ depleted even for very small sample sizes (y = 10) where only
5.5% of collection events included at least one understory leaf. Even large assemblages
contain very few understory leaves, and for y = 1,000, assemblages contain no more than
5.1% percent understory leaves.

The canopy between 20-30 m contributes 55% of leaf flux (Osada et al., 2001) and
dominates the carbon isotope composition of simulated leaf assemblages. This region
(Fig. 2.2A) experiences highly variable conditions that range from open gaps to highly
dense foliage (Brokaw, 1982).The variable conditions yielded a wide range of δ13Cleaf
values (Fig. 2.2C) which have a mean value of -30‰ and a calculated standard deviation
approaching 4‰. Further, observed δ13Cleaf values for the uppermost canopy in the
tropical forest are 1-2 ‰ lower than the leaves from the very top of the temperate forest
(Fig. 2.2C and 2.2D). This is consistent with high humidity and greater fractionation
(∆leaf) in tropical rainforests (Diefendorf et al., 2010). Leaves in the mid canopy at the
Panamá site have ∆leaf values that range from 18 to 26‰, consistent with low light and
overall high, mid-canopy humidity and (Fig. 2.4; Diefendorf et al., 2010). The small
range of δ13Cleaf values and overall lower Δleaf values in the Maryland forest may be due
to the greater air mixing or lower humidity in the temperate canopy (Stewart et al., 1995;
Diefendorf et al., 2010).

Can we predict the δ13C values of cumulative litter, soil organic matter, and organic
carbon in sedimentary archives using litter flux and isotope patterns in canopies?
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A simulated collection of many thousands of leaves estimates the integrated δ13C signal
leaf litter imparts to soil and sedimentary organic carbon stores. High numbers of leaves
(y ≥ 1,000) converge at distinct δ13Cy-mean values. The δ13C composition of litter is
characteristic of the forest site and represents the combined influenced of climate,
vegetation, and the architectural differences between the forest (Diefendorf et al., 2010).

Santiago (2003) reported δ13Clitter values ranging from -30.5 to -28.4‰ for 16 samples
from four locations in and near San Lorenzo preserve; the author also reported δ13Csoil
(A-horizon) values that ranged from -27.5 to -26.3‰ for 24 samples from four locations
in and near the preserve. Measured carbon isotope values for litter collected in
Panamanian forests (-29.7 ± 1‰) are indistinguishable from the predicted value -29.3 ±
0.3‰ based on our δ13Cleaf data (Fig. 8). δ13Clitter differ considerably from the values
measured in δ13Csoil.

In a compilation of published δ13Cleaf, δ13Clitter and δ13Csoil data, Bowling et al. (2008)
found δ13Clitter values to differ from bulk δ13Cleaf values by -1.5‰ to +3‰. This range
likely indicates the degree of decomposition in the litter collection and could be biased by
the limited number of leaves in some litter samplings (Nadelhoffer & Fry, 1988). By
extension, they found δ13Csoil was up to 4.5‰ more enriched than δ13Cleaf. The isotopic
difference between litter and soil carbon in tropical forests determined by Santiago
(2003) was +2.8‰ - within the range found by Bowling et al. (2008). Bowling et al.
(2008) included only sun leaves, which are generally more enriched in 13C (Ehleringer et
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al., 1986; Figure 2 of this study). While sun-leaves are a large component of leaf flux
(Fig. 2.5E), the upper 10m of canopy accounts for slightly less than half (~45%) of total
biomass flux. Thus the dense mid-canopy must be considered in any estimation of soil
carbon arising from leaf material. Our bootstrap analysis gives estimates of δ13Clitter from
a flux-weighted integration of leaves from the entire height of a forest and provides a
more accurate estimation of the δ13C contribution of leaves to soils. In order to
understand the offset between litter and mineral soil (A-horizon) organic carbon it is
essential to account for all carbon inputs. Soils are an integrated product of all carbon
inputs as well as their products of their degradation.

Santiago (2003) reported isotopic data for litter and soils collected in Panamá from sites
with a wide range in annual precipitation (1800-3500 mm/yr). We would expect leaves
from drier areas to reflect greater water-use efficiency by having lower foliar carbon
isotope compositions (Nadelhoffer & Fry, 1988; Diefendorf et al., 2010). We also note
that Santiago’s (2003) litter sampling likely had fewer than 500 leaves, and certainly
many fewer than the thousands of leaves our model uses to generate an expected δ13Clitter.
Further, Santiago (2003) used a comprehensive scheme of litter collection that included
woody debris, frass, and other floral and reproductive organs not included in the modeled
litter value. The wide range of measured δ13Clitter values potentially reflects contributions
from plant components with different chemical and isotopic properties than leaves. In
general, across forest types from the tropical to the temperate ecosystems, leaves account
for 50-60% of litterfall (Odum, 1970; Jordan & Uhl, 1978; Parker et al., 1989; Leigh,
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1999; Santiago, 2003). The remaining litterfall comes largely from wood, a material that
is ~3‰ enriched with respect to leaf material (Gröcke, 2002).

Most considerations of soil organic carbon fail to recognize the contribution of carbon
from roots. Some authors consider root carbon contribution to be greater than or equal to
leaves (Fahey et al., 2005; Rasse et al., 2005). Further study is necessary to compare the
relative inputs of root, leaf, and biomass carbon as well as the preservation mechanisms
for these different carbon pools (Ehleringer et al., 2000; Mueller et al., 2012).

2.5.4. From leaves to soil organic carbon

Soil organic matter is a complex mixture from many inputs and is subject to significant
chemical change during decomposition. Plant biochemical components (e.g. leaf lipids,
lignin, etc.) are preserved on geological timescales but are also subject to the influence of
flux and isotopic gradients associated with canopy coverage. Canopy structure in forests
generates a range of light and humidity conditions that are reflected in the isotopic
composition of leaves, which transmit this heterogeneity to soils when they are abscised.
Our approach, which considers the biomass flux as well as isotopic composition, offers a
framework for understanding the influence of canopy on leaf molecular constituents,
provided their abundances are characterized by canopy position. For example, lipid
abundance distribution as well as isotopic fractionation differ between sun and shade
leaves (Collister et al., 1994; Lockheart et al., 1997; Diefendorf et al, 2011)
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The modeling approach outlined in this study can be applied to other forests to predict the
isotopic composition of the carbon in soils that arise from foliar material. Leaf isotopic
compositions, is also affected by the taxa (see Figures 2.2C and 2.2D), regional
precipitation regimes (Diefendorf et al., 2010), and canopy coverage (Ehleringer et al.,
2000; Cerling et al., 2011). Spatial changes in moisture, plant composition and canopy
(which generally co-vary) can be captured in soil organic carbon (SOC) at the level of
landscape patches (ie. paleoecotones; Nadelhoffer & Fry, 1988; Mariotti & Peterschmitt,
1993; McClaran & McPherson, 1995; Billings, 2006, Cerling et al., 2011, Magill et al.,
2012).

Diagenetic enrichment of 13C in soil organic carbon is rapid (sub-decadal: Bird et al.,
1996) and the temporal resolution of the isotopic composition is driven by the amount of
organic input as well as the mobility of the organic matter (McClaran & McPherson,
1995; Boutton et al., 1997; see Wynn, 2007). Our understanding of soil carbon
diagenesis is confounded by the many environmental factors that affect this change and
hampered by an incomplete understanding of initial organic inputs. This computational
approach can improve diagenetic fractionation estimates by providing a better estimate of
the initial organic matter within the context of biotic (plant type) and physical (moisture
and canopy structure) factors that drive foliar carbon isotope composition.

2.6. Conclusions
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We have produced a unique dataset including δ13Cleaf, δ13CCO2, humidity, height and light
for leaves of five major genera in a both a tropical closed-canopy forest and a temperate
deciduous seasonal closed-canopy forest. By combining these data with biomass flux
measurements for an analogous closed canopy forest ,we compared the isotopic
expression of the perennially closed-canopy forest with a similarly sampled seasonally
closed-canopy forest. We have found the two forests have a different range of δ13Cleaf
particular to each canopy type (Maryland forest = ~6‰; Panamá forest = ~10‰) and
that it would be possible to detect this diagnostic range with as few as ≥50 randomly
sampled leaves from a paleoflora. For very large virtual samplings from both forests, a
distinct 1‰ difference in foliar 13C content between forests types is evident, similar to
differences observed in litterfall studies and consistent with differences found in biomes
with differing water availability (Diefendorf et al., 2010). Foliar material can account for
over half the carbon flux to soils and has an important influence on the isotopic character
of soil organic carbon. Soil organic carbon can be preserved on very long time-scales, but
its δ13C values are subject to diagenetic influences that are not fully understood.
Modeling efforts, such as this study, can aid our understanding of these effects by
providing constraints on the δ13C values of leaf litter in the context of forest canopy
structure and the resulting differences in environmental drivers such as light, humidity,
and source atmospheric CO2.
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2.7. Figures

Figure 2.1. Two field sites for vertical sampling of leaf material and light measurement.
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Figure 2.2. Light measurements and foliar δ13C for both tropical and temperate canopy
leaf sampling sites. Light at the Panamá site (2A) light is expressed as a percentage of
available light whereas light at the Maryland site (2B) is binned in order of increasing
irradiance as determined by hemispheric photography. Tropical canopy foliage (2C)
spans a ~10‰ range in δ13C that correlates with percentage of available light. δ13C of
temperate canopy leaves (2D) also trend with light but express only a ~6‰ range.
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Figure 2.3. Seasonal canopy standing biomass (3A), annual leaf flux (3B), and δ13Cleaf
data (3C) for 5m vertical bins from Maryland site. Tropical canopy biomass (3D) and
annual leaf flux data (3E) are from Pasoh Reserve in Malaysia (Osada et al. 2001).
Tropical canopy δ13Cleaf (3F) for Panamá site. Isotope ranges are expressed as box-andwhisker plots representing the mean as well as lower and upper quartiles.
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Figure 2.4. δ13Cair of isolated atmospheric CO2 from the Panamá site as related to height
within the canopy (4A), % light availability (4B), and relative humidity (4C). Carbon
isotope discrimination (∆leaf ) values is calculated from δ13Cair and δ13Cleaf measured at
each sampling site and related to canopy height (4D), % light availability (4E), and
relative humidity (4F).
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Figure 2.5. Relative humidity as related to height within the Panamá site canopy (5A)
and % light availability (as a measure of canopy openness) (5B). Relative humidity is
highest in understory but highly variable throughout the mid and upper canopy.
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Figure 2.6. Absolute isotopic range (∆y) returned by the resampling model for the
discrete sample size (y) specified. Box plots show the median, maximum, minimum, and
upper and lower quartiles generated by the model. As sample sizes increases expressed
range reaches an effective plateau for larger sample sizes and the mean changes very
little.
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Figure 2.7. Curves bound the range of foliar δ13Cy-mean returned by model for both
canopy types. δ13Cy-mean for small sample sizes (y) can vary widely in response to rare
isotope values but large sample sizes approach a mean that represents the more probable
foliar carbon isotope input for leaves in litter assemblages.
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Figure 2.8. Predicted δ13Clitter returned by resampling as well as for four litterfall
collection sites and six soil samples from a transect of Panamanian forest that includes
the study site from this study. Values depicted are the mean and standard error for
computational and observational measurements.
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Chapter 3. Biogeochemical confirmation of the first closed-canopy Neotropical
forest in the fossil record: A novel application of isotopic methods

3.1. Abstract

We evaluated and interpreted canopy coverage based on the bulk δ13C compositions of
199 fossil leaves from the Guaduas Formation (Cretaceous) and from two separate sites
within the Cerrejón Formation (Paleocene), both in modern-day Colombia. The Guaduas
fossils are among the only angiosperm leaves found in the Maastrichtian Neotropics and
the Cerrejón paleoflora is thought to represent the earliest closed-canopy rainforest in the
Neotropics. The range of δ13Cleaf values for leaves from the Guaduas Formation and one
site in the Cerrejón Formation are consistent with an open-canopy structure. The other
Cerrejón site expressed the larger δ13Cleaf range consistent with a closed-canopy forest.
The lithology and taxa in the open-canopy Paleocene site indicate a lacustrine
depositional environment and it’s assemblage was likely biased towards leaves from the
lake edge. Under such conditions the canopy leaves would not express the wide δ13Cleaf
associated with a fully closed canopy. Although open-canopy deposits are likely to be
more common in the fossil record but our isotopic analyses suggest a closed-canopy
condition for the other Paleocene site, confirming the paleobotanical evidence that the
Cerrejón paleoflora is the first example of a Neotropical forest in the fossil record.
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3.2. Introduction

The rise of closed-canopy forests is often linked to the widespread distribution of
angiosperms in the Paleocene, but the location and age of first forest canopies is disputed
(Germeraad et al., 1968; Upchurch & Wolfe, 1987; Spicer et al., 1993; Morley, 2000;
Johnson & Ellis, 2002; Burnham & Johnson, 2004; Davis et al., 2005; Jaramillo et al.,
2010). Closed-canopy forest ecosystems support shade-tolerant taxa that are adapted to
take advantage of gap formation (Lang & Knight, 1983). Although shade tolerance is not
unique to the angiosperms, 80-90% of species in extant closed-canopy tropical forests are
angiosperms (Burnham & Johnson, 2004; Valladares & Niinemets, 2008; Jaramillo et al.,
2010).

The Cerrejón paleoflora of the Late Paleocene is the earliest fossil example of a
rainforest in the Neotropics (Wing et al., 2009). Most leaves from this site represent the
angiosperm families associated with modern rainforests, including many palms and
legumes. Leaf architecture indicates very high (>2500 mm/yr) rainfall and there is
evidence of highly diverse herbivorous insects (Wing et al., 2009). Even though the
Cerrejón flora has characteristics consistent with modern tropical rainforests, it is difficult
to reconstruct canopy closure from fossil data alone. An older paleoflora from the
Maastrichtian Guaduas Formation contains dicotolydenous leaves with physiognomic
features typical of tropical environments but lacks key floristic elements of a closedcanopy forest. The Guaduas site has a gymnosperm pollen assemblage that does not have
any modern analog (Jaramillo et al., 2010; Jaramillo, personal communication).
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Information about canopy closure will help document the links between angiosperm
evolution and the development of three-dimensional ecologic structure in tropical
rainforests. Yet, it is difficult to gauge forest density in paleofloras by comparison to
modern forests. Early forests are not directly analogous to modern forests since fossil
assemblages may include extinct and extant taxa that are highly cosmopolitan.

The origin and evolution of closed-canopy forests is of interest to climatologists and
paleoecologists alike. Closed-canopy forests have significant effects on regional and
global climate by regulating local conditions to maintain the warm, moist parameters to
which they are best adapted (Betts et al., 2007). Closed-canopy tropical forests thrive in
year-round warmth (> 20°C) and high precipitation (> 2000 mm/year) regimes (Turner,
2001). The extent of evapotranspiration in the tropical rainforests increases surface
moisture availability, which in turn, regulates global temperature, hydrologic cycling and
atmospheric circulation (Bastable et al., 1993; Betts, 1999; Boyce et al., 2010). Tropical
rainforests are only ~12% of the Earth's surface but account for 45% of carbon in
terrestrial biomass (IPCC, 2000; Grace et al., 2001; Malhi et al., 2002).

Leaves exhibit morphological and physiological features that reflect their light
environment. Shade leaves are typically larger and thicker, with greater amounts of
chlorophyll and nitrogen but fewer stomata (Valladares & Niinemets, 2008). These
leaves have slower rates of photosynthesis but are longer-lived than leaves in the well-lit
canopy (Bongers & Popma, 1990; Reich et al, 1991; Santiago & Wright, 2007; also see
Valladares & Niinemets, 2008 and references therein). Some of these features are
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measurable in fossil leaves yet positive identification of stand architecture from fossil
leaves is difficult. Morphological differences can be very subtle and require exceptional
preservation (Burnham et al., 1992; Ellis et al., 2009). Paleo-canopy reconstructions
typically rely on physiognomic features of fossil leaves as an indicator of climate in
addition to the presence of taxa associated with extant closed-canopy forests (Johnson &
Ellis, 2002; Davis et al., 2005; Wing et al., 2009). A geochemical proxy that represents a
biogeochemical metric of light environment would complement physiognomic leaf
analyses. A biomarker approach could also open opportunities to study canopy structure
at sites lacking well-preserved fossils.

Leaves sampled vertically through closed-canopy forests exhibit a large range (up to
~10‰) in δ13Cleaf from canopy top to understory (Medina & Minchin, 1980; Ehleringer et
al., 1986; Lockheart et al, 1997; Meir et al., 2002; Graham et al., in review). By
comparison, the δ13Cleaf range in temperate seasonal forests is more modest, about 6‰
(Buchmann et al., 1997; Graham et al., in review).

The 13C-abundance in bulk leaf tissue (expressed as δ13Cleaf) declines with decreasing
canopy height. This “canopy effect” is a long-recognized biochemical indicator of
canopy conditions in extant leaves and reflects co-variation of light, humidity, and the
isotopic composition of atmospheric CO2 (Vogel, 1978). Higher carbon assimilation rates
in the well-lit canopy top cause leaves to draw down internal CO2 rapidly, thus lowering
13

C discrimination when compared to leaves in the shaded understory (Ehleringer et al.,

1986; Zimmerman & Ehleringer, 1990; Hanba et al., 1997; Lockheart et al., 1997;
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Heaton, 1999; Niinemets et al., 1999). The two- to four-fold increase in photosynthetic
rate in upper compared to lower canopy leaves contributes to the isotopic canopy effect
(Baldocchi, 1993; Ellsworth & Reich, 1993).

If leaves capture the isotopic distinction between canopy top and shaded understory, then
carbon isotope analysis of fossil leaves could provide a proxy for canopy cover. Leaves
with higher photosynthetic rates, including those in the well-lit upper canopy, are
relatively short-lived (Reich et al., 1991). This leads to a very high relative flux of leaves
from the upper canopy strata going into litter assemblages and, by extension, into the
plant fossil record. The preservation of understory leaves is more rare. In Graham et al.,
(in review) we employed a Monte Carlos style resampling model that combined δ13Cleaf
and leaf biomass data to understand the probability of finding diagnostic understory
leaves in a random sample. We found that a minimum collection of 50 leaves from a
paleofloral assemblage are required to capture a carbon isotope range that would indicate
canopy closure.

In this study, we analyzed the carbon isotope composition of fossil leaves from the Late
Paleocene Cerrejón and Latest Cretaceous Guaduas paleofloras. The goal was to
determine the range of δ13Cleaf values as a proxy for the extent of canopy closure in
tropical vegetation before and after the K-Pg extinction which has been hypothesized to
affect forest structure and diversity (Johnson, 1992; Wing & Boucher, 1998; Wilf &
Johnson, 2004; Wilf et al., 2006; de la Parra et al., 2007). Our sampling plan and
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comparison data were based on the modern forest data evaluated with a resampling
model (Graham et al., in review).

The flora of the Cerrejón include many of the dominant families in closed-canopy forests
of the modern Neotropics. Macrofossils used in this study include representatives of the
Fabaceae, Moraceae, Annonaceae, Euphorbaceae, Lauraceae, Sapotaceae, Myristicaceae,
and Arecaceae, amongst others (Herrera 2008a; Herrera 2008b; Wing et al., 2009). These
families represent nearly 75% of the diversity and almost 60% of the stems in a modern
analog forest (see Burnham & Johnson, 2004 and references therein; Jaramillo &
Cardenas, 2013). The Cerrejón flora also include many fossil leaves allied with lianas in
the family Menispermaceae – a family and growth habit ubiquitous in closed-canopy
Neotropical forests (Doria, et al., 2008). Leaf physiognomic features– size, entire
margins, vein density –suggest a closed, multi-stratal rainforest (Wing et al., 2004;
Herrera, 2008a; Jaramillo et al., in prep).

Most angiosperm leaves from the Guaduas flora are not assigned to families and are
described as indeterminate dicotyledenous. The few angiosperm leaves and pollen that do
represent familiar modern taxa have been assigned to the families Rhamnaceae,
Piperaceae, Lauraceae, Urticaceae, and Arecaceae and the order Canellales (Correa et al.,
2010, F. Herrera, personal communication). While these families are typical of the
modern Neotropics, the dominant modern taxa such as Fabacaeae, Annonaceae, and
Euphorbaceae are missing (Burnham & Johnson, 2004; Wing et al., 2009). Given the
pollen evidence for abundant gymnosperms and the non-analog distribution of
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angiosperm families, it is difficult to determine how closely this flora resembled a
modern closed-canopy tropical forest. Communities that may have been common in the
Cretaceous would have no modern counterparts, due largely to the major floral turnover
associated with the K-T extinction (Wilf et al., 2006; de la Parra et al., 2007).

3.3. Methods

3.3.1. Collection sites

Maastrichtian Assemblage

The Guaduas flora - from the middle Guaduas Formation of Boyaca department in central
Colombia (see Fig. 1) - remains one of the only sources of Maastrichtian leaf fossils in
South America and the northernmost fossil plant locality in the Cretaceous record of
South America. Fossil leaves were collected at 5˚55'45"N, 72˚47’43"W. The
paleolatitude of this site is closer to equator at 2˚N (Sarmiento, 1992; Correa et al., 2010).
Reconstruction of mean annual precipitation (MAP) and mean annual temperature
(MAT) from leaf size and leaf margin analysis suggest an MAP of ~2400 mm/year and
an MAT of 22.1 +/- 3.4˚C (Gutierrez & Jaramillo, 2007). Palynofloral assemblages from
Guaduas can be assigned to palynological zones that indicate an age of ca. 68-66 Ma
(Muller et al., 1987; Jaramillo & Rueda, 2004; Correa et al., 2010). Specimens used in
this study are housed in the paleontological collection of the Center for Tropical
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Paleoecology and Archeology at the Smithsonian Tropical Research Institute in Panamá
City, Panamá . This paleoflora is a recent discovery and complete description of leaves is
still in preparation. However, some macrofossils have been described in Gutierrez &
Jaramillo (2007) and Correa et al., (2010).

The Guaduas formation is well described and is actively mined for coal. The lower units
of the Guaduas formation where macrofossils are found are fine-grained sand beds
intercalated with coal seams. These strata are overlain conformably by laminated and
massive mudstones with sandstone interbeds. The Guaduas formation contains the K-T
boundary and is beneath the Paleocene-lower Eocene Cacho and Bogota Formations. The
Guaduas Formation, now 2700 m above sea level, was deposited in a coastal plain
(Guerrero, 2002).

Paleocene Assemblages

The Cerrejón flora is found in the Cerrejón Formation, which crops out throughout the
Guajira Peninsula of northern Colombia and, most notably, is exposed in an open pit coal
mine at the base of the peninsula (see Fig. 1). Samples for this study were taken from
within the mine from two vertically separated beds located at 11˚5'60"N, 72˚30’0"W and
are described in Wing et al. (2009). Specimens are housed by the Smithsonian Institution
either at the National Museum of Natural History in Washington DC or at the Center for
Tropical Paleocology and Archeology at the Smithsonian Tropical Research Institute in
Panama City, Panama .
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The paleolatitude of this location is 5˚30'N (Jaramillo et al., 2007). Leaf morphology and
size suggest MAT was 24 - 31˚C. and MAP of 2,260-4,640 mm/year (Wilf et al., 1998;
Herrera et al., 2008a; Wing et al., 2009). These data support other work indicating a
warmer, wetter Paleocene climate when compared to the late Cretaceous (Leidelmeyer,
1966; Parrish, 1998; see Burnham & Johnson, 2004 and references therein).
Palynological assemblages indicate ages of middle-to-late Paleocene, ~58-60 Ma, but the
Formation is nearly one kilometer thick, implying very high rates of sedimentation
(Bayona et al., 2004; Jaramillo et al., 2007). This is also evident in the wide variety of
lithologies (sandstones, mudstones, and coals) in the Cerrejón Formation. Sediments in
the basin suggest a mosaic of fluvial and lacustrine settings typical of an estuarine coastal
plain which, based on deposition rates, was likely subject to frequent flooding, avulsions,
and channel migration (Jaramillo et al., 2007). Leaf fossils for this study were taken from
sites 0315 and 0318 (see Fig. 2). Both sites were constrained to thin, yet productive, beds
with lateral areas of only 4-6 m2.

Site 0315 is dominated by Fabaceae (42% of all macrofossils). Except for one specimen,
all Fabaceae leaves at site 0315 are the same morphotype. Fabaceae, Lauraceae, and
Sapotaceae, the most common families, comprise 68% of the morphotypes identified at
this site. Fossils at site 0315 are found in heterolithic sediments suggestive of low-tomedium energy channels. Plant remains are found in fine-grained, massive to laminated
mudstones and siltstones. These lens-shaped mudstones and siltstones within inclined
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strata are cut through siltstones are by massive to cross-bedded sandstones indicating a
channel cutting through a coastal plain (Jaramillo et al., 2007; Wing et al., 2009).

Site 0318 is, stratigraphically, 400 m above site 0315, or approximately one million years
younger based on sedimentation rates (Bayona et al., 2004; Jaramillo et al., 2007). This
site is co-dominated by Malvaceae and Fabaceae, which together comprise 40% of the
morphotypes. The Fabaceous morphotypes at 0318 are different from those at 0315. The
most common families among morphotypes at this site are Fabaceae, Malvaceae,
Arecaceae, Menispermaceae, and Violaceae. These families represent 74% of relative
diversity. Site 0318 is one of ten fossil sites in the Cerrejón Formation that are found in
flat-laminated, thinly-bedded, tabular siltstones, interpreted as small lakes (Wing et al.,
2009).

3.3.2. Sampling and analytical methods

Fossil Sampling

Small portions of cuticle and mesophyll were removed from fossil leaves from the
Guaduas and Cerrejón paleofloras. Samples were identified by inspection and compared
with morphotype descriptions from Herrera et al. (2008a), Wing et al. (2009), and Correa
et al. (2010). Prior to this study, rocks had been split along bedding planes and dusted
with a soft bristle brush to reveal leaf structure and morphology. Rock material adjacent
to the fossils was scraped or ground away in order to reveal leaf edges. The surfaces of
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the fossils were kept as clean as possible in order to prevent damage or obfuscation of
features. Prior to sampling for carbon isotope analyses, fossils were lightly brushed and,
when possible, gently rinsed with deionized water to remove any surface contaminants.
Fossil leaves were selected based on preservation quality and whether or not they had
been assigned to an extant family.

For this study, 68 leaf samples were taken from Cerrejón site 0315. Specimens included
10 morphotypes from nine families, as well as a selection of indeterminate dicot leaves
(leaves not assigned to a morphotype). 78 leaf samples were taken from Cerrejón site
0318. Specimens included 19 morphotypes, from 10 families and a selection of
indeterminate dicot leaves. Of the 53 leaf samples taken from the Guaduas flora only two
were identified to the level of family, 41 were indeterminate dicots, and the remaining 11
samples were assigned to one of five morphotypes.

Fossil Cleaning and Pre-Treatment

Compression fossils from both localities have preserved carbonized leaf material (i.e.
phytoleim) the remains, presumably, of cuticle and mesophyll. Organic material was
picked, scraped, or ground from the rock matrix using either forceps, scalpels or a rotary
grinding tool equipped with a diamond-pointed bit, respectively. Every effort was made
to minimize extraneous material in cuticle samples. Cuticle that could be removed by
forceps or scalpel had sediment brushed from it’s surface. Fossils that required vigorous
scraping or grinding to remove cuticle or mesophyll were sampled under a dissecting
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microscope to ensure that a minimum of sediment was introduced into the sample. All
samples were crushed and homogenized with a Teflon pestle. Samples were then treated
with 6N HCl for two hours, and then rinsed three times with deionized water. This
treatment was repeated until the final rinse water maintained a neutral pH. Samples were
lyophilized before isotopic analysis.

Stable Isotope Analysis

Carbon isotope analyses were performed at Pennsylvania State University using a
Costech elemental analyzer connected to a Thermo Finnigan Delta XP IRMS. Analyses
were performed under continuous-flow (He; 120 ml/min), oxidized at 1020°C over
chromium (III) oxide and cobaltous silver (II, III) oxide, then reduced over elemental
copper at 650°C before passing through a water trap and into IRMS. δ13C values were
corrected for sample size and reported relative to Vienna Pee Dee Belemnite (VPDB)
(Coplen et al., 2006). Error was determined by repeated analysis of internal standards
(calibrated using IAEA CH-7, IAEA CH-6, and USGS-24; polyethylene, sucrose and
graphite, respectively). Instrument precision is ±0.09‰ (n=76). Accuracy, the average
difference between the measured and true δ13C value, is 0.02‰ (n = 96). Duplicate
analyses were performed for 50% of all samples and samples that defined the end points
of the isotopic range were also analyzed in triplicate.

3.4. Results

81

The average δ13Cleaf value for both of the Cerrejón sample sets was -25.9‰. The younger
flora from site 0318 expressed a range of 3.3‰, from -26.9 to -23.6‰ while the older
flora at site 0315 had a range of 6.3‰, from -22.7 to -29.0‰. The average δ13Cleaf value
for the Guaduas collection was -26.0‰. Leaves in the Guaduas flora expressed a range of
2.7‰, from -27.5 to -24.7‰ (see Fig. 3).The 13C enrichment of these leaves (when
compared to modern C3 plants) is consistent with the higher δ13C values estimated for
carbon dioxide in the atmosphere at that time (Tipple et al., 2010). The isotopic
composition of atmospheric CO2 during those time intervals was +3.3 to 3.8‰ greater
than the value for atmospheric CO2 in 2010 (-8.2‰; UCSD Scripps Global CO2 Program,
2012).

∆leaf is the fractionation of carbon during photosynthesis. The isotopic signal reflects the
concentration of CO2 within leaf stomata under conditions of constant atmospheric CO2.
Defined by Farquhar et al. (1989)

∆leaf = (δ13Catm - δ13Cleaf)/(1 + δ13Cleaf / 1000)

Internal leaf CO2 concentration is regulated by stomatal conductance and the flux of
carbon fixed into photosynthate. Water stress leads to a closing of stomata which leads to
a decrease in ∆leaf. Hence, well-lit and water-stressed leaves have smaller ∆leaf values and
leaves growing under high humidity and low irradiance have the most positive ∆leaf
values.
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Using reconstructed δ13C values for atmospheric CO2 (-4.4‰ for Paleocene and -4.9‰
for Cretaceous) from Tipple et al., (2010), we calculated the carbon isotope
discrimination (∆leaf) of leaves. These values are compared with the ∆leaf values of leaves
collected at the Panamá site. Fractionation factors for leaves from all three paleoflora are
within the ∆leaf range observed for modern tropical rainforests (Diefendorf et al., 2010).

3.5. Discussion

None of the three floras had normally distributed δ13C values (Fig. 4). The distributions
are skewed toward more enriched values, suggesting a greater occurrence of 13C-enriched
mid- and upper-canopy leaves and a relative rarity of 13C-depleted understory leaves.
Greater than 55% of leaf biomass is produced in the mid- to upper canopy in any given
forest type (Graham et al., in review). Further, transport processes favor the movement
of canopy leaves into depositional environments, biasing the fossil record towards leaves
of the upper canopy (Ferguson, 1985; Spicer, 1989).

We compared measured δ13C ranges for each leaf assemblage to the results of modern
forests from Panama and Maryland (Graham et al., in review). These modern forest
ranges were determined using a model that randomly sampled leaf carbon isotope values
from a canopy data set. Selection probability was set to account for differences in
biomass flux from different canopy elevations. The most probable range for a fossil leaf
collection of a particular size was calculated from the virtual collection. The smallest
sample from the Guaduas Formation (n = 53) would have a minimum range of 4.9‰ if it
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were derived from a closed-canopy forest. Leaves from the Cerrejón flora at site 0315 (n
= 68) would have a minimum range of ~5.2‰, and Cerrejón site 0318 (n = 78) had a
minimum range of ~5.4‰ under closed-canopy conditions. Of the three paleofloras
analyzed, only Cerrejón site 0315 had an isotopic range (6.3‰) consistent with a closedcanopy forest (see Fig. 5).

3.5.1. Guaduas (Maastrichtian)

The mix of gymnosperm pollen and angiosperm macrofossils in the Guaduas Formation
does not have a modern analog. Further, many of the fossils cannot be assigned to any
extant plant families. This makes modern-to-ancient floristic comparisons difficult and
we cannot constrain canopy closure using modern analogs. The leaf carbon isotope range
(2.7‰) is very narrow and this strongly suggests an open canopy structure (Graham et
al., in review). For example, an isotopic canopy effect this small is found in open
woodlands such as a South African savanna (Codron et al., 2005).

The projected MAT and MAP reconstructions and ∆leaf values for the Guaduas flora are
consistent with the modern tropical rainforest, but the isotopic range is not (Fig. 6). The
narrow isotope range could indicate a deciduous tropical forest. Deciduous tropical
forests have highly seasonal rainfall and exhibit leaf senescence during dry periods,
resulting in open canopies during leaf flush. Lacking key floristic components, the
composition of the Guaduas flora approaches, but is not analogous to, either modern
seasonally deciduous tropical forests or tropical rainforests. Although seasonally wet or
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disturbed tropical forests often have abundant pteridophytes and gymnosperms today,
they are dominated by angiosperms (Burnham & Johnson, 2004). While pollen and
macrofossils from different plant communities can be idiosyncratically preserved
together there is no evidence of reworking at this site (Farley, 1989).

Leaf margin analysis indicates a climate with high MAP while the δ13C range for those
same leaves suggest an open canopy structure but with so few leaves taxonomically
identifiable and the non-analog mix of floristic components it is difficult to make
comparisos to modern ecosystems in order to understand structure.

3.5.2. Cerrejón Site 0315

The range of δ13C values for leaves at site 0315 is 6.3‰, and this falls within the
modeled range for leaves from a closed-canopy forest. This finding is consistent with the
suggestion that this was the first closed-canopy forest of the Neotropics (Wing et al.,
2009). Combined with paleoclimatic parameters, leaf physiognomic features, and the
dominance of taxa associated with modern closed-canopy forests, this assemblage has
many characteristics considered to be typical of the tropical rainforest.

Closed-canopy conditions in modern forests are generally associated with high diversity.
The Cerrejón paleoflora is less diverse than is typical of a modern tropical rainforest,
even thought the isotopic range is suggestive of closed-canopy and the floristic elements
are common in modern closed-canopy forests (Wing et al., 2009). This low diversity in
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the paleoflora could actually be due to closed canopy conditions. In temperate deciduous
forests, leaf litter represents only a limited number of species since it is dominated by
leaves from canopy trees (Burnham et al., 1992; (Ferguson, 1985). Fossil leaf
assemblages are likely subject to the same taphonomic biases as collections of leaf litter.

Alternately, lower diversity, closed-canopy conditions can be found in modern tropical
wetlands. Paleocene sediments in this area typically include an abundance of pollen from
Nypa, a mangrove palm typical of tropical shorelines (Jaramillo & Dilcher, 2000). Leaves
and an inflorescence from the Nypa were found at site 0318 in the Cerrejón Formation,
but no fossils associated with Nypa are found at site 0315. While the depositional setting
certainly reflects a wet, coastal plain site 0315 may not be a tropical wetland ecosystem.

The low diversity of the Cerrejón paleoflora combined with closed-canopy may indicate
that the development of a closed-canopy structure preceded the high speciation familiar
in modern tropical rainforests. In other words, plant diversification or immigration may
have followed after canopy closure, by fostering the innovation of juvenile shade
tolerance and other strategies that allowed multi-stratal forests to develop (Turner, 2001;
Myers & Kitajima, 2007). Low diversity may also reflect a long recovery from the K-T
extinction, regardless of the closed-canopy coverage (la Parra et al., 2007).
3.5.3. Cerrejón Site 0318

Site 0318 has many markings of a closed-canopy tropical forest. Site 0318 has High
MAT and MAP, large entire-margin leaves, and many families associated with extant
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closed-canopy forests. In contrast, the carbon isotope range of leaf material is far below
the expected range for a random sampling of closed-canopy forest leaves. Model results
show that for a sample of this size the leaf carbon isotopic range would be at least 5.2‰
if the leaves were from a closed-canopy forest (Graham et al., in review). The range at
site 0318 was only 3.3‰.

Leaves from site 0318 were found in an interbedded lens-shaped body of siltstone and
sandstone (Wing et al., 2009). This indicates a low-to-medium energy channel that might
have that captured canopy leaves from upstream as well as the immediate vicinity of the
deposit (Spicer, 1981; Spicer & Wolfe, 1987). Leaves from site 0318 were found in a
tabular bed of flat, thinly-bedded, gray siltstone. This type of sedimentation suggests a
small, low-energy, lacustrine environment. Autochthonous deposits such as this capture
primarily leaves from the lake margin vegetation and are biased toward the smaller sun
leaves that flourish at the lake edge and against larger shade leaves (Spicer, 1981; Spicer
& Wolfe, 1987; Burnham et al., 1992; Greenwood, 1992; Greenwood., 2007).

Taxa found at site 0318 are consistent with a lacustrine environment, and include
abundant menisperm lianas and palms (Wing et al., 2009; Herrera et al., 2011). Lianas
tend to proliferate in gaps, disturbed areas, or at lake edges, constituting up to 1/3 of leaf
biomass in such settings (Rice et al., 2004). Thus, sedimentary and floristic evidence
point toward an autochthonous collection of leaves from a primarily open lake edge. This
setting is consistent with isotopic evidence for open canopy structure. The model from
which the carbon isotope range expectations were developed considered leaves in the full
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range of light environments that would be possible in the interior of a forest, essentially a
random sampling of leaves from the litter bed. An allochthonous fluvial assemblage
integrating a wider area and a greater variety of leaves, both sun and understory, will
more resemble this type of collection (Spicer & Wolfe, 1987). The fossil sites from
Guaduas and Cerrejón were not strictly in situ litter collections, although, given the
siltstone lithology and evidence of channel formation, leaves were probably not
transported for great distances. Modern leaves along exposed forest edges can have a leaf
δ13C composition 2‰ more enriched than leaves from the same species and height above
ground just 50 m into a forest from the edge (Kapos et al., 1993). The resampling model
did not account for the abundance of edge leaves in paleofloral assemblages (Graham et
al., in review).

Fossil assemblages commonly represent vegetation adjacent a stream or body of water
with generally open-canopy conditions. Sedimentological evidence from both the
Cerrejón sites and the Guaduas site suggest that originating vegetation were not
exclusively from the interior of a forest. Assessments of canopy closure in fossil
assemblages would be, by default, open-canopy, making the capture of a closed-canopy
isotopic signal in leaves from Cerrejón site 0315 a remarkable finding.

3.6. Conclusions

δ13Cleaf in fossil leaves are consistent with paleobotanical evidence of canopy closure.
Isotopic analysis, combined with floristic analysis, can clarify the vegetation habit likely
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in ambiguous, poorly preserved or cosmopolitan fossil taxa. Our results suggest that
Cretaceous flora in the Guaduas formation did not grow in closed-canopy, multi-stratal
conditions, despite the climatic similarity and floristic affinity with modern tropical
rainforests. Our methods confirmed that for site 0315 the Cerrejón flora is a closedcanopy, tropical forest and therefore represents the first of it’s kind in the Neotropics. Our
methods also confirmed that Cerrejón site 0318 was likely a more open canopy, as would
be expected for vegetation along a lake edge. Isotope data, with floristic and lithologic
insights, were able to distinguish an allochthonous deposit from a forests edge
assemblage. When combined with floristic and physiognomic analysis of leaf material
carbon isotope analysis of preserved cuticle and mesophyll can prove to be a powerful
indicator of canopy structure in ancient forests.
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3.7. Figures

Figure 3.1. Modern leaf collection site in Panamá site and three Guaduas and Cerrejón
fossil collection sites in two locations in Colombia. Digital elevation model by Amante &
Eakins (2009).
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Figure 3.2. Stratigraphic column of Cerrejón Formation fossil beds from Wing et al.,
(2009). Fossils were selected from assemblages 0315 and 0318, vertically 100 m apart.
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Figure 3.3. Measured δ13Cleaf range for all modern and fossil leaves. The box spans the
interquartile range with the median denoted within the box and the whiskers are defined
by the upper and lower quartiles.
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Figure 3.4. Histograms of measured δ13Cleaf range for fossil leaves show the frequency
with which δ13Cleaf values are expressed in fossil leaves and the rarity of 13C-depleted
understory leaves. The right skew in the data is likely due to the bias in fossil
assemblages towards preservation of enriched upper canopy leaves.
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Figure 3.5. Absolute δ13Cleaf range for each fossil leaf site compared with the predicted
isotopic range for closed canopy litter based on sample size from Graham et al. (in
review; see Chapter 2)
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Figure 3.6. Calculated ∆leaf values for modern leaves from three binned strata of the
forest and ∆leaf values for fossil leaves from three study localities. Lower ∆leaf values area
associated with upper canopy leaves and all fossil sites express ∆leaf values more typical
of upper canopy leaves.
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Chapter 4. Plant waxes and fossil leaves from Cretaceous and Paleocene Neotropics:
a Comparison of Modern and Ancient Fractionation Factors

4.1 Abstract

The isotopic composition of terrestrial organic matter in the sedimentary record is often
used as a proxy for environmental and climatic conditions in the geologic past. This
organic matter is presumed to be derived primarily from the leaves of plants and these
plants are assumed to have exhibited the same metabolic properties of modern relatives.
A more specific application of isotopic analysis in the geologic record uses molecular
fossils from plants, such as n-alkanes from leaf waxes. Alkanes can be used to make
more specific observations about sedimentary archives but the environmental, ecologic,
and ontogenetic influences on alkane production and carbon isotope expression are very
poorly understood.

This study analyzes the carbon isotope composition of fossil leaves and alkanes extracted
from those fossil leaves (δ13Cleaf and δ13Clipid) and compares these observations with
leaves from the same families in a similar modern biome. 63 fossil leaves were collected
from Cretaceous and Paleocene deposits. Cretaceous fossils analyzed are among the
oldest angiosperm fossils found in South America and Paleocene fossils are from deposits
believed to represent the first true, closed-canopy, Neotropical forest. These fossils are
compared with leaves from modern relatives from a forest in Panama. Modern leaves
were collected throughout the canopy in order to capture the environmental gradients
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(light, humidity, CO2) that affect carbon isotope fractionation. This study compares the
photosynthetic and lipid biosynthetic fractionation factors in order to understand the
nature of carbon metabolism in ancient plants.

4.2 Introduction

The leaves of land plants play an important role as the interface between atmosphere and
geosphere. Reconstructions of past terrestrial environments often rely on the carbon
isotope composition (δ13C) of preserved organic matter in the sedimentary record that
arises from leaves as an indicator of environmental conditions as well as terrestrial
community composition (Bowen et al., 2004; Magioncalda et al., 2004; Sauer et al.,
2001; Wing et al., 2005; Schouten et al., 2007; Secord et al., 2008;). Often these
interpretations do not fully appreciate the effects that leaf physiognomy and threedimensional ecosystem structure can have on the plant carbon isotope record. Certain
aspects of leaf anatomy (size, vein density, stomatal density) are plastic and can change
in response to climate, carbon dioxide concentration, and canopy position (Medina &
Minchin, 1980; Da Silveira et al., 1989; Brooks et al., 1997; Royer, 2001; Beerling &
Royer, 2002; Feild et al., 2011; Franks et al., 2012; Carins et al., 2013). Since leaf
morphology affects carbon availability and is reflected in photosynthetic isotope
fractionation (∆leaf) these changes should then be considered when using δ13COC as an
environmental indicator in the sedimentary record (Royer et al.,2005; Brodribb et al.,
2007; Boyce, 2008).
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The use of organic carbon in geologic archives for the purpose of plant community
reconstruction is problematic since terrestrial organic matter can come from many
sources besides leaves. For this reason many workers now advocate plant-specific
biomarkers, such as n-alkanes, as an better proxy of carbon from ancient terrestrial
ecosystems (Bird et al., 1995; Briggs et al., 2000; Lockheart et al., 2000; van Aarssen et
al., 2000; Pancost & Boot, 2004; Smith & Freeman, 2006; Smith et al., 2007; Polissar et
al., 2009; Jaramillo et al., 2010; Castaneda & Schouten, 2011). δ13Clipid can be used to
infer environmental or ecologic conditions, however the influence of phylogeny,
ecosystem structure, and climate on the carbon isotope fractionation between leaf tissue
and lipid (εlipid) is poorly understood (Chikaraishi et al., 2004; Bi et al., 2005;
Pedentchouk et al., 2008; Diefendorf et al., 2011).

This study reports the photosynthetic and lipid biosynthetic fractionation factors for leaf
tissue and alkanes from five genera in a modern tropical forest through a vertical transect
of forest - from forest floor to top of canopy - following a pronounced humidity and light
gradient. These values are compared with a similar analysis of fractionation factors for
preserved leaf carbon and extracted alkanes from 63 Cretaceous and Paleocene fossil
leaves. These fossil leaves are from a similar tropical climate and many are from the
same families as the modern leaves that were analyzed. Fossil leaves are likely from both
open and closed forest canopies but were growing in an atmosphere with greater carbon
dioxide. Our analyses reveal a wide range in ∆leaf values for modern and fossil leaves that
likely reflects the humidity range typical in closed-canopy forests. Calculated εlipid values
are highly variable within families and across environmental gradients. Fossil εlipid values
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were less negative than modern relatives. This may be a reflection of the bias toward
canopy leaf preservation in fossil assemblage or may be related to climatic seasonality or
dryness in the ancient environment.

4.3. Methods

4.3.1. Collection Sites

Guaduas Formation

The Guaduas flora - from the middle Guaduas Formation of Boyacá department in central
Colombia (see Fig. 1) - remains one of the only sources of plant leaf fossils in the
Maastrichtian of South America. Fossil leaves were collected at 5˚55'45"N, 72˚47’43"W;
the paleolatitude of this site during the time of deposition was closer to 2˚N (Sarmiento,
1992; Correa et al., 2010). Although the Guaduas Formation is now 2700 m above sea
level in the Andean mountains, at the time of deposition this location was a coastal plain
(Sarmiento, 1992). Reconstruction of mean annual precipitation (MAP) and mean annual
temperature (MAT) from leaf size and leaf margin analysis suggest an MAP of ~2400
mm/year and an MAT of 22.1 +/- 3.4˚C (Gutierrez & Jaramillo, 2007). The palynoflora
of the assemblage can be assigned to one of two palynological zones that, when
calibrated against foraminifera, indicate an age of ca. 68-66 Ma (Muller et al., 1987;
Jaramillo & Rueda, 2004; Correa et al., 2010).
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Cerrejón Formation, Sites 0315 and 0318

The Cerrejón flora are found in outcrops of the Cerrejón Formation throughout the
Guajira Peninsula of northern Colombia and, most notably, in an open-pit coal mine at
the south of the peninsula (see Fig. 1). Samples for this study were taking from two
separate beds within the mine located at 11˚5'60"N, 72˚30’0"W (Fig. 2). The estimated
paleolatitude of this location was 5˚30'N (Jaramillo et al., 2007). Palynological
assemblages collected at the mine indicate a middle-to-late Paleocene age, approximately
60-58 Ma (Bayona et al., 2004; Jaramillo et al., 2007). Leaf margin analysis suggest an
MAT of 24 - 31˚C. Leaf size analysis was used to estimate an MAP of 2,260-4.640
mm/year (Herrera et al., 2008; Wing et al., 2009). These data support other work
indicating a warmer, wetter Paleocene when compared to the Cretaceous (Leidelmeyer,
1996; Parrish, 1998; see Burnham & Johnson, 2004 and references therein). The wide
variety of sediments (sandstones, mudstones, and coals) in the Cerrejón Formation
suggest a mosaic of fluvial and lacustrine settings typical of an estuarine coastal plain
(see Fig. 2) (Jaramillo et al., 2007). Fossils for this study were collected at two separate
sites (315 and 318, see Fig. 2) less than 2 km away from one another and vertically 100 m
apart. Fossils from site 0315 were found in heterolithic sediments suggestive of a low-tomedium energy channel. Leaves in the overlying site 0138 were found in thinly bedded
siltstones interpreted as small lakes.
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While not as diverse as modern forests, the flora of the Cerrejón include all of the key
floristic elements of the extant Neotropical closed-canopy forests. The Cerrejón flora are
dominated by Arecaceae, Fabaceae, Lauraceae, Malvaceae, Menispermaceae, Araceae
and Zingiberales (Wing et al., 2009). Physiognomic features of leaves from the Cerrejón
– size, entire margins, vein density – also suggest a closed, multistratal rainforest, that is,
a closely spaced forest with many small trees, vines, and epiphytes (Wing et al., 2009;
Herrera, 2008; Jaramillo et al., in prep).

San Lorenzo, Panama

The Bosque Protector San Lorenzo forest preserve of Panama (Fig. 1) is located at 9˚
17’N, 79˚38’W. This evergreen, moist tropical terre firme forest is 130 m above sea level
and 4.4 km from the Caribbean coast. The site has a tropical monsoonal climate (Köppen
classifcation by FAO GeoNetwork) receiving on average 330 cm of rainfall annually and
has a mean annual temperature of 26 ºC. The 6 ha preserve contains more than 22,000
trees and 240 recorded species of trees and lianas. The canopy is co-dominated by
Manilkara spp., and Brosimum utile. Aspidosperma cruenta occupy much of the midcanopy (CTFS; http://www.ctfs.si.edu/site/Sherman). This forest exhibits a marked, yearround light gradient with less than 1% of available light (>99% light attenuation)
reaching the forest floor. No logging has occurred on this site for at least 200 years and it
has been an officially protected site for over a century.
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4.3.2. Sampling methods

Fossil cuticle and mesophyll preparation

Cuticle and mesophyll samples from both the Guaduas and Cerrejón floras were selected
from fossils stored at the Smithsonian Tropical Research Institute. These fossils had
previously been prepared for visual inspection; rocks were split along bedding planes and
dusted to reveal leaf structure and morphology. Rock material adjacent to the fossil was
removed by scraping or grinding in order to reveal leaf edges. The surfaces of the fossils
were kept as clean as possible in order to prevent damage or obfuscation of features. That
said, prior to sampling for carbon isotope analysis, fossils were gently brushed and, when
necessary, rinsed with deionized water to remove any surface contaminants. Fossil leaves
were selected based on preservation and taxonomic association with modern families.

Of the 21 samples taken from the Guaduas flora, only two could be identified to the level
of family. Four samples were assigned to three morphotypes, and the other 15 were
identified simply as indeterminate dicots. For this study, 23 leaf samples were taken from
Cerrejón site 0135. Specimens sampled included six morphotypes assigned to the
families Apocynaceae, Bombaceae, Fabaceae, Lauraceae, Moraceae, and Sapotaceae.
Another 19 leaf samples were taken from Cerrejón site 0318. These samples included ten
morphotypes. Eight of these morphotypes have been assigned to the families Fabaceae,
Euphorbaceae, Malvaceae, Meliaceae, Menispermaceae, and Sapotaceae. All
Menispermaceae fossils are allied with the extinct species Menispermites cerrejonensis
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(Doria et al., 2008). Details of the family identifcation and morphotype assignment of
these fossils can be found in Herrera et al. (2008a), Wing et al. (2009), and Correa et al.
(2010).

Cuticle and mesophyll isolates were either picked, scraped, or ground from the rock
matrix using either forceps, scalpel or a rotary grinding tool equipped with a diamondpointed bit, as appropriate. Every effort was made to minimize extraneous material in
cuticle samples. Cuticle that could be removed by forceps or scalpel had sediment
brushed from surface. Fossils that required vigorous scraping or grinding to remove
cuticle or mesophyll were sampled under a dissecting microscope to ensure that a
minimum of sediment was introduced into the sample. All samples were crushed and
homogenized with a Teflon pestle in glass tubes. Samples were 6N HCl for two hours
and rinsed three times with deionized water. This treatment was repeated until the final
rinse water maintained a neutral pH. Samples were then lyophilized.

Modern leaf selection and sampling

At the San Lorenzo forest, leaves were collected along a 47-m vertical transect using a
canopy crane. This tower crane, managed by the Smithsonian Tropical Research Institute
(STRI), provides access to nearly the entire forest structure in a 0.92 ha area. Leaves were
selected from all strata of the forest, from the very canopy top to trees in the understory
and in gaps. Bulk leaf samples of Aspidosperma cruenta (Apocynaceae), Brosimum utile
(Moraceae), and Manilkara spp.(Sapotaceae) were taken at 49 unique sampling sites.
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Leaves were clipped from trees, stored in paper bags, and dried at 70ºC the same day as
collection. All samples were acquired during a two-month time window, from January to
February of 2010. After drying, a composite of 20-30 dried leaves from each sampling
site was ground and homogenized. More information on collection procedures can be
found in chapter 2.

4.3.3. Organic carbon analyses

Carbon isotope and weight percent total organic carbon (wt. % TOC) analyses were
performed on ground leaf, fossil, and decarbonated sediment samples using a Costech
elemental analyzer connected to a Thermo Finnigan Delta XP IRMS. Analyses were
performed under continuous-flow conditions (He; 120 ml/min), oxidized at 1020°C over
chromium (III) oxide and cobaltous silver (II, III) oxide, then reduced over elemental
copper at 650°C before passing through a water trap and into IRMS. δ13C values were
corrected for sample size and reported relative to Vienna Pee Dee Belemnite (VPDB)
(Coplen et al., 2006). Error was determined by repeated analysis of internal standards
(calibrated by IAEA CH-7, IAEA CH-6, and USGS-24; polyethylene, sucrose and
graphite, respectively). Instrument precision standard deviation was ±0.09‰ (n=76).
Accuracy, the average difference between the measured and true δ13C value, was 0.02‰
(n = 96). Instrument precision for wt. % TOC measurements was ±1.0% (n=76).
Accuracy, the average difference between the measured and true δ13C value, was 0.97%
(n = 96). Values below 1.0% TOC were not quantifiable. Duplicate analyses were
performed for 50% of all samples. Samples that defined the end points of the isotopic
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range were analyzed in triplicate.

4.3.4. n-Alkane analyses

Fossil Extraction and Preparative Chromatography

Fossil carbon was extracted using a Dionex Accelerated Solvent Extraction system with
dichloromethane/methanol (65:35, v/v). Samples were heated for 5 min at 76 bar and
100ºC, followed by a 5-min heated hold, flushed with solvent mix and purged with N2 for
150 s. n-Alkanes were chromatographically separated into polarity fractions by sequential
in-cell separation by the Dionex Accelerated Solvent Extraction system as per Magill et
al., (in review). Total lipid extracts (TLEs) were then evaporated to near dryness under
N2 before being transferred to an ashed glass fiber disc (Dionex #047017). The TLEsaturated disc was packed in a column with 1 g of high purity silica gel with a a 60 Å
pore size and 70-230 mesh particle size and then 1 g of 5% silver-impregnated alumina
oxide. Hydrocarbons were eluted in 1:20 dichloromethane:hexanes, and more polar
compounds were eluted with ethyl acetate, dichloromethane and methanol. Columns were
heated to 50ºC for one minute at 500 psi then flush with 70% of the cell volume three
times. The final elution, following the heated hold period, flushed with entire solvent mix
and purged the column with N2 for 150 s.

Modern Leaf Extraction and Preparative Chromatography
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Dried, ground leaf material (0.5 g) was extracted using a Dionex Accelerated Solvent
Extraction system with dichloromethane/methanol (65:35, v/v). Samples were heated for
5 min at 76 bar and 100ºC, followed by a 5 min heated hold, flushed with solvent mix
and purged with N2 for 150 s. This process was repeated three times. Total lipid extract
were chromatographically separated into polarity fractions with 0.5 g of high purity silica
gel with a 60 Å pore size and 70-230 mesh particle size. Hydrocarbons were eluted in
1:20 dichloromethane:hexanes. More polar compounds were eluted with ethyl acetate,
dichloromethane and methanol.

Alkane identification

Extracted alkanes were identified using a Hewlett-Packard (HP) 6890 gas chromatograph
(GC) connected to an HP 5973 quadrupole mass spectrometer (MS). We used a fused
silica capillary column (Agilent J&W DB-5; 30 m, 0.32 mm, 0.25 µm) with helium
carrier gas. Injections were made in hexanes and at an inlet temperature of 320ºC. The
column flow rate is 2.0 ml/min and the column oven starts with an initial temperature of
60ºC for 1 min, followed by a ramp to 320ºC at 6ºC/min. This final temperature is then
held for 20 min. The MS was operated with a scanning mass range of m/z 50-700 at 3
scans per second and an ionization energy of 70 eV. Compounds were identified using
standards, the NIST 98 spectrum library, fragmentation patterns, the published literature,
and chromatographic retention times.

Alkane Carbon Isotope Analysis
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Extracted n-alkane fractions were separated on a Varian model 3400 GC equipped with a
split/splitless injector operated in splitless mode with a fused silica column (Agilent J&W
DB-5; 30 m, 0.32 mm, 0.25 µm). The GC temperature program followed the same
conditions as the identification and quantification steps. Following separation,
compounds were combusted over nickel and platinum wire with O2 in He (1%, v/v) at
1000ºC, with the resulting CO2 monitored using a Finnegan Mat 252. Carbon isotope
values of samples are reported in delta notation relative to the VPDB scale. Within-run
precision and accuracy was determined by a co-injected an internal standard containing
alkanes nC-38 and nC-41. Isotopic abundances were determined relative to a reference gas
calibrated with Mix A and Mix B (n-C16 to n-C30; Arndt Schimmelmann, Indiana
University). For all samples, the precision and accuracy were 0.22‰ and 0.06‰ (1σ,
n=146), respectively.

4.4. Results

4.4.1 Carbon isotope composition of fossils and leaves

The mean δ13Cfossil values for both Cerrejón sites were identical, -25.9‰, and similar to
the mean for Guaduas (-26.0‰) (see Fig. 3). All fossil values were 13C -enriched relative
to San Lorenzo leaves (-29.5‰). Modern leaves were considerably more depleted in 13C
than fossil leaves. The enriched composition of fossil leaves compared to modern C3
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plants reflects, in part, the 3.6‰ more enriched δ13C composition of CO2 in the ancient
atmosphere (Tipple et al., 2010).

The range of δ13Cleaf values for fossils from all three sites were narrower than the range
found in the modern ecosystem at San Lorenzo (Fig. 3) (see Chapter 3). The modern
leaves were sampled from the understory to the canopy top. In contrast, fossil
assemblages are likely to contain leaves mostly from the upper canopy (see Chapter 2),
because upper canopy biomass dominates litter flux and subsequent fossil leaf
assemblages (Parker et al., 1999; Osada et al., 2001; see Chapters 3; Graham et al., in
review).

4.4.2. δ 13Clipid for Fossils and Leaves

δ13Clipid values differ by chain length and by family. The magnitude of isotope differences
can be large between taxonomic groups and the overall range found in alkanes from
modern leaves was nearly 20‰ (Fig. 4). Likewise, the isotope range for alkanes extracted
from fossil leaves revealed differences between taxonomic groups but a smaller overall
range (Fig. 5).

These patterns were similar for paired fossil and modern taxa although the magnitude of
isotope differences in chain lengths differed (See Fig. 6 for modern and ancient examples
organized by family). The n-C29 and n-C31 homologues were more depleted in 13C
114

relative to n-C27, n-C33 and n-C35. A comparison of the δ13Clipid values for fossil
Sapotaceae leaves assigned to the same morphotype from both Cerrejón localities shows
very similar values. Fabaceae leaves of different morphotypes had sightly different
patterns of δ13Clipid values. The modern analogues for Apocynaceae and Sapotaceae
leaves were from trees of a single genus in the upper canopy, the portion of the canopy
most likely to be preserved in fossil leaf assemblages (see Chapter 2; Parker et al., 1989;
Osada et al., 2001). Modern alkane δ13Clipid values for Fabaceae and Malvaceae families
were taken from the literature (Rommerskirchen et al., 2006; Vogts et al., 2009).

4.5. Discussion

4.5.1. Photosynthetic fractionation in modern and ancient leaves

Photosynthetic fractionation (∆leaf) is a calculated value that represents the carbon isotope
fractionation that occurs during the many metabolic steps between the CO2 that diffuses
through stomata and the leaf tissue that is constructed. From Farquhar et al. (1989), ∆leaf
is defined as,
∆leaf = (a + (b – a))(ci / ca)

where the constant a is the fractionation during due to diffusion and the constant b is the
fractionation during carboxylation reactions. ∆leaf will vary with the available CO2 within
a leaf (ci) under conditions of constant concentration of atmospheric CO2 (ca) (Ehleringer
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& Cerling, 1995) and can also be calculated using the isotopic composition of source CO2
and plant tissue

∆leaf = (δ13Catm - δ13Cleaf)/(1 + δ13Cleaf / 1000)

The internal leaf CO2 concentration depends on the amount of CO2 entering the leaf
through the stomata and the amount of CO2 being removed from the stomata as
photosynthate. Water stress leads to a closing of stomata which restricts internal CO2 and
leads to decreased ∆leaf values.

Precipitation exerts a strong effect on ∆leaf expression. Leaves from xeric biomes have the
lowest observed ∆leaf values while less water-stressed sun leaves of the tropical rain
forests have the highest (Diefendorf et al., 2010). Biomes can exhibit wide ranges of ∆leaf
values Within the range of observed ∆leaf values in the San Lorenzo forest, understory
leaves - which grow in conditions of even higher humidity and lower irradiance (see
Chapter 2; Graham et al., in review) than their sun-lit counterparts - have the most
positive ∆leaf values (Fig. 7). While precipitation is the major climate parameter driving
stomatal opening the relative humidity at the leaf is a powerful driver of stomatal opening
and, by extension, the expression of ∆leaf values.

Aside from the climatic effects on ∆leaf values the anatomy of the leaf itself can also
dictate the carbon isotope fractionation during photosynthesis. While the aperture of
stomata can change rapidly in response to moisture conditions the number and size of
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stomata on a leaf can also change between generations of leaves depending on ca.
Stomatal density changes in response to ca are observed in the fossil record (van der
Burgh et al., 1993; van der Water et al., 1994; McElwain & Chaloner, 1995; Royer et al.,
2001; Royer, 2001; Beerling et al., 2002) and have been induced in elevated CO2
experiments (Woodward & Kelly, 1995; Lake et al., 2001; Royer, 2001; Ainsworth &
Rogers, 2007; Carins et al., 2013). Adjustments in the number and size of stomata occur
on short-time scales and regulate ci/ca (Franks et al., 2012). If leaves maintain constant
ci/ca through stomatal adaptations then CO2 diffusion into the leaf – which is dependent
on stomatal opening and moisture balance - is the driving environmental parameter that
affect ∆leaf.

In addition to stomatal adaptations, plants have evolved efficient hydraulic systems that
increase the water transport to leaves, allowing for cooling and thereby stomatal
conductance, gas exchange and photosynthetic rates (Boyce et al., 2010; Brodribb &
Feild, 2010; Feild et al., 2011). Both fossil and modern leaves from gymnosperms and
basal angiosperms have much lower vein density than higher, more specialized
angiosperms (Taylor et al., 2011). The effects of this innovation in leaf architecture is
evident in the very different ∆leaf values of gymnosperms vs. angiosperms (Diefendorf et
al., 2011). While vein density must be considered when comparing highly divergent
phylogenies (such as gymnosperms and angiosperms) the angiosperm families included
in this study originated long before our oldest fossil. The trend towards higher vein
density in angiosperms arose ~110-140 mya (Feild et al., 2011) and the gross anatomy of
the fossil and modern leaves is largely unchanged.
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δ13CTOC values for all fossils are offset from modern rainforest δ13Cleaf values by ~3.6‰.
This is roughly the same as the carbon isotopic difference between modern δ13Catm and
the ancient δ13Catm values reconstructed from benthic foraminifera (Tipple et al., 2010).
This suggests that, if modern and ancient photosynthetic isotope fractionation was the
same, no appreciable fractionation of bulk leaf material occurred during fossilization.
Reconstructed δ13Catm values vary up to 2‰ but this variation is small when compared
with naturally occurring variations in leaves of up to of 6-10‰ (see Chapter 2; Graham et
al., in review).

Reconstructed CO2 concentrations for the Maastrichtian and Paleocene vary greatly and
while the values are debated there was certainly higher pCO2 during these intervals than
are found in the modern atmosphere (Royer et al., 2001; Beerling et al., 2009).
Estimations of pCO2 from the stomatal index of fossil leaves from the Paleocene (58-60
mya) are between ~400-600 ppmV and in the range of ~360 and 540 ppmV during the
Maastrichtian (Royer et al., 2001; Beerling et al., 2009; Richey & Upchurch, 2011).
pCO2 values based on carbon cycle models suggest atmospheric concentration twice the
current amount during the interval our fossils are from (Berner , 1998). Although CO2
concentration has been shown to affect δ13Cleaf during a single growth season (Schubert
& Jahren, 2012) δ13Cleaf is generally not considered to have an affect on ∆leaf since, when
generating new leaves, plants adjust stomatal numbers in response to pCO2 maintaining
constant ci/ca (Lake et al., 2001). Likewise, fossil leaves in our study expressed ∆leaf
values consistent with modern relatives despite the difference in pCO2 (see Fig. 7).
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The effect of relative humidity on ci/ca is evident in the difference between ∆leaf values for
leaves from different canopy strata in the modern Panama collection (Fig. 7). The mean
∆leaf value for fossil leaves is more positive than for modern leaves and reflects the bias in
paleofloral assemblages towards greater preservation of canopy leaves. At San Lorenzo,
∆leaf values for sun-lit upper canopy leaves are 3.3‰ lower than understory leaves. This
decreased discrimination by sun-lit leaves reflects both greater water stress and higher
fixation rates than experienced by shaded understory leaves.

4.5.2. Lipid biosynthetic fractionation in modern and ancient leaves

While the fractionation between atmospheric CO2 and leaf tissue is well-characterized,
the systematic and environmental sources of fractionation that occur during the many
steps between photosynthate and an n-alkane (εlipid) are less well understood (Diefendorf
et al., 2011; Magill et al., 2013). Lipids in general have more depleted δ13C
compositions when compared to other tissues and metabolites (Hayes, 2001).
Experiments have confirmed an initial negative fractionation occurs when pyruvate is
decarboxylated to form Acetyl CoA (DeNiro & Epstein, 1977). Acetyl CoA is the source
of acetate in the acetogenic pathway and the precursor to n-alkyl lipids, such as n-alkanes
(Kolattukudy, 1976). Further fractionation occurs during the elongation reactions, when
acetate monomers are combined to form alkly chains (Monson & Hayes, 1982). From
Hayes (2001), εlipid is defined as
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εlipid = [(δ13Clipid + 1000) / (δ13Cleaf + 1000) - 1] x 1000 ≈ (δ13Clipid - δ13Cleaf)

εlipid is the sum of all carbon isotope fractionation events during synthesis of alkanes,
relative to the δ13C of bulk leaf tissue. This relationship is often used to derive a value for
the δ13C of plant biomass. Alkane proxies allow interpretation of the organic geologic
record in absence of plant fossils and/or when sedimentary organic matter contains nonplant material. Often geologic reconstructions use a single εlipid value to interpret δ13Clipid
values. This practice does not appreciate that in addition to the fractionation constants of
synthetic reactions, εlipid is dependent on many other factors such as δ13Catm, ci/ca, and
phylogenetic, ontogenetic and environmental drivers of lipid synthesis (Rieley et al.,
1991; Lockheart et al., 1997; Chikaraishi et al., 2004; Bi et al., 2005; Pedentchouk et al.,
2008; Diefendorf et al., 2011).

Previous surveys of modern flora have found that εlipid varies between taxanomic groups,
especially at the level of plant functional type (Chikaraishi & Naraoka, 2003;
Pedentchouk et al., 2008; Diefendorf et al., 2011). Taxonomic variation in εlipid
expression may be due to differing needs for lipid production. More negative εlipid values
are associated with greater fractionation during synthesis, which may indicate lower
carbon flow to alkane production resulting in a lower amount of alkanes (Hayes, 2001).
Acetate is a precursor in many metabolic reactions and allocation into other pathways
will introduce fractionation of the source molecules and affect εlipid (Kollattukudy, 1976;
Hayes, 2001). Indeed, angiosperms produce far greater amounts of alkanes than
gymnosperms and express more negative εlipid values as well
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The seasonal timing of lipid production has also been found to affect εlipid (Pedentchouk
et al., 2008). This observation may be related to the large differences in leaf lifespan
between angiosperm and gymnosperm plant functional types (Diefendorf et al., 2011).
Recent work suggests that the hydrogen isotope composition of alkanes reflects only the
short period of time during leaf flush, implying that an alkanes isotopic composition is set
and does not reflect ablation or accumulation changes (Tipple et al., 2013). This would
seem to limit the temporal effects on εlipid and may help explain the very wide ranges in
δ13Clipid values in tropical taxa when compared with temperate taxa (see also Diefendorf
et al., 2011). Trees in tropical forests replace leaves nearly constantly throughout the
year, whereas temperate forests exhibit a nearly synchronous flush at the beginning of the
growing season (see Chapter 2; Graham et al., in review). Widely varying values for
δ13Clipid and εlipid may be an expression of leaf timing as well as leaf lifespan.

This study considers five taxonomic groups through a light and humidity gradient in a
modern closed-canopy forest and compares them with fossil leaves from the same familes
and/or climate regimes. In general, εlipid values for fossils have a narrower range than
εlipid values for leaves from San Lorenzo. Although modern leaf εlipid values exhibited a
wide range overall, the ranges were narrower within individual families (Fig. 8). The
weak association between εlipid values and canopy position may be due to different
patterns of lipid production within the canopy. Indeed, modern understory leaves with
higher concentrations of alkanes tend to have less negative εlipid values (see Chapter 6). If
fossil leaves in this study represent mostly upper canopy leaves, then these results would
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suggest that the modern canopy leaves in our study produced less alkanes than their
Paleocene relatives.

Alternately, the less negative εlipid values could indicate lower moisture. Vogts et al.
(2009) found that within the same families, εlipid values were higher in savannah
specimens when compared to tropical rainforest specimens. The paleoflora in this study
are not likely to be savannah communities, but these data might lend caution to paleoprecipitation estimates for these sites, and suggest the possibility that rainfall was more
seasonal.

4.6. Conclusions

By comparing modern and fossil leaves from the same families, this study suggests that
the amount of CO2 in the atmosphere did not affect the ∆leaf for the taxa and climate
conditions represented by these leaves. It appears that ∆leaf has been largely unchanged, at
the family level, since the Paleocene. ∆leaf patterns humidity in the modern leaf collection
reflects humidity gradients and may account for the wide ranges in the global biome
analysis published in Diefendorf et al. (2010).

εlipid values in the modern and fossil leaf collections were highly variable and some values
were more negative than previous observations in the literature. Even within individual
families εlipid values were highly variable, suggesting strong physiological or
environmental controls. In the modern collection, understory leaves tended to be slightly
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more negative and could be an expression either increased lipid production. Fossil εlipid
values were less negative than modern relatives and likely reflects the bias toward canopy
leaf preservation in paleofloras or may be related to climatic seasonality or dryness in the
ancient environment. In any case, the unanticipated variability suggests that using a
single εlipid value to represent the entire angiosperm PFTs may not reflect growth
conditions. The nature and controls on εlipid require more investigation if this metric is to
be of utility in geologic interpretation.
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4.7. Figures

Figure 4.1. Modern leaf collection site in Panamá site and three Guaduas and Cerrejón
fossil collection sites in two locations in Colombia. Digital elevation model by Amante &
Eakins (2009).
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Figure 4.2. Stratigraphic column of Cerrejón Formation fossil beds from Wing et al.,
(2009). Fossils were selected from assemblages 0315 and 0318, vertically 100 m apart.
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Figure 4.3. Measured δ13Cleaf range for all modern and fossil leaves. The box spans the
interquartile range with the median denoted within the box and the whiskers are defined
by the upper and lower quartiles.
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Figure 4.4. Carbon isotope composition for each alkane homologue extracted from
leaves of five families of modern trees at San Lorenzo, Panama.
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Figure 4.5 Carbon isotope composition for each alkane homologue extracted from fossil
leaves from the Cerrejón and Guaduas Formations. Data are arranged by morphotype or
best guess family as published in Wing et al., 2009.
.
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Figure 4.6. Measured δ13C25-35 values for alkanes extracted from paired modern and
fossil leaves. Plots are arranged by family. Data for modern leaves are plotted in black
circles. Fossil data are dark grey and those data for Cerrejón site 0315 are light grey.
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Figure 4.7. Calculated ∆leaf values for modern leaves from three binned strata of the
forest and ∆leaf values for fossil leaves from three study localities. Lower ∆leaf values area
associated with upper canopy leaves and all fossil sites express ∆leaf values more typical
of upper canopy leaves.
.
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Figure 4.8. Calculated εlipid values for fossil leaves compared with the mean and standard
deviation of calculated εlipid values for modern leaves. San Lorenzo leaves are binned by
strata. Black lines denote understory while grey denotes canopy. These strata are defined
as thos leaf localities below or above 40% available light, respectively. . and ∆leaf values
for fossil leaves from three study localities. Higher εlipid values area associated with upper
canopy leaves.
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Figure 4.9. Calculated ∆leaf values for modern leaves from three binned strata of the
forest and ∆leaf values for fossil leaves arranged by family from the three study localities.
Fossil data are the mean value for all measured individuals or a family and may include
multiple morphotypes.
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Figure 4.10. Total organic carbon measured on all leaves sampled from the Cerrejón and
Guaduas Formations. Plots are arranged by locality and include the mean value for
measured carbon amounts at each site as well as the mean value for all measured fossil
leaves. Data is separated by morphotype to allow comparison of carbon preservation
between taxa. Red data represents paired morphotypes from the two Cerrejón sites for
comparison of the effects of depostional setting on preservation.
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Chapter 5. Simulated and observed alkane distribution and isotope composition in
sediments using biogeochemical analysis of fossil leaves

5.1 Abstract

The relative chain-length distribution and carbon-isotope composition of n-alkanes
extracted from sedimentary rocks are common tools for interpreting properties of
terrestrial ecosystems in the absence of macrofossil remains. Alkanes preserved in the
rocks are assumed to be contemporaneous, derived from the same ecosystem and
integrated from the biomass present on the landscape at that time, yet alkane production
can be greatly influenced by the phylogenetic affiliation of taxa as well as environmental
parameters and elements of forest structure. Interpretations of these archives would be
strengthened by a better understanding of determine how preserved alkanes represent the
ecosystem from which they arise and the taphonomic pressures that influence the lipid
record.

In this study, we analyze the alkane chain-length distribution and carbon-isotope
composition of alkanes extracted from a selection of fossil leaves from two paleofloras.
We then compare a biomass-weighted mixing model based on these data to represent the
influence of community composition and forest structure. The model results are
compared with alkane measurements from sedimentary matrices collected at each of the
assemblage sites. Alkanes extracted from bulk rock samples do show consistencies with
the model, a biomass-weighted, integration of alkanes from the major taxa represented in
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the macrofossil record. Minor differences in observed and modeled chain-length
distribution and isotope expression may be due to the biases inherent in the fossil record
and an incomplete representation of all taxa.

5.2 Introduction

High-molecular weight (C25 – C35), odd-carbon-numbered n-alkane homologues originate
in leaf waxes and are replete in the rock record, often independent of plant macrofossil
remains (Eglinton & Hamilton, 1963; Kolattukudy, 1976; Cranwell, 1981). Relative to
leaf biomass, cuticular n-alkanes are resistant to chemical change and microbial
alteration (Eglinton & Logan, 1991; van Bergen et al., 1995). The molecular distribution
and carbon isotope composition of sedimentary alkanes (δ13Clipid) have been widely used
to reconstruct environmental and climatic conditions and predict dominant plant
functional types in ancient ecosystems, in the absence of plant macrofossils (Bird et al.,
1995; Freeman & Colarusso, 2001; Smith et al., 2007; Schouten et al., 2007; Tipple &
Pagani, 2010; Magill et al., 2013). In these applications, alkanes in sediments are
commonly considered to represent a simple integration of plant biomass on a landscape.
These interpretations often do not account for the environmental, ecologic, phylogenetic,
and ontogenetic influences on alkane production and isotope fractionation between leaves
and lipid (εlipid).

Taxonomic groups have differing εlipid patterns and produce characteristic amounts of
alkanes and possibly distinctive distributions of alkanes (Chikaraishi & Naraoka, 2003;
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Rommerskirchen et al., 2006; Vogts et al., 2009). Recent work has shown that threedimensional forest structure and certain phylogenetic groups can have disproportionate
influences on the sedimentary alkane record (Diefendorf et al., 2010; Magill et al., 2013;
Henderson et al., in review; also Chapter 3). Reconstruction of a paleoenvironment from
sedimentary n-alkanes requires an understanding of the controls on production,
distribution, and flux of lipid biomarkers within ecosystems and the influence of taxa,
ecosystem structure, and climate conditions on lipid expression. If the taxa and lipid
properties of fossil leaves are representative of plants in an ancient ecosystem, then a leaf
assemblage-weighted integration of alkanes preserved in fossil leaves has the potential to
reproduce the observed molecular and δ13Clipid characteristics in the bulk rock. Analysis
of lipids preserved in leaf fossils compared to the alkanes preserved in the ancient
sediments of a paleoflora are used here to understand how taxonomic and litter flux
characteristics can influence alkanes in sediments.

Relative concentrations of extractable alkane homologs from fossil leaves, and their
δ13Clipid values were weighted by the contribution of a taxonomic group to the assemblage
as determined by a census of fossil leaves. Our approach accounts for both taxonomic
distribution and the greater flux from upper canopy leaves estimated by fossil leaf bulk
δ13Cleaf values (Parker et al., 1999; Osada et al., 2001; see Chapter 3; Graham et al., in
review). Our study considered two related Paleocene fossil deposits, one that is believed
to be the first closed-canopy forests in the Neotropics and the second that likely
represents a forest margin (Wing et al., 2009; Graham et al., in review). The weighted
and integrated alkane distributions and δ13Clipid compositions were compared to the
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distributions and δ13Clipid compositions of alkanes extracted from the matrix of outcrop
rock samples from the same sites.

5.3. Methods

5.3.1. Collection Sites

Cerrejón Formation, Sites 0315 and 0318

The Cerrejón flora crops out of the Cerrejón Formation throughout the Guajira Peninsula
of northern Colombia and, most notably, in an open-pit coal mine at the south of the
peninsula (see Fig. 1). Samples for this study were taking from two separate beds within
the mine located at 11˚5'60"N, 72˚30’0"W (Fig. 2). The estimated paleolatitude of this
location was 5˚30'N (Jaramillo et al., 2007). Palynological assemblages collected at the
mine indicate a middle-to-late Paleocene age, approximately 60-58 Ma (Bayona et al.,
2004; Jaramillo et al., 2007). Leaf margin analysis suggest an MAT of 24 - 31˚C. Leaf
size analysis was used to estimate an MAP of 2,260-4.640 mm/year (Herrera et al.,
2008a; Wing et al., 2009). These data support other work indicating a warmer, wetter
Paleocene when compared to the Cretaceous (Leidelmeyer, 1996; Parrish, 1998; see
Burnham & Johnson, 2004 and references therein). The wide variety of sediments
(sandstones, mudstones, and coals) in the Cerrejón Formation suggest a mosaic of fluvial
and lacustrine settings typical of an estuarine coastal plain (see Fig. 2) (Jaramillo et al.,
2007). Fossils for this study were collected at two separate sites (315 and 318, see Fig. 2)
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less than 2 km away from one another and vertically 100 m apart. Fossils from site 0315
were found in heterolithic sediments suggestive of a low-to-medium energy channel.
Leaves in the overlying site 0138 were found in thinly bedded siltstones interpreted as
small lakes.

While not as diverse as modern forests, the flora of the Cerrejón include all of the key
floristic elements of closed-canopy forests found in the Neotropics today. The Cerrejón
flora are dominated by Arecaceae, Fabaceae, Lauraceae, Malvaceae, Menispermaceae,
Araceae and Zingiberales (Wing et al., 2009). Physiognomic features of leaves from the
Cerrejón – size, entire margins, vein density – also suggest a closed, multistratal
rainforest, that is, a closely spaced forest with many small trees, vines, and epiphytes
(Wing et al., 2009; Herrera, 2008a; Jaramillo et al., in prep).

5.3.2. Fossil organic material and bulk rock sampling and preparation

Compression fossils from both localities have preserved carbonized leaf material (i.e.
phytoleim, which are the remains of cuticle and mesophyll). Samples from both Cerrejón
floras were selected from fossils stored at the Smithsonian Tropical Research Institute.
These fossils had previously been prepared for visual inspection; rocks were split along
bedding planes and dusted to reveal leaf structure and morphology. Rock material
adjacent to the fossil was removed by scraping or grinding in order to reveal leaf edges.
The surfaces of the fossils were kept as clean as possible in order to prevent damage or
obfuscation of features. That said, prior to sampling for carbon isotope analysis, fossils
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were gently brushed and, when necessary, rinsed with deionized water to remove any
surface contaminants. Fossil leaves were selected based on preservation and taxonomic
association with modern families.

For this study, 23 leaf samples were taken from Cerrejón site 0135. Specimens sampled
included six morphotypes assigned to the families Apocynaceae, Bombaceae, Fabaceae,
Lauraceae, Moraceae, and Sapotaceae. Another 19 leaf samples were taken from
Cerrejón site 0318. These samples included ten morphotypes. Eight of these morphotypes
have been assigned to the families Fabaceae, Euphorbaceae, Malvaceae, Meliaceae,
Menispermaceae, and Sapotaceae. All Menispermaceae fossils are allied with the extinct
species Menispermites cerrejonensis (Doria et al., 2008). Details of the family
identifcation and morphotype assignment of these fossils can be found in Doria et al.,
(2008) and Wing et al. (2009).

Fossil organic material was either picked, scraped, or ground from the rock matrix using
either forceps, scalpel or a rotary grinding tool equipped with a diamond-pointed bit, as
appropriate. Every effort was made to minimize extraneous material in cuticle samples.
Cuticle that could be removed by forceps or scalpel had sediment brushed from surface.
Fossils that required vigorous scraping or grinding to remove cuticle or phytoleim were
sampled under a dissecting microscope to ensure that a minimum of sediment was
introduced into the sample. All samples were crushed and homogenized with a Teflon
pestle in glass tubes then treated with 6N HCl for two hours and rinsed three times with
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deionized water. This treatment was repeated until the final rinse water maintained a
neutral pH. Samples were then lyophilized.

Bulk rock samples were milled to a fine powder, decarbonized using the same protocol
described above, and lyophilized prior to isotopic analysis. Bulk rock samples were
chipped from the same blocks as fossil leaves but did not contain any visible fossil leaves
or leaf fragments.

5.3.3. Organic carbon analyses

Carbon isotope and weight percent total organic carbon (wt. % TOC) analyses were
performed on ground leaf, fossil, and decarbonated sediment samples using a Costech
elemental analyzer connected to a Thermo Finnigan Delta XP IRMS. Analyses were
performed under continuous-flow conditions (He; 120 ml/min), oxidized at 1020°C over
chromium (III) oxide and cobaltous silver (II, III) oxide, then reduced over elemental
copper at 650°C before passing through a water trap and into IRMS. δ13C values were
corrected for sample size and reported relative to Vienna Pee Dee Belemnite (VPDB)
(Coplen et al., 2006). Error was determined by repeated analysis of internal standards
(calibrated by IAEA CH-7, IAEA CH-6, and USGS-24; polyethylene, sucrose and
graphite, respectively). Instrument precision standard deviation was ±0.09‰ (n=76).
Accuracy, the average difference between the measured and true δ13C value, was 0.02‰
(n = 96). Instrument precision for wt. % TOC measurements was ±1.0% (n=76).
Accuracy, the average difference between the measured and true δ13C value, was 0.97%
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(n = 96). Values below 1.0% TOC were not quantifiable. Duplicate analyses were
performed for 50% of all samples. Samples that defined the end points of the isotopic
range were analyzed in triplicate.

5.3.4. n-Alkane analyses

Alkane extraction and chromatography

Fossil material and associated rock samples were extracted using a Dionex Accelerated
Solvent Extraction system with dichloromethane/methanol (65:35, v/v). Samples were
heated for 5 min at 76 bar and 100ºC, followed by a 5-min heated hold, flushed with
solvent mix and purged with N2 for 150 s. n-Alkanes were chromatographically separated
into polarity fractions by sequential in-cell separation by the Dionex Accelerated Solvent
Extraction system as per Magill et al., (in prep). Total lipid extracts (TLEs) were then
evaporated to near dryness under N2 before being transferred to an ashed glass fiber disk
(Dionex #047017). The TLE-saturated disc was packed in a column with 1 g of high
purity silica gel with a a 60 Å pore size and 70-230 mesh particle size and then 1 g of 5%
silver-impregnated alumina oxide. Hydrocarbons were eluted in a mixture of 1:20
dichloromethane:hexanes, and more polar compounds were eluted with ethyl acetate,
dichloromethane and methanol. Columns were heated to 50ºC for one minute at 500 psi,
then flushed with 70% of the cell volume three times. The final elution, following the
heated hold period, flushed columns with entire the solvent mix and purged the column
with N2 for 150 s.
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Alkane identification and quantification

Extracted alkanes were identified using a Hewlett-Packard (HP) 6890 gas chromatograph
(GC) connected to an HP 5973 quadrupole mass spectrometer (MS). We used a fused
silica capillary column (Agilent J&W DB-5; 30 m, 0.32 mm, 0.25 µm) with helium
carrier gas. Injections were made in hexanes and at an inlet temperature of 320ºC. The
column flow rate is 2.0 ml/min and the column oven starts with an initial temperature of
60ºC for 1 min, followed by a ramp to 320ºC at 6ºC/min. This final temperature is then
held for 20 min. The MS was operated with a scanning mass range of m/z 50-700 at 3
scans per second and an ionization energy of 70 eV. Compounds were identified using
standards, the NIST 98 spectrum library, fragmentation patterns, the published literature,
and chromatographic retention times.

Compounds were quantified on a HP 5890 GC with a flame ionization detector (FID)
under the same column and GC conditions as for identification. Compound peak areas
were normalized to co-injected internal standard containing alkane n-C16 and 1,1’binaphthyl. Aliquots were converted to mass quantities using response curves for 28 nalkanes ranging from n-C12 to n-C40 analyzed in concentrations ranging from 0.2 to 200
µg/ml. Standards were used to determine the accuracy (5.3%; 1σ, n=90) and precision
(4.2%; 1σ, n= 90) of measurements. Concentrations were normalized to the mass of total
organic carbon in dry leaf, fossil or rock material extracted.

148

Compound-specific carbon isotope analysis

Extracted n-alkane fractions were separated on a Varian model 3400 GC equipped with a
split/splitless injector operated in splitless mode with a fused silica column (Agilent J&W
DB-5; 30 m, 0.32 mm, 0.25 µm). The GC temperature program followed the same
conditions as the identification and quantification steps. Following separation,
compounds were combusted over nickel and platinum wire with O2 in He (1%, v/v) at
1000ºC, with the resulting CO2 monitored using a Finnegan Mat 252. Carbon isotope
values of samples are reported in delta notation relative to the VPDB scale. Within-run
precision and accuracy was determined by a co-injected an internal standard containing
alkanes nC-38 and nC-41. Isotopic abundances were determined relative to a reference gas
calibrated with Mix A and Mix B (n-C16 to n-C30; Arndt Schimmelmann, Indiana
University). For all samples, the precision and accuracy were 0.22‰ and 0.06‰ (1σ,
n=146), respectively.

5.3.5. n-Alkane mixing model

Using the relative abundance of leaves reported in a published census of each leaf
assemblage (Wing et al., 2009) and the concentration of alkanes in each fossil
morphotype group (herein referred to as f) we used an leaf abundance balanced mixing
model

δ13CM = f25δ13C25 + f27δ13C27 + f29δ13C29 + f31δ13C31 + f33δ13C33 + f35δ13C35
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where f25 + f27 + f29 + f31 + f33 + f35 = 1
to predict the δ13Clipid for each alkane homologue that would likely be preserved in the
bulk rock (see Philips & Koch, 2001). The value f represents the relative percent
contribution of a morphotype to the assemblage as well as the average relative yields for
each alkane chain expressed by that morphotype (see Appendix from Wing et al., (2009)
for morphotype census data).

We also compute the relative lipid abundance and calculate the ACL29-35 for bulk rock.

ACL29-35 = ((f29 *29) + (f31*31) + (f33 *33) + (f35 *35))/(f29+ f31 + f33 + f35)

The average chain length (ACL) of alkanes represented in an assemblage is a
representation of relative input of all chain-lengths into the sedimentary archive.

5.4. Results

5.4.1 n-Alkane yields

Of the 42 Cerrejón leaves extracted, 27 had measurable amounts of alkanes. Of the 15
leaves that did not yield enough alkanes to be quantified, 13 had trace quantities of nalkanes while two had no detectable lipids of any kind. High temperature extraction at
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150°C was attempted on these samples, as well as increased pressure and solvent hold
times, but these efforts did not result in increased yields of identifiable alkanes.

The 27 fossils with quantifiable plant-wax alkanes had, on average, 3.7 mg of alkanes per
gram of organic carbon (mg/g OC) – which is roughly 2/3 the average yield for fossils
from the well-preserved Miocene-aged Clarkia formation (Lockheart et al., 2000). The
amount of alkanes extracted from fossils was highly variable. The amount of alkanes in
fossils from Cerrejón site 0315 was 3.2 ± 1.5 mg/g OC and fossils from Cerrejón site
0318 had 4.2 ± 1.4 mg/g OC. Bulk rock samples taken from the Cerrejón Formation had
average alkane concentrations of 4.4 mg/g OC.

5.4.2 δ 13Clipid for fossils and sediments

δ13Clipid values differed by chain length and these patterns were similar for paired fossil
and modern taxa although the magnitude of isotope differences in chain lengths differed.
n-C29 was depleted in 13C relative to n-C27, n-C33 and n-C35 (Fig. 3). Similar patterns were
found in the δ13Clipid of alkanes extracted from bulk outcrop rock. The isotopic difference
between shortest and longest alkane homologues extracted from fossil leaves can be up to
~5‰ but only ~1.5‰ for alkanes from bulk rock.

5.5. Discussion
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5.5.1. n-Alkane yield from fossil leaves

For the purposes of this study, all alkane yields are reported in relative amounts. Not all
leaves preserved measurable amounts of alkanes and the extracted amount was highly
variable between family groups and between assemblages. In modern leaf collections,
alkane concentrations can differ widely between and within taxonomic groups (see
Chapter 6 and Henderson et al., in review). This makes it difficult to judge if the amount
of alkanes preserved in a fossil leaf correlates to the amount of alkanes that were
produced in the living leaf or if there has been post-depositional loss of alkane content.
There Fossil leaves from the same families and morphotypes have dissimilar yields
between sites but yields are similar for morphotypes in the same site. Although this could
indicate that alkane concentration is dependent on preservation environment, we found
fossils with very little and highly abundant alkanes within the same assemblages. Further,
in this study, between fossil leaf %TOC and alkane concentrations for any of the
paleofloras.

5.5.2. Alkane chain-length distribution patterns in fossil leaves

Average n-alkane chain lengths are calculated using abundances with the following
formula modified from Eglinton & Hamilton (1967) by Henderson et al. (in review),

ACL29-35 = ((C29*29) + (C31*31) + (C33 *33) + (C35 *35))/(C29 + C31 + C33 + C35)
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Where C29 - C35 is the measured abundance of each alkane homologue. The calculated
ACL29-35 values for fossil leaves and modern leaf values taken from the literature
(Rommerskirchen et al., 2006; Vogts et al., 2009; also see Chapter 4) overlapped for all
six families studied (Apocynaceae, Euphorbiaceae, Fabaceae, Lauraceae, Malvaceae, and
Sapotaceae) (Fig. 4). The ACL29-35 for fossils was not statistically different by taxa or
from modern leaves. That is, a fossil Fabaceae leaf does not have a statistically unique
ACL29-35 when compared with the ACL29-35 of the five other fossil families. Neither does
a modern Fabaceae leaf have an ACL29-35 that would distinguish it from any other
modern leaf from those five families (p values range from 0.124 to 0.916). While a fossil
leaf’s ACL29-35 does correspond to it’s modern relative neither fossil nor modern leaves
are distinguishable from any other taxonomic group by this metric. A compilation of
published ACL29-35 values for 205 angiosperm individuals from 56 families, 28 orders,
and 9 clades also indicates that ACL29-35 is not a useful proxy for identifying woody C3
vegetation (Bush & McInerney, 2013; Henderson et al., in review).

5.5.3. n-Alkanes from sediments integrate n-alkane patterns from leaves

While the amounts are smaller, the alkanes in bulk rock material have narrower isotopic
ranges than fossil leaves, less than 3‰ for all sites. In contrast, the mean isotopic range in
alkanes (most 13C enriched homologue δ13Clipid – most 13C depleted homologue δ13Clipid)
from a single fossil leaf is ~7‰ , with some morphotypes expressing ranges up to 10‰.
For comparison, individual modern leaves sampled at San Lorenzo have alkane isotope
ranges approaching 10‰ (see Chapter 4).
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Using the relative abundance of leaves in each assemblage as well as the relative amounts
of alkanes in each fossil morphotype group, we used the basic mixing model

δ13CM = fxδ13Cx + fyδ13Cy + fzδ13Cz

where fx + fy + fz = 1

We use published census data from Wing et al. (2009) and alkane abundances for each
homologue to modify the carbon isotope composition of each homologue

δ13CM = f25δ13C25 + f27δ13C27 + f29δ13C29 + f31δ13C31 + f33δ13C33 + f35δ13C35
where f25 + f27 + f29 + f31 + f33 + f35 = 1
and f = [alkane] * % morphotype contribution in assemblage

to predict the ACL29-35 and δ13Clipid that would likely be preserved in the bulk rock (see
Philips & Koch, 2001). Uncertainty of modeled data is represented by the propagation of
error from each measured property.

This model considers the relative biomass flux from each family as indicated in the
census of leaves (Wing et al., 2009). This model determined the relative influence each
taxon had on the chain-length and δ13Clipid values of the integrated pool delivered by litter
to the soil or sediment.
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Using the leaf census data for each Cerrejón site we find that the taxa selected for this
study represent 73% of the leaves from site 0315 but only 48% of leaves found at site
0318 (Wing et al., 2009). Other major taxa at Cerrejón site 0318 that are not included are
Aracaceae (12.8% of fossil leaves) and Violaceae (10.8% of fossil leaves). The model
estimates (Fig. 5) for ACL29-35 at both Cerrejón sites were higher (30.1 for both) but
within one standard deviation of the ACL29-35 for measured bulk rock ((29.0 and 28.3,
respectively; F(1,6) = 0.498, p = 0.553). Measured alkane components in the fossil leaves
from Cerrejón site 0315 had an overall isotopic range of 7.7‰ while from site 0318
values ranged 8.3‰. Integrated isotope values for alkanes calculated by the model ranged
3‰ for site 0315 and 4.4% for site 0318. Even though only 48% of flora at Cerrejón site
0318 were included in the model, the integrated model results matched within 0.5‰ the
alkane range found in bulk rock from the site. This likely reflects the sampling emphasis
on major floristic elements rather than trying to encompass the diversity of flora at the
site.

The isotopic composition of modeled δ13Clipid values is ~1.1‰ ± 0.09‰ more enriched in
13

C than measured alkanes, and of all homologues. Model estimates for n-C25 and n-C27

were least like their observed values. The ~1.0‰ uncertainty in the model is determined
by the propagation of error in the alkane abundance data and δ13Clipid values. The model
included 44% and 72% of the morphotypes represented in the assemblages, and
potentially, this difference could represent alkane input not captured in the mixing model.
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5.6. Conclusion

An analysis of the distribution and δ13Clipid of alkanes extracted from fossil leaves as well
as the sediments from the fossil assemblage allow us to determine the quantitative link
between the leaves in the deposit and the lipid profile in the rock. A biomass weighted
mixing model that combined fossil leaf census data from the Cerrejón sites (Wing et al.,
2009) with δ13Cipid data collected for all alkane homologues produced in fossil leaves
predicted alkane profiles and an isotopic range that are similar to those observed in bulk
rock. The relative amounts of alkanes modeled were also nearly identical to the ACL29-35
observed in rock samples however a comparison of ACL29-35 values from fossil leaves
compared with ACL29-35 values from leaves in modern families found that the ranges
were the same in modern and ancient leaves but were not diagnostic. There was no
distinctive difference between families. This suggests ACL29-35 is not a valid metric for
distinguishing types of woody vegetation. The modeled data nearly matched the observed
(within 1.1‰) remarkably even though analyses lacked data from all morphotypes
present in the fossil assemblage.
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5.7. Figures

Figure 5.1. Modern leaf collection site in Panamá site and three Guaduas and Cerrejón
fossil collection sites in two locations in Colombia. Digital elevation model by Amante &
Eakins (2009).
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Figure 5.2. Stratigraphic column of Cerrejón Formation fossil beds from Wing et al.,
(2009). Fossils were selected from assemblages 0315 and 0318, vertically 100 m apart.
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Figure 5.3. Average chain length for all measured morphotypes from the Cerrejón
Formation grouped by family. ACL data is paired with similar data from modern
representatives of these families. Modern plant data is either from the San Lorenzo study
(see Chapter 4) or taken from the literature.
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Figure 5.4. Carbon isotope composition for each alkane homologue extracted from fossil
leaves from the Cerrejón Formation. Data are arranged by morphotype or best guess
family as published in Wing et al., 2009.
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Figure 5.5. Measured δ13C25-35 values for alkanes extracted from bulk rock paired with
modeled δ13C25-35 values. Bars represent relative amount of alkanes. Modeled data are
dark grey and data collected from rock samples are blue.
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Chapter 6. Shade tolerance, evolution and the ecophysiology of alkane production in
angiosperms

6.1. Abstract

Odd-numbered, long-chain n-alkanes (C25-C35) are biomarkers commonly found in
sedimentary archives and widely used to reconstruct vegetation and climate parameters of
the past. Alkanes are derived from leaf cuticle waxes and are produced primarily by
angiosperms. The amount of alkanes produced by a leaf is affected by ontogeny and
environment, as well as phylogeny. The purpose of these metabolites is not well
understood and their proposed function(s) are based on correlation with plant growth
conditions. Interpretations of alkanes in the geologic record would benefit from a greater
understanding of the taxa, biomes, and environmental conditions associated with alkane
production.

We measured the concentration of alkanes and the distribution of alkane chain lengths in
a modern closed-canopy forest and found that four of the five sampled genera produced
greater amounts of alkanes in understory leaves when compared to mid- and uppercanopy leaves. We also compiled published records of alkane concentrations and
distributions in modern leaves and found that core eudictos produce greater amounts of
alkanes than basal angiosperms or orders of basal eudicots.
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The systematic increase in alkane production as well as the higher alkane amounts in
understory leaves may be related to the enhanced fungal resistance offered by alkanes
that would also be advantageous in the humid understory of a closed-canopy forest.
Increased alkane production in plants of higher angiosperm groups is potentially a
component of increased shade tolerance, especially in juvenile trees in closed-canopy
forests, and early adaptation by higher angiosperm to closed-canopy conditions.

6.2. Introduction

High-molecular weight, long-chain (C25-C35) n-alkanes are biomarkers commonly used to
characterize past terrestrial vegetation and climate (Freeman et al., 1990; Rieley et al.,
1991; Brocks et al., 2003; Pancost & Boot, 2004). Alkanes are replete in the sedimentary
record owing to their high preservation potential (Cranwell, 1981). Lacking functional
groups, n-alkanes are non-reactive and, particularly those longer than 20 carbons, are
rarely subject to microbial degradation, especially in anaerobic conditions (Meyers &
Ishiwatari, 1993; Head et al., 2006; Wentzel et al., 2007).

The odd-numbered carbon chain alkanes n-C25 to n-C35 that are found in modern and
ancient sediments are generally attributed to leaf cuticle waxes from vascular plants
(Kolattukudy et al., 1976; Jetter et al., 2000; Kunst & Samuels, 2003), and are used to
reconstruct climate (Hinrichs et al., 1998; Schefuss et al., 2003; Pedentchouk et al.,
2008), plant community composition (Gagosian & Peltzer, 1986; Freeman & Colarusso,
2001; Rommerkirschen et al., 2006; Smith et al., 2007; Henderson et al., in review), and
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even vegetation altitude (Dodd et al., 2003; Polissar et al., 2009). In addition, the carbon
isotope compositions are used to distinguish C3 and C4 plant functional type (Rieley et
al., 1991; Pagani et al., 2000; Freeman & Colarusso, 2001; Smith et al., 2007; Schouten
et al., 2007; Tipple & Pagani, 2010; Magill et al., 2013; Henderson et al., in review). A
growing number of studies employ hydrogen isotopic data for n-alkanes to track aridity
and hydrologic patterns on ancient landscapes (Liu et al., 2006; Hou et al., 2008; Feakins
and Sessions, 2010; Magill et al., 2013).

Angiosperm leaves produce far greater amounts of alkanes than gymnosperms, biasing
the record and consequent ecosystem reconstructions toward angiosperm ecophysiology
(Diefendorf et al., 2011). This overproduction is not changed when leaf litter fluxes are
considered, as gymnosperm forests produce as much leaf litter as angiosperm forests in
similarly structured canopies at the same latitude (Bray & Gorham, 1964; Vogt et al.,
1986; Diefendorf et al., 2011).

Tropical biomes, by geographic expanse and the volume of biomass contributed to
sedimentary systems, may dominate the geologic alkane record. Annually, tropical
forests produce two to three times the amount of leaf litter that temperate and boreal
forests produce, regardless of the taxonomic affiliation of the dominant trees (Bray &
Gorham, 1964; Richards, 1996; Parker et al., 1999; Osada et al., 2001; Graham et al., in
review). Litter in tropical regions is also subject to faster decomposition than temperate
and boreal forests. These forests dominate the equatorial regions and represent 30% more
vegetation coverage, globally, than temperate boreal forests (FAO, 2011). Both
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temporally and geographically, tropical forests dominate input into sedimentary systems.
Tropical regions cover only 30% of the land mass today but these warmer, wetter biomes
were likely much more expansive in the geologic past (Wolfe, 1985; Zeigler et al., 2003).
These observations suggest that a careful examination of alkane production within the
context of biome, systematics, and forest structure is necessary to understand the nature
of alkane reservoirs, what biomes dominate the alkane record, and possibly expand our
understanding of the role of alkanes in leaf physiology.

6.2.1. Ecophysiology and alkane production

n-Alkanes are a major wax component of plant cuticle, the coating found on leaves,
stems, flowers, fruits, and seeds. Cuticle consists of a layer of polymeric lipids (such as
cutin in aboveground organs and suberin in roots) and layers of soluble wax components
(alkanes, alcohols, ketones, etc). Cuticle thickness varies widely with no apparent
phylogenetic trend (Jeffree, 2006). Thickest cuticles are found within orders as divergent
as Proteales, Rosales, and Aquifoliales (de Vries, 1968; Sargent, 1976; Heide-Jorgensen,
1978). Cuticle thickness also varies within taxonomic groups. For example, cuticle
thickness between members of the genus Hakea can be orders of magnitude different
from one another (Heide-Jørgensen, 1980). It is less well understood how alkane amounts
differ with higher taxonomic orders.

Cuticle lipids accumulate on the surfaces of leaves over their lifetime, and the relative
proportions of lipid compounds change as well (Hauke & Schreiber, 1998; Jetter and
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Schaffer, 2001). For most plants, cuticle on the adaxial (upper) surfaces of leaves is
thicker than on the abaxial (lower) surface (Fisher and Bayer, 1972; Holloway, 1982;
Gordon, 1998). Soluble wax components of the adaxial cuticle are primarily alcohols,
and dominant soluble lipids of abaxial cuticle are alkanes (Baker, 1982; Gniwotta et al.,
2005). If cuticle waxes from a portion of a leaf are removed at any point during this
accumulation, they are replaced in the same composition as the rest of the leaf (Jetter et
al., 2006). This suggests that a leaf’s lipid complement is not a chance reorganization
during accumulation but a directed, ontogenetic (growth-related) program of synthesis
with certain compounds necessary for certain growth stages (Gao et al., 2012).

Environmental factors such as temperature, humidity, and light can have an effect on the
quantity of cuticle waxes and amount and distribution of alkanes in the wax complement
of an individual leaf. Experiments with Brassica oleraceae have found that an increase in
temperature or decreases in relative humidity can cause an increase in total wax amount
with a decrease in the relative concentration of alkanes to total wax (Baker, 1974).
Similarly, Rosa hybrids produce lower amounts of alkanes during drought conditions
(Jenks et al., 2001).

Environmental parameters vary vertically within a forest stand. Therefore, within a single
site, trends in cuticular lipid composition reflect three-dimensional forest structure. This
study examines the alkane content of leaves sampled from a single site in a tropical
rainforest. Leaves were sampled from all heights within the canopy. These leaves
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represent a wide variety of growth environments along a pronounced light, temperature,
and humidity gradient.

We compared our leaf data with published alkane data collected from sun leaves of plants
worldwide. This dataset includes the unplaced order Chloranthales, as well angiosperm
taxa from the eudicot, monocot, and magnoliid clades. Our goal was to evaluate alkane
function and trends in alkane production in the context of both evolution and the
development of closed-canopied ranforests.

6.3. Methods

6.3.1. Vertical transect leaf sampling

The Bosque Protector San Lorenzo forest preserve of Panamá (Fig. 1) is located at 9˚
17’N, 79˚38’W. This evergreen, moist tropical terre firme forest is 130 m above sea level
and 4.4 km from the Caribbean coast. The site has a tropical monsoonal climate (Köppen
classifcation by FAO GeoNetwork) receiving on average 330 cm of rainfall annually and
has a mean annual temperature of 26 ºC. The 6 ha preserve contains more than 22,000
trees and 240 recorded species of trees and lianas. The canopy is co-dominated by
Manilkara spp., and Brosimum utile, with many large emergent Calophyllum longifolium
throughout the forest. Aspidosperma cruenta and Virola sebifera occupy much of the
mid-canopy. (CTFS; http://www.ctfs.si.edu/site/Sherman). This forest exhibits a marked,
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year-round light gradient with less than 1% of available light (>99% light attenuation)
reaching the forest floor. No logging has occurred on this site for at least 200 years and it
has been an officially protected site for over a century.

At the San Lorenzo forest, leaves were collected along a 47-m vertical transect using a
canopy crane. This tower crane, managed by the Smithsonian Tropical Research Institute
(STRI), provides access to nearly the entire forest structure in a 0.92 ha area. Leaves were
selected from all strata of the forest, including the top of the canopy, down to the lowest
understory and in gaps. Bulk leaf samples of Aspidosperma cruenta (Apocynaceae),
Brosimum utile (Moraceae), Calophyllum longifolium, (Calophyllaceae), Manilkara
spp.(Sapotaceae), and Virola sebifera (Myristicaceae) were taken at 72 unique sampling
sites. Leaves were clipped from trees, stored in paper bags, and dried at 70ºC the same
day as collection. All samples were acquired during a two-month time window, from
January to February of 2010. After drying, a composite of dried leaves from each
sampling site was ground and homogenized. Temperature, humidity, a measurement of
the percentage of daily available light captured at a sampling site were collected for all
leaf samples (Graham et al., in review).

6.3.2. Alkane extraction and preparative chromatography

Dried ground leaf material (0.5 g) was extracted using a Dionex Accelerated Solvent
Extraction system with dichloromethane/methanol (65:35, v/v). Samples were heated for
5 min at 76 bar and 100ºC, followed by a 5 min heated hold, flushed with solvent mix
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and purged with N2 for 150 s. This process was repeated three times. Total lipid extract
are chromatographically separated into polarity fractions with 0.5 g of high purity silica
gel with a 60 Å pore size and 70-230 mesh particle size. n-Alkanes were eluted in 1:20
dichloromethane:hexanes while more polar compounds were eluted with ethyl acetate,
dichloromethane and methanol.

6.3.3 Alkane identification and quantification

Extracted alkanes were identified using a Hewlett-Packard (HP) 6890 gas chromatograh
(GC) connected to an HP 5973 quadropole mass spectrometer (MS). We used a fused
silica capillary column (Agilent J&W DB-5; 30 m, 0.32 mm, 0.25 µm) with helium
carrier gas. Injections were made in hexanes and at an inlet temperature of 320ºC. The
column flow rate is 2.0 ml/min and the column oven starts with an initial temperature of
60ºC for 1 min, followed by a ramp to 320ºC at 6ºC/min. This final temperature is then
held for 20 min. The MS was operated with a scanning mass range of m/z 50-700 at 3
scans per second and an ionization energy of 70 eV. Compounds are identified using
standards, the NIST 98 spectrum library, fragmentation patterns, the published literature,
and chromatographic retention times.

Compounds were quantified on a HP 5890 GC with a flame ionization detector (FID)
under the same GC conditions as for identification with the same type of column.
Compound peak areas were normalized to co-injected internal standard containing alkane
nC-16 and 1,1’-binaphthyl. Aliquots were converted to mass quantities using response
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curves for 28 n-alkanes ranging from n-C12 to n-C40 analyzed in concentrations ranging
from 0.2 to 200 µg/ml. Concentrations were normalized to the mass of dry leaf, fossil or
rock material extracted. Average n-alkane chain lengths are calculated using abundances
with the following formula modified from Eglinton & Hamilton (1967)

ACL29-35 = ((C29*29) + (C31*31) + (C33 *33) + (C35 *35))/(C29+ C31+ C33+ C35)

where C29 - C35 represents the measured abundance for alkane homologue. This method
is modified to reflect the statistically similar production of n-heptacosane (alkane n-C27)
common to all taxa (Henderson et al., in review).

6.3.4. Published data selection

We combined data published from 11 regional studies into a large dataset of terrestrial
angiosperm leaf n-alkane concentration data (n = 230) to evaluate trends in alkane
concentration and distribution patterns by taxa. The dataset includes representatives of
57 families in 22 orders across 11 clades including C3 woody shrubs, trees, and vines (n=
116), C3 grasses and herbs (n=27), and C4 grasses and herbs (n=62). The dataset also
includes 15 gymnosperm trees. Samples come from North America (n=44), South
America (n=33), Africa south of the equator (n=73), Africa north of the equator (n=57),
and Asia (n=33), Australia (n=1). We use JMP (SAS, 2012) software and R (R
Development Core Team, 2008) to statistically analyze the data. n-Alkane concentration
data is not normally distributed so JMP (SAS, 2012) is used to log transform data for
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analyses. Data for individual alkane homologues is used to calculate ACL29-35 using the
method previously outlined and summed for total concentration.

6.4. Results

6.4.1. San Lorenzo, Panama

The biomass-weighted amount of n-alkanes in canopy leaves is highly variable among
taxa and through the canopy. Total alkane concentrations for the five genera sampled
ranged from 209 µg/g to 2702 µg/g. Overall Aspidosperma had the highest concentration
of alkanes, while Calophyllum concentrations had the lowest. When binned by understory
versus canopy growth habit a trend emerges in alkane amounts. Understory leaves
contain generally greater amounts of alkanes in all but one genus. Figures 2a – 2e show
the concentration and distribution for all alkane chains ≥ n-C27 for leaves that receive less
than 40% of available daily irradiance (dark bars) compared with those that receive
greater than 40% of daily available irradiance. The relative humidity in the understory
ranges between 85-97% while the canopy humidity is 65-85%.

Average chain lengths for the five genera range between 29.1 to 32.6, with no clear trend
with humidity or light. Binned understory leaves did not have lower ACL in all five taxa
despite expectations from work by Giese (1975). This confirms findings by Baker (1974)
that light did not affect wax component production. One-way ANOVA found that only
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binned leaves from Manilkara and Calophyllum had ACL values statistically different
from other leaves (F(1,55) = 9.965, p = 0.00227) and (F(1,55) = 7.893, p = 0.00294)
respectively. Calophyllum in particular contain little to no alkanes with chain lengths ≥
C29 and Manilkara had little to no C27. Virola leaves contained no ≥ C35. While ACL was
not necessarily diagnostic these broad taxonomic patterns were persistent in leaves
throughout the canopy.

6.4.2. Published data

Alkane concentrations in a single taxonomic group vary widely. For example, individuals
within Asterales expressed alkane concentrations ranging from 62 to 2573 µg/g (Fig. 4).
Leaf samples from the canopy transect also display similar ranges (see Figures 2a – e).
Although ranges overlap, means are distinctive between groups (see Table of p-values).
Magnoliids, Arecales, Proteales, and Cornales contained statistically lower mean
concentrations of alkanes when compared with grasses and eudicots (other than
Cornales). Unlike the canopy transect collection, data from the literature show that
higher alkane concentrations were not limited to understory plants or low stature trees
and samples with low alkane concentrations included sun leaves from herbs, shrubs, and
trees.

Similar to the canopy transect collection, published alkane data yielded ACL values for
taxonomic groups that were indistinguishable from one another (Fig. 3). All clades
overlapped and ranges were often very large. For example the ACL range of asterids was
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three units and the range of the order Poales alone was two units. This observation
confirms that widely divergent species can have very similar alkane chain-length
distributions, while plants of the same species or even the same organism can have a very
different distribution. This is consistent with work that finds growth-related (ontogenetic)
patterns of alkane accumulation (Eglinton & Hamilton, 1963; Baker, 1982; Pancost &
Boot, 2004).

6.5. Discussion

6.5.1. Closed canopies and the early angiosperms

Results from the modern forest study and analysis of the published data find that shaded
understory leaves and leaves from the more specialized core eudicot taxa of angiosperms
both produce greater amounts of alkanes. This observation begs the question of what is
common, ecologically or physiologically, between these groups that they would have
similar leaf lipid expression (see Fig. 4).

Multi-stratal forests with closed-canopies and deeply shaded understories have been
dominated, and possibly defined by, angiosperms (Upchurch & Wolfe, 1987; Morley,
2000). Prior to the expansion of angiosperms in the Early Tertiary the low-light niches
were likely filled by pteridophytes (ferns) and cycads (Crane, 1987; Coiffard et al.,
2007). The habit and extent of Mesozoic pteridophytes is poorly understood, however,
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and largely based on analogy to extant taxa (Hughes, 1994; Page, 2002;). Most extant
pteridophytes are from a lineage that diversified after the rise of angiosperms and adapted
to low-light and epiphytic niches created by multi-stratal angiosperm forests (Schneider
et al., 2004; Schuettpelz & Pryer, 2009).

Angiosperms may have evolved in, and have become specialized for low-light, humid,
environments (Upchurch & Wolfe, 1987; Taylor & Hickey, 1996). Basal angiosperms
mastered key innovations such as large seeds, the ability to respond to low and variable
light, and protection from a variety of folivores that enabled them to occupy low-light
understory niches (Tiffney, 1984; Feild et al., 2003; Royer et al., 2009). More specialized
taxonomic orders of angiosperms (such as eudicots) retain these characteristics but have
also developed advantageous reproductive and hydraulic features that allow them to
dominate many niches, including the understory (Thorne, 1996). The subsequent
diversification of angiosperm families has led to the development of the stratified canopy
(Upchurch & Wolfe, 1987).

6.5.2. The function of alkanes on leaf surfaces

The relationship between canopy height, light, and alkane concentrations in our study
supports earlier work that found a relationship between humidity and the total amount of
alkanes produced in cuticle waxes (Baker, 1974; Jenks & Ashworth, 1999). This increase
in alkane concentration in these studies was thought to be a response to drought, yet the
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same increases in leaf alkane concentration can be found within individual trees from our
canopy transect data for sampled leaves with very different humidity.

Greater alkane concentration and longer chain-length alkanes have been found to
decrease water vapor permeability in leaves by enhancing cuticle crystallinity (Riederer
& Schreiber, 1995; Kerstiens, 1996; Burghardt & Riederer, 2006; Schreiber, 2006;
Kosma & Jenks, 2007; Leide et al., 2007). The increase in alkanes on the abaxial leaf
surface – where most stomata are located – may then be necessary for desiccation
prevention. In the leaves from Panamá, long-chain homologues did not increase in the
upper canopy, where leaves experience greater water stress, suggesting higher alkane
concentrations were unrelated to the influence of cuticle crystallinity (Riederer &
Schreiber, 2006). In the geochemical literature authors have attributed higher alkane
amounts and longer alkane chain lengths to greater temperature and/or aridity (Eglinton
& Hamilton, 1962; Pancost & Boot, 2004; Freeman & Pancost, 2013) which may be a
reflection of the influences of waxes from grasses (Vogt et al., 1986; Henderson et al.,, in
review) The highest concentrations of alkanes in the Panamá dataset, which did not
include any grasses, were from leaves in the warmest, most humid strata of the forest.

Examples of leaves that have either been bred to produce greater alkane concentrations
on the surfaces of leaves or that have naturally occurring high concentrations of alkanes
are found to have increased resistance to fungal infection, especially from rusts and
powdery mildews (Gniwotta et al., 2005; Goodwin and Jenks, 2005; Uppalapati et al.,
2012). For example, abaxial surfaces of Hedera leaves have cuticular waxes with an
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alkane content of 70% of the total wax complement. Fungi on these surfaces have 80%
less hyphal germination efficiency than fungi on adaxial surfaces of the leaves which
contain 71% alcohols in the total wax complement (Goodwin and Jenks, 2005).
Similarly, Medicago mutants that produce less overall cuticle wax but much greater
concentrations of alkanes acquire resistance to many strains of rusts (Uppalapati et al.,
2012). Rose cultivars bred to have increased alkane production in cuticle suffer one-third
the fungal infection that wild-type cultivars suffer (Jenks et al., 2001). The abaxial
surface is the site of the majority of leaf stomata and the most prone to fungal invasion
through these openings. Further, leaf and fruit fusion caused by fungal infection has been
found to be directly related to low alkane concentration (Chen et al., 2003; Kurata et al.,
2003).

6.5.3. Alkane concentrations related to other defense compounds in leaves

While rosid and asterid eudicot taxa may produce greater amounts of cuticular alkanes,
all higher terrestrial plants, both gymnosperms and angiosperms, have the ability to
produce alkanes. The chemical pathway by which alkanes in plants are produced
(decarbonylation of an acyl intermediate) is also common to some algae (Kolattukudy et
al., 1973; Wang & Kolattukudy, 1995). Alkanes are not the only specialized (secondary)
metabolites of plants that are both constitutive and defensive functions. Other constitutive
antifungal compounds common in terrestrial plants include alkaloids, aromatics,
terpenoids, and other aliphatics (Grayer & Harbone, 1994).
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As a class of compounds, terpenoids are common to both gymnosperms and angiosperms
but gymnosperms produce almost exclusively diterpenoids while angiosperms produce
primarily pentacyclic triterpenoids. Terpenoids can be synthesized either by the
mevalonic acid pathway or the 2-C-methy-D-erythritol-4 phosphate pathway and both
pathways are found in both broad groups of plants, gymnosperms and angiosperms, as
well as the Bacteria (Lange et al., 2000; Tholl and Lee, 2011). While terpenoid amounts
can vary in response to pathogen exposure, gymnosperms consistently produce two to
three times more terpenoids than angiosperms (Diefendorf, 2010). This observation might
suggest that there is a trade-off between compounds that serve the same function. The
exceptions to this generalization can be examined for a possible chemotaxonomic or
phytogeographic pattern in alkane:terpenoid production.

Our compliation of literature data includes samples from three orders recognized as
magnoliids in the current APG III phylogeny (APG, 2009). All three of these orders had
very small concentrations of leaf alkanes. Our study also includes a vertical transect of
alkane concentrations in Virola, a genus in the family Magnoliales, which had no
statistical difference in alkane concentration in understory vs. canopy leaves. Early
angiosperms and magnoliids produce benzylisoquinoline alkaloids (Wink & Roberts,
1998). Eight eudicot orders can produce benzylisoquinolines but only one genus
(Erythrina in Fabaceae) accumulate these compounds (Wink et al., 2010). These
compounds has been confirmed in all but a one family in the magnoliid clade (Liscombe
et al., 2005; Wink, 2010; Hagel & Facchini, 2013). Benzylisoquinolines have been found
to have broad antifungal and antimicrobial properties (Wink 1993; Facchini, 2001). In
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addition to these alkaloids Chloranthaceae produce large amounts of terpenoids and
possess significant resistance to pathogens (Kirschner et al., 2010). Many magnoliid
leaves have uniquely-shaped spherical glands on both adaxial and abaxial surfaces that
secrete complex mixtures of aromatics, resins and mucilage (Walters and Keil, 1996).

A few orders of basal and unranked core eudicots - Proteales, Ranunculales, and
Berberidopsidales -also produce benzylisoquinoline alkaloids (Liscombe et al., 2005).
Considering data for basal and unranked core eudicot groups, including Proteales,
Saxifragales, Caryophyllales, and Santalales, we find Proteales had very small amounts
of alkanes. Saxifragales, the most basal rosid, also produced very small amounts of
alkanes but the other orders of basal eudicots produced alkanes with mean concentrations
in the same range as higher eudicots (see Figure 4) (Burleigh et al., 2009). Likewise,
Cornales, the most basal asterid order, also produces the smallest amount of alkanes
(Bremer, 2009). This observation follows the trend that more basal lineages have leaves
with low alkane concentrations and suggests they rely on other defense compounds for
fungal protection such as the indoles found in Cornales and the flavinoids and myrecetin
found in Saxifragales (Wink, 1993).

Both orders of monocots contain lower concentrations of leaf alkanes when compared to
rosids and asterids. Poales have a wide array of constitutive antifungal compounds
ranging from saponins to alkaloids, fatty acids, and phenolics. Cultivated genera have
been found to produce constitutive antifungals instead of those induced by fungal
infection (Crombie et al., 1984; Wippich & Wink, 1985; Jambunathan et al., 1986; Kato
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et al., 1993). Monocots in general share many of the same defense compounds and
synthetic pathways (Wink 1988; Kato et al., 1993). Similarly, Arecales produce saponins
and flavonoids (Dahlgren et al., 1985).

While Poales produce, overall, lower amounts of alkanes than eudicots, grasses have
greater concentrations of long-chain (n-C33 and n-C35) (Henderson et al., in review). This
could be an adaptation to drought stress since longer-chain n-alkanes are associated with
lower rates of water loss in leaves (Wilkinson & Mayeux, 1990; Kosma & Jenks, 2007).
Longer chain-length alkanes may decrease permeability by enhancing cuticle
crystallinity, creating wax plugs or tortuous paths from stomata to leaf surface, which
averts fungal hyphae penetration (Riederer & Schreiber, 1995; Kerstiens, 1996;
Burghardt & Riederer, 2006; Schreiber, 2006; Kosma & Jenks, 2007; Leide et al., 2007).

6.5.4. Phylogenetics and metabolite production

Many secondary metabolites, such as benzylisoquinolones, are expressed only in certain
taxa and in some cases such taxa are not phylogenetically related. The “patchy”
distribution of metabolite expression in unrelated taxa may be due to convergent
evolution or may indicate that the genes responsible for these metabolites are silenced in
certain groups. Alkanes are unlike secondary metabolites since alkanes exhibit universal
occurrence in terrestrial plants but there is preferential production among certain taxa.
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At the Panama forest site, we found widely different amounts of alkanes in leaves from
the same organism. In particular, leaf-wax concentrations differed greatly between upper
canopy and understory leaves, which suggest growth environment can affect alkane
production. The canopies of tropical rainforest have strong gradients in temperature,
humidity, light and represent diverse habitats for folivores. While any one or a
combination of these parameters could be influential in the alkane production patterns
experiments in plant breeding suggest humidity is the factor most likely to drive alkane
production (Gniwotta et al., 2005; Goodwin and Jenks, 2005; Uppalapati et al., 2012).
Both experiments and phylogenetic comparisons indicate that alkanes can function as
defense compounds against fungal infection.

Future work to test the phylogenetic patterns in metabolite expression would benefit from
focus on the distribution of constitutive compound production in the basal plant lineages
rather than the well-studied higher angiosperm groups. Future studies should also
consider the wide array of natural ecosystems that encompass environmental gradients
(such as forest canopies) in order to understand the taxa that specialize in these conditions
and the effects of environmental conditions on metabolite production.

6.6 Conclusion

Recent work indicates that n-alkanes can serve as an anti-fungal agent at that increased
production of alkanes in waxes proffers a distinct defensive advantage. Observations in
natural and laboratory settings have found that leaves in conditions of higher humidity
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produce higher concentrations of alkanes in epicuticular leaf waxes. Our analysis of
leaves from a vertical transect of closed-canopy forest also found a correlation between
alkane concentration and humidity. Further, an analysis of the literature also finds that
there is a complicated but clear tendency for more specialized orders of angiosperms to
also produce greater concentrations of alkanes.

The correlation between antifungal protection, humidity and phylogeny could indicate
that alkanes have served as an angiosperm adaptation to shade associated with the rise of
closed-canopy forest structure. Further sampling is necessary across a wider range of taxa
in order to confirm this observation. While alkanes can enhance tolerance to water stress
there is little need for this utility in the humid understory of a closed-canopy rainforest.
The antifungal properties of alkanes promote production in shaded habitats. The
systematic increase in alkane production and the increased shade tolerance among
angiosperms could be related to the multiple functionality of alkanes.
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6.7 Figures

Figure 6.1. Closed-canopy field site for vertical sampling of leaf material and light
measurement. Digital elevation model by Amante & Eakins (2009).
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Figure 6.2a. Abundance of extracted alkanes in dry leaf material from Aspidosperma
cruenta (Gentianales). Dark bar denotes concentrations for leaves collected in conditions
with less than 40% available light (understory). Lighter bar denotes mid- and uppercanopy leaves in ≤ 40% available light.
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Figure 6.2b. Abundance of extracted alkanes in dry leaf material from Brosimum utile
(Rosales). Dark bar denotes concentrations for leaves collected in conditions with less
than 40% available light (understory). Lighter bar denotes mid- and upper-canopy leaves
in ≤ 40% available light.
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Figure 6.2c. Abundance of extracted alkanes in dry leaf material from Calophyllum
longifolium (Malpighiales). Dark bar denotes concentrations for leaves collected in
conditions with less than 40% available light (understory). Lighter bar denotes mid- and
upper-canopy leaves in ≤ 40% available light.
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Figure 6.2d. Abundance of extracted alkanes in dry leaf material from Manilkara spp.
(Ericales). Dark bar denotes concentrations for leaves collected in conditions with less
than 40% available light (understory). Lighter bar denotes mid- and upper-canopy leaves
in ≤ 40% available light.
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Figure 6.2e. Abundance of extracted alkanes in dry leaf material from Virola sebifera
(Magnoliales). Dark bar denotes concentrations for leaves collected in conditions with
less than 40% available light (understory). Lighter bar denotes mid- and upper-canopy
leaves in ≤ 40% available light.
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Figure 6.3. Average chain length of extracted alkanes in leaves from a compilation of
published data, arranged by broad taxonomic association, ordered from unranked
angiosperms to core eudicots and binned by orders or eudicot clades.
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Figure 6.4. Abundances of extracted alkanes in leaves from a compilation of published
data arranged by broad taxonomic association ordered from unranked angiosperms to
core eudicots and binned by orders or eudicot clades. Angiosperm phylogeny is
constructed following The Angiosperm Phylogeny Group (APG III, 2009).
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Chapter 7. Research summary

7.1. Chapter summaries

The carbon isotope composition of leaf tissue has been well-studied in relation to
environmental conditions and phylogenetic patterns. These efforts have examined leaf
material and epicuticular waxes of multiple leaves from the same tree as well as leaves
from individuals of different species and genera found in the same biome or geographic
area. Very few studies have attempted to characterize the carbon isotope composition and
alkane expression in leaves through the array of environmental gradients that naturally
occur with height within a canopy. This dissertation seeks to fill that information gap and
develop applicable proxy techniques that can help workers query geologic archives to
better understand canopy structure in the past. An understanding of how the vertical
dimension affects the isotopic and molecular characteristics of leaves also informs our
interpretation of soil carbon that arises from leaf litter.

Chapter 2 incorporates natural vertical gradients and δ13Cleaf values from the San Lorenzo
forest to answer how many fossil leaves would be necessary to find the wide range of
δ13Cleaf values diagnostic of closed-canopy conditions in a paleoflora. This work
incorporates biogeochemical data and computational modeling to find the necessary
sampling size. The model also predicted the isotopic composition of leaf litter arising
from different levels of canopy coverage. Given the greater annual flux of upper canopy
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leaves into litter soil carbon will reflect the isotopic composition of upper canopy leaves
in particular. Our model can be used to demonstrate this flux-dependence in soil carbon
systems. Flux and the canopy origin of leaves is an underappreciated dimension of carbon
input in soil archives.

Chapter 3 is an application of the leaf δ13Cleaf range technique outlined in chapter 2 using
Cretaceous and Paleocene fossils from Colombia. Pollen data and floristics at the older
flora indicate an open canopy structure while the two Paleocene fossil sites are believed
to represent the first closed-canopy Neotropical forest. Our investigation confirms the
open-canopy characteristics of the Cretaceous site and also find that the older Paleocene
site likely had a closed-canopy. The δ13Cleaf range of the younger site was ambiguous but
the sedimentary evidence indicates a lacustrine depositional setting. These settings are
less likely to express the isotopic range of a closed-canopy forest since most leaves arise
from the lakeside and do not experience the environmental and light gradient typical of a
closed-canopy, even if the lake is within a closed-canopy forest.

Chapter 4 investigates alkanes preserved in the fossil leaves from the Cretaceous and
Paleocene sites and compares them to leaves of modern relatives. The lipids in sediments
adjacent to the fossil were also measured and compared to fossils in order to understand
the provenance of alkanes in sediments. While the isotopic ranges of fossil leaves are not
the same as modern leaves ∆leaf and εlipid values are comparable to modern leaves
indicating similar physiology and carbon metabolism. This investigation finds that
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depositional conditions and depositional setting greatly affects preservation of alkanes in
fossil leaves regardless of taxa.

Chapter 5 uses the alkane concentrations and δ13Clipid values for fossil leaves found in
chapter 4 and combines it with census data from the assemblages in a mixing model that
predicts the ACL and δ13Clipid values for alkanes isolated from outcrop samples. The
model results closely match the lipid profile of bulk rock. Fossil leaves with greater
amounts of alkanes were also found to have more depleted δ13Cleaf values, consistent with
our findings in the San Lorenzo forest which display this same relationship throughout
the canopy.

Chapter 6 compares the alkane concentrations in leaves collected throughout the closedcanopy San Lorenzo forest. Leaves in the humid understory contain higher concentrations
of alkanes. San Lorenzo data were then compared with a collection of published alkane
abundance data that showed a trend towards higher angiosperms producing greater
amounts of alkanes. Alkanes exhibit antifungal properties and leaves in humid settings
will produce more alkanes, possibly as defense compounds. Alkanes may be produced in
greater amounts by higher angiosperms as a defense compound in the humid understory
among those taxa that have adapted enhanced shade tolerance.
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7.2. Future directions

Our research illustrates how ecosystem structure influences the carbon isotope
composition of organic carbon in geologic archives is considered. Carbon isotope
excursions attributed to ecosystem shifts could indicate a change in canopy structure. Our
study also gives new methods for investigating the canopy structure in fossil
assemblages. Our methods could be applied to fossils from the PETM of the Big Horn
Basin where canopy structure is believed to be affected by warming (Secord et al., 2008).
In fact, this study would confirm the open-canopy nature of the δ13Cleaf range of the
Castle Rock flora (Fricke et al., 2007).

Our study indicating that fossil leaves without the pristine preservation of the Clarkia
Formation can preserve the alkane concentration and δ13Clipid values typical of their
modern relatives and their ecosystem niche. While these features may not be unique
enough to be chemotaxonomic, these substrates can be queried for physiological evidence
of carbon metabolism through ∆leaf and εlipid values. In particular, estimations of εlipid
values through time and in ancient taxa can help us understand the controls on carbon
isotope fractionation during lipid synthesis.

This study has added greatly to the body of evidence that informs our understanding of
the phylogenetic nature of alkane production in angiosperms but much more work is
needed. The evidence is interesting, but admittedly thin and only because there is so little
data on alkane traits in early angiosperms. We would hope that our results entice others in
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the community to pursue data collection along these lines and we reiterate pleas from
other researchers (Grayer & Harborne, 1994; Wink, 2010) to expand investigations of
alkanes to include more ancient lineages and taxa that, while not ecologically important
now, enjoyed greater dominance and wider ranges in the geologic past.
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Appendix A. Evapotranspiration, humidity and lipid synthesis

A.1. Introduction

Soil water absorbed by the root does not undergo significant fractionation; isotopic
enrichment occurs along the stem between petioles, between leaf and petiole, and from
petiole to the leaf tip (Flanagan & Ehleringer, 1991; Luo & Sternberg, 1992). In general,
leaf water is greatly enriched in both deuterium and 18O compared to the rest of the plant.
This enrichment arises during transpiration and reflects the lower vapor pressure and
binary diffusivity in air of heavier water isotopologues – essentially, ‘heavier’ water is
left behind in the leaf during evaporation (Farquhar et al., 2007). Recent work suggests
that stomatal conductance and transpiration is driven by radiation (Pieruschka et al.,
2010); other factors affecting leaf-water composition include tissue type, proximity of
veination, and stomatal conditions (Yakir & DeNiro, 1989; Flanagan et al., 1991; Luo &
Sternberg, 1992). These anatomic features produce hydraulic and isotopic characteristics
that vary both by habitat (Sack et al., 2005) and phylogeny (Helliker and Ehleringer,
2002).

Most important to this study is the greater leaf-water isotopic enrichment observed in sun
leaves vs. shade leaves (Yakir et al., 1990; Walker & Lance, 1991). This enrichment
translates into the isotopic composition of dry bulk matter and cuticle lipids (Leaney et
al., 1985, Chikaraishi et al., 2004; Bi et al., 2005). Carbon-bound hydrogen in straightchain alkanes does not exchange appreciably over geologic timescales (Sessions et al.,
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2004; Pedentchouk et al., 2006). Therefore, because of the gradient in transpiration with
light exposure, then n-alkane deuterium signatures have an unexplored potential to serve
as proxies for canopy coverage, provided synthetic fractionation can be predicted and
leaf-water is the hydrogen source (Sternberg, 1988).

We hypothesize that humidity gradients, through their influence on the isotopic
composition of leaf waters, are recorded by the δ18O of isolated cellulose. We propose to
use this framework for testing how environmental gradients in the canopy influence foliar
n-alkane δD compositions.

Transpiration and humidity have been linked to irradiance, temperature and radiation
load; these factors are all linked to the light regime and change dramatically through the
canopy. We isolated α-cellulose and measured the δ18O values from leaves at multiple
sites in order to determine relationships between leaf water and environmental gradients
in humidity and transpiration. We also analyzde δD values for extracted n-alkanes from
the entire collection and compare results with cellulose and environmental data. These
measurements are augmented by environmental data (temperature, percent humidity, etc.)
and by deuterium and oxygen isotopic analyses of water vapor collected in air samples.
The cellulose oxygen and lipid deuterium data uniquely allow us to address potential
source(s) of hydrogen recorded in lipids (i.e., transpiration-influenced leaf water or a
distinct and potentially unfractionated pool; McInerney et al., 2011) within the context of
canopy conditions and irradiance regime.
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A.2. Methods

Leaves from five genera of trees were collected vertically through a forest canopy in
Panama. The daily light environment at each leaf collection site was characterized and
humidity and temperature measurements were also recorded (see Chapter2 2). These
leaves represent a continuum of evapotranspirative environments within the same
organism. Leaves were dried at 70° then ground and homogenized before extraction

A.2.1. n-Alkane isolation

Dried ground leaf material (0.5 g) was extracted using a Dionex Accelerated Solvent
Extraction system with dichloromethane/methanol (65:35, v/v). Samples were heated for
5 min at 76 bar and 100ºC, followed by a 5 min heated hold, flushed with solvent mix
and purged with N2 for 150 s. This process was repeated three times. Total lipid extracts
were chromatographically separated into polarity fractions with 0.5 g of high purity silica
gel with a 60 Å pore size and 70-230 mesh particle size. Hydrocarbons were separated
with 100% hexanes, while more polar compounds eluted with ethyl acetate,
dichloromethane, and methanol then archived.

A.2.2. Compound specific D/H ratio analysis

Hydrogen isotope ratios of extracted alkanes were measured using an HP 6890 GC
connected to a Thermo Finnegan Delta Plus XP IRMS with a combustion interface and a
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high-temperature pyrolysis furnace held at 1400ºC (Burgoyne & Hayes, 1998). The daily
average H3 factor was recorded throughout the analytical time frame. Isotopic
composition is determined relative to a reference gas calibrated to an international
standard, as well as by regular injections of Mix A (n-C16 to n-C30; Arndt
Schimmelmann, Indiana University) which has been calibrated for D/H ratios. Isotope
values of samples are reported in delta notation relative to Vienna Standard Mean Ocean
Water (VSMOW).

A.2.3. α-Cellulose Isolation

The solid sample remainder from lipid extraction was Soxhlet extracted in a 2:1
toluene:ethanol azeotrope, boiled in distilled salt water (1% NaCL), treated with an acetic
acid:nitric acid (12:1) mixture, bleached in sodium chlorite and acetic acid (2:1), and
finally reacted with sequential solutions of 10% and 17% sodium hydroxide. These steps
removed resins, pigments and tannins, water-soluble polysaccharides, starches, and
inorganic salts, lignin, and hemicelluloses. Isolated α-cellulose was carefully rinsed in
water, ethanol, and acetone between reaction steps and before isotopic analysis. This
protocol is an amalgamation of published methods (Leavitt & Danzer, 1993; Roden &
Ehleringer, 1999; Brendel et al., 2000). Care was taken in processing given the tough,
highly lipidic nature of our samples.

A.2.4. α-Cellulose δ18O analysis
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δ18O of solid α-cellulose was measured on a Finnigan MAT 252 by pyrolysis at 1400ºC
in a quartz combustion furnace packed with glassy carbon and alumina. CO was
separated from other gases chromatographically by a 90ºC molecular sieve column before
introduction into the mass spectrometer. Measured δ18O values were corrected for sample
size dependency and then normalized for volume to the VSMOW scale with a two-point
calibration and internal standards (calibrated with USGS 35 sodium nitrate, 56.81‰;
IAEA NO-3 potassium nitrate, 23.14‰).

A.3. Results

While α-cellulose is not as well preserved on the same geologic timescales as n-alkanes,
is useful for estimating the isotopic composition of oxygen in leaf waters based on CraigGordon type models of evaporation (McInerney et al., 2011). We predict a range of
~44‰ in deuterium and 6.5‰ in leaf water based on the measured humidity range (65 to
95%) and ancillary data (T ~28C, the average precipitation composition -34‰, -5.3‰ for
δD and δ18O of water). Our observed δ18O values are consistent with this range, scaled
by factors related to cellulose synthesis and by the proportion of unmixed vein water
(Pex·Px; Barbour and Farquhar, 2000). Our preliminary δ18O values measured for isolated
α-cellulose varied over 6‰ and track observed relative humidity (Figure A1), although
notably with offsets for different plant types. In contrast, extracted leaf n-alkanes range
about 20‰, but show no pattern in values from canopy top to forest floor (Figure A2).
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A.4. Discussion

This decoupling between cellulose oxygen and lipid deuterium isotope data for tree leaf
samples was unexpected. However, we note grasses grown hydroponically in a
greenhouse with soil evaporation prohibited had similar patterns. Cellulose oxygen
isotopic signatures follow humidity as expected, but lipid deuterium values did not, and
for grasses, lipid and cellulose synthesis potentially tap substrates from isotopically
distinct pools (see McInerney et al., 2011). Our preliminary findings suggest that lipid δD
values are not sensitive to canopy position. These results suggest that lipid δD data reflect
water source composition, which has significant paleoclimate reconstruction utility.
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A.5. Figures

Figure A1: D/H values for alkane n-C31 expressed as a function of light availability.
Colors represent different genera of trees. While there may be trends within taxonomic
groups overall results are insensitive to irradiance.
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Figure A2: δ18O values for α-cellulose varies with observed relative humidity at each
sampling site, with higher humidity sties having more depleted 18O content. Trends are
strongly associated with taxonomic groups.
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Appendix B. Nitrogen economics and δ 15N response to irradiance

B.1. Introduction

Nitrogen as a proxy of irradiance is primarily due to changes in nitrogen investment
between sun vs. shade leaves. Foliar nitrogen content is related to the photosynthetic
capacity of the leaf since the majority of leaf nitrogen is incorporated in the proteins and
pigments associated with the Calvin cycle and thylakoid membrane compounds.
Approximately 70-80% of leaf nitrogen is held in thylakoid membrane components with
60-80% of this thylakoid nitrogen incorporated into pigments. The remaining foliar
nitrogen is incorporated primarily in the ribulose-1,5-bisphosphate enzyme (Evans,
1989). Shaded leaves have lower concentrations of nitrogen than sun leaves but more
chlorophyll pigment per unit nitrogen and fewer cytochrome b/f complexes (Bjorkman et
al., 1972).

In extant plants, these differences in nitrogen investment can be reflected in the
nitrogen content and ratio of C:N of bulk leaf material (Evans and Terashima, 1987;
Evans & Poorter, 2001; Poorter et al., 2006, Valladares & Niinemets, 2008). Fossils do
not retain the necessary proportions of organic material to make C:N measurement
possible. However, there is an observed link between total % foliar nitrogen content and
δ15N composition of leaf material (Ometto et al., 2006). Further, δ15Nleaf values have been
found to vary in response to whole plant morphology and canopy position (Martinelli et
al., 1999; Ometto et al., 2006; Domingues et al., 2007). Nitrogen isotope expression in
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closed-canopy tropical forests is vastly different than temperate forests. δ15Nleaf values
could potentially inform interpretation of forest structure and biome in fossil archives.

B.2. Methods

B.2.1. Sample selection and preparation

Bulk leaf samples from five genera of trees were collected at 72 unique sampling sites
accessed using the STRI canopy crane or from the forest floor. The daily average of
percent available light was characterized at each sampling site. These genera represent
the majority of canopy coverage and the greatest inputs into litter assemblages in these
forests. Tree selection also represents a wide phylogenetic span within the angiosperms,
including magnoliids, rosids, and asterids. Fresh leaves were clipped from trees, stored in
paper bags and dried at 70ºC at the Summit Herbarium at STRI. A composite of leaves
from each sampling site were ground and homogenized.

B.2.2. Isotopic Analysis

Weight percent total organic nitrogen and δ15Nleaf was determined using a continuous
flow Costech elemental analyzer (EA) connected to a Thermo Finnigan Delta XP IRMS.
Measured δ15N values are routinely corrected for sample size dependence and normalized
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to the standard atmosphere scale with a two-point calibration (Coplen et al., 2006) using
internal standards (calibrated with IAEA N-1 ammonium sulfate, -0.4‰; IAEA N-1
ammonium sulfate, 20.3‰).

B.3. Results

Leaves analyzed in this study show no obvious vertical trend with % foliar nitrogen
(Figure A4) although strong associations with irradiance regime, canopy position, and
even generic identity are evident in the nitrogen isotopic composition of sampled leaf
material (Figures A5 & A6). Interestingly, upper-canopy leaves exhibit negative δ15N
values, consistent with higher pigment turnover rates and greater nitrogen demands than
leaves in the understory. This result is quite unexpected since tropical tree leaves
generally express positive foliar δ15N whereas temperate tree leaves express negative
foliar δ15N.

B.4. Discussion

The different isotopic composition in tropical versus temperate leaves is often interpreted
as an indication that tropical forests have a relatively more open nitrogen cycle (higher
losses and inputs relative to internal cycling) with greater amounts of nitrogen circulating
through these systems annually (Martinelli et al., 1999). This would imply that tropical
soils are not nitrogen-limited (Vitousek, 1984). However, our results would suggest that
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foliar isotopic composition is a response to light environment, a regulation of pigment
turnover in order to optimize photosynthetic capacity - rather than a source effect or
artifact of soil cycling.

Many authors have assumed that soil nitrogen composition drives foliar δ15N, however
there are a number of caveats to consider. Two pathways exhibit fractionating effects: (i)
the nitrate reductase pathway responsible for nitrate assimilation and reduction and (ii)
the glutamine-to-glutamate synthetase pathway responsible for assimilation of
ammonium. Fractionation is only observed when there is a pool of enriched nitrogen
leaked from plant roots after uptake during times when demand is high relative to supply
(Evans et al., 1996; Hogberg et al., 1999). Soil nitrogen is dominated by highly
recalcitrant pools. Labile nitrogen is transient and often varies widely in isotopic
composition over short times and distance from sources (Bergerson et al., 1990). Further,
plant uptake is plastic and different taxa tap different pools of nitrogen in different
environmental conditions (Hobbie et al., 1998). If the height can be correlated with δ15N
this would imply rooting depth has an effect on foliar nitrogen composition. However,
tropical tree roots are generally shallow, extending laterally for great distances (Medina
& Minchin, 1980). Association with mycorrhizal fungi can also be a factor except that
nitrogen-rich ecosystems such as this forest exhibit less reliance on fungal root infection
for nutrient access (Hobbie et al., 2000). Thus, proximity to trees harboring nitrogenfixing bacteria (such as the Frankia associated with Brosimum) likely have more impact
on foliar nitrogen concentration than it’s isotopic composition (Marshall et al, 2007).
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B.5. Future work and implications

Compound specific analysis of chlorophyll nitrogen could confirm if the unique isotopic
signal found in this forest is driven by pigment nitrogen composition. Given the high
rates of pigment turnover in the full-sun leaves, we hypothesize positive correlation
irradiance, nitrogen demand, and fractionating processes. An association between
chlorophyll and light would be useful for interpreting the nitrogen isotopes of
geoporphyrins, the taphonomic derivatives of tetrapyrole pigments that can be extracted
from fossils and sediments (Dilcher et al., 1970; Niklas & Giannasi, 1978).

221

B.6. Figures

Figure A.4. % Total nitrogen in leaf material does not exhibit any vertical trend with
light, height, or taxa.
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Figure A.4. Nitrogen isotope composition in leaf material trends vertically with height.
Upper canopy leaves exhibit a negative δ15N values and understory and mid-canopy
leaves exhibit positve δ15N values.
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Figure A.5. δ15N values arranged by genera. Letters identify points in nitrogen isotpe
space and signify the canopy position of the sampled leaves: F = Forest Floor, U =
Understory, C = Canopy, and E = Emergent. In general, canopy position increases in
height as the δ15N values become more negative. This plot also illustrates the preferred
canopy positions and growth habit of the genera as well as the taxon specific trends in
nitrogen isotope composition.
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Appendix C. Molecular and isotopic investigation of the Mar 2X core

C.1. Introduction

The Paleocene-Eocene Thermal Maximum (PETM; 56.3 Ma), a short-lived episode of
pronounced global warming, is recorded in faunal, floral, and geochemical records
globally. South American pollen records indicate that a major shift in the dominant plant
families that established the first Neotropical rainforests in the western hemisphere
(Jaramillo et al., 2010) occurred prior to this interval.

Globally, a negative carbon isotope excursion (CIE) distinguishes this period (Koch et
al., 1992) and is expressed in marine and terrestrial carbonates and organic matter. The
CIE is attributed to a massive release of isotopically depleted carbon into the atmosphere
(Pagani et al., 2006; Zeebe, et al., 2009) The magnitude of the CIE in terrestrial carbon
differs geographically. At mid and high latitutdes, the terrestrial CIE captured in
carbonates and plant lipids averages -4.6‰, whereas the CIE recorded in low-latitude
areas is much smaller. Sediment core samples from Colombia (Wild Sur-1) and
Venezuela (Mar 2X and Gonzales) record a CIE of 2-3‰ (Jaramillo et al., 2010). The
cause of this difference is not clear, but it has been attributed to a regional patterns in
hydrology and water-use changes (Farquhar et al., 1989; Bowen et al., 2004), taxonomic
shifts (Smith et al., 2007; Diefendorf et al., 2010), or forest structure and canopy effects
(Wing et al., 2005; McInerney & Wing, 2011). Building on our findings that canopy

227

cover is potentially recorded by plant-wax distributions and isotopic compositions
(chapters 3 , 4) we conducted compound-specific analysis of core sediments spanning
the PETM seeking to identify the extent of canopy coverage during the PETM as well as
changes in coverage before and after the event. Pollen in these cores record family
composition and diversity trends similar to the Cerrejón paleoflora (Jaramillo et al.,
2010).

C.1.1. Canopy structure across the PETM

While many workers have found that forest canopies in the high latitudes became much
more open during and in response to the warming associated with the PETM (Wing et al.,
2005; McInerney & Wing, 2011) there is no evidence at low latitude for a similar canopy
response (Jaramillo et al., 2010). While ecosystem turnover may have occurred as a result
of the warming event this does not necessarily imply changes in canopy coverage
(Burnham & Johnson, 2005). Moisture drives most of the carbon isotopic variations
among biomes globally (Diefendorf et al., 2010), and this can be overprinted with even
lower values when understory biomass is significantly recorded in carbon archives
(Graham et al., in review; Chapter 2). Fossil evidence suggest forests in high-latitudes
experienced an opening in the forest canopy during the PETM (McInerney & Wing,
2010), and yet this is not easily reconciled with the greater magnitude of the CIE
recorded at mid and higher latitudes, which potentially suggest increased moisture during
seasonal plant growth. Thus the magnitude of CIE at different localities is possibly not a
clear indicator of ecosystem structure changes.
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C.1.2. Taxonomic shifts and their influence on the CIE

The palynofloral record suggests a shift from Pantropical taxa to dominance by the
families currently associated with the Neotropics (Rull, 1999; Jaramillo & Dilcher, 2001;
Jaramillo, 2002). Diversity changes associated with the extirpation of certain taxa could
also potentially decrease the CIE expressed in the Neotropics. In our samples from
Panama, as in many modern biomes, carbon isotopic composition can be particular to
certain taxa and likely represent the water-use efficiency of the organism (Diefendorf et
al., 2010; see also chapter 5). An increase in taxa that typically have greater isotope
discrimination during photosynthesis (and thus more 13C-depleted foliar carbon) could
have attenuated the CIE captured in bulk organic carbon. Here we examine the alkane
complement in core samples from before and after both the taxonomic shift and the
PETM to evaluate potential influences of the plant community shift and climate changes,
respectively, on the plant-wax record.

We extracted n-alkanes from sediment cores that span the PETM and the diversity shift.
We use plant-waxes to evaluate any changes in amounts, chain-length distribution, and
13

C-content associated with the rise of Neotropical flora and abrupt climate warming.

C.2. Samples and methods
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C.2.1. Mar 2X core

This 450 m core from the western Maracaibo basin of Venezuela (11.06º N, 72.17º W,
paleolatitude = ~9.1º N) spans the PETM section of the Marcelina Formation. This
formation consists of cross-bedded sandstone with interbedded shales and coal lenses.
This unit fines upward in 20 m thick intervals and is interpreted as channels in a coast or
delta plain (Murat & Ruiz, 1994). This unit has been biostratigraphically dated by
palynomorphs. In particular, the PETM interval of this core contains 10 key Eocene
originations and 3 key Paleocene extinctions that co-occur in other formations that have
been radiometrically dated by U-Pb isotopes in zircons from volcanic tuff. Further, the
CIE associated with the PETM interval can be observed in the all biostratigraphically
dated cores.

C.2.2. Preparation of rock from core samples

Fifty core samples were selected that include pre- and post-CIE section. Rock samples
were crushed and homogenized with a Teflon pestle in glass tubes and then treated with
6N HCl for two hours and rinsed three times with deionized water. This treatment was
repeated until the final rinse water maintained a neutral pH. Samples were then
lyophilized.

Carbon isotope analyses were performed on decarbonated rock samples using a
continuous flow Costech elemental analyzer connected to a Thermo Finnigan Delta XP
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IRMS. Analyses were performed under continuous flow (He; 120 ml/min), oxidized at
1020°C over chromium (III) oxide and cobaltous silver (II, III) oxide, then reduced over
elemental copper at 650°C before passing through a water trap and into IRMS. δ13C
values were corrected for sample size and reported relative to Vienna Pee Dee Belemnite
(VPDB) (Coplen et al., 2006). Error was determined by repeated analysis of internal
standards (calibrated by IAEA CH-7, IAEA CH-6, and USGS-24; polyethylene, sucrose
and graphite, respectively). Instrument precision was ±0.13‰ (n=21). Accuracy, the
average difference between the measured and true δ13C value, was 0.53‰ (n = 40).
Duplicate analyses were performed for 50% of all samples. Samples that defined the end
points of the isotopic range were analyzed in triplicate.

C.2.3. Alkane extraction and chromatographic preparation

Rock samples were extracted using a Dionex Accelerated Solvent Extraction system with
dichloromethane/methanol (65:35, v/v). Samples were heated for 5 min at 76 bar and
100ºC, followed by a 5 min heated hold, flushed with solvent mix and purged with N2 for
150 s. n-Alkanes were chromatographically separated into polarity fractions by sequential
in-cell separation by the Dionex Accelerated Solvent Extraction system as per Magill et
al., in review). Total lipid extracts (TLEs) were then evaporated to near dryness under N2
before being transferred to an ashed glass fiber disc (Dionex #047017). The TLEsaturated disc was packed in a column with 1 g of high purity silica gel with a a 60 Å
pore size and 70-230 mesh particle size and then 1 g of 5% silver-impregnated alumina
oxide. n-Alkanes were eluted in 1:20 dichloromethane:hexanes while more polar
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compounds were eluted with ethyl acetate, dichloromethane and methanol. Columns were
heated to 50ºC for one minute at 500 psi then flush with 70% of the cell volume three
times. The final elution, following the heated hold period, flushed with entire solvent mix
and purged the column with N2 for 150 s.

C.2.4. n-Alkane identification, quantification and isotope analysis

Extracted alkanes were identified using a Hewlett-Packard (HP) 6890 gas chromatograph
(GC) connected to an HP 5973 quadrupole mass spectrometer (MS). We used a fused
silica capillary column (Agilent J&W DB-5; 30 m, 0.32 mm, 0.25 µm) with helium
carrier gas. Injections were made in hexanes and at an inlet temperature of 320ºC. The
column flow rate is 2.0 ml/min and the column oven starts with an initial temperature of
60ºC for 1 min, followed by a ramp to 320ºC at 6ºC/min. This final temperature is then
held for 20 min. The MS was operated with a scanning mass range of m/z 50-700 at 3
scans per second and an ionization energy of 70 eV. Compounds were identified using
standards, the NIST 98 spectrum library, fragmentation patterns, the published literature,
and chromatographic retention times.

Compounds were quantified on a HP 5890 GC with a flame ionization detector (FID)
under the same GC conditions as for identification. Compound peak areas were
normalized to co-injected internal standard containing alkane nC-16 and 1,1’-binaphthyl.
Aliquots were converted to mass quantities using response curves for 28 n-alkanes
ranging from n-C12 to n-C40 analyzed in concentrations ranging from 0.2 to 200 µg/ml.
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Concentrations were normalized to the mass of mass of total organic carbon in dry leaf,
fossil or rock material extracted. Average n-alkane chain lengths are calculated using
abundances with the following formula modified from Eglinton & Hamilton (1967) by
Henderson et al. (in review).

ACL29-35 = ((C29*29) + (C31*31) + (C33 *33) + (C35 *35))/(C29+C31+C33+C35)

Extracted n-alkane fractions were separated on a Varian model 3400 GC equipped with a
split/splitless injector operated in splitless mode with a fused silica column (Agilent J&W
DB-5; 30 m, 0.32 mm, 0.25 µm). The GC temperature program followed the same
conditions as the identification and quantification steps. Following separation,
compounds were combusted over nickel and platinum wire with O2 in He (1%, v/v) at
1000ºC, with the resulting CO2 monitored using a Finnegan Mat 252. Carbon isotope
values of samples are reported in delta notation relative to the VPDB scale. Within-run
precision and accuracy was determined by a co-injected an internal standard containing
alkanes nC-38 and nC-41. Isotopic abundances were determined relative to a reference gas
calibrated with Mix A and Mix B (n-C16 to n-C30; Arndt Schimmelmann, Indiana
University). Over the course of all samples the precision and accuracy were 0.22‰ and
0.06‰ (1σ, n=146), respectively.

C.3. Results
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Only in a few strata did the organic carbon concentrations in core samples exceed 2%
(Figure A7) and there was no appreciable change in the preservation of organic carbon
during the PETM interval (as defined by the CIE; Jaramillo et al., 2001). The samples
with highest %TOC were found 50 m below, during the PETM.

Alkane concentration varied widely throughout the core and was not related to the
amount of organic carbon in a sample (Figure A8). The highest concentrations of alkanes
were well below the CIE, in shales 60-90 m before the PETM interval. Chain-length
distribution of alkanes extracted throughout the core was between 29.9. and 30.2 (Figure
A9). For comparison, the ACL29-35 of bulk rock from the Cerrejón site was between 29.0
an 29.5, however the Guaduas Formation had a lower ACL29-35 near 28.0 (see chapter 4).
There was a decrease in ACL to 29.9 just prior to the PETM however ACL29-35 varied
widely, as much as 0.8 units in this section, as did the sections before and after the PETM
interval. The δ13CTOC values for bulk rock ranged between -25.0 and -27.0‰ before the
PETM interval. The range in δ13CTOC values became narrower after the PETM,
approaching -27.3‰ (Figure A9). These values are more depleted than δ13CTOC measured
in bulk rock from the Cerrejón site (see chapter 5).

The weighted mean average of alkanes (δ13C25-35) extracted from cores varied little from
an average of -26.0‰ (Figure A10). Prior to and just after the PETM interval there were
periodic δ13C25-35 values nearing -24‰. The only evidence of a carbon isotope excursion
in alkanes from the core were two values of -26.5‰ and -29.8‰ in the middle of the
defined PETM interval.
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C.4. Discussion

δ13C25-35 values do not change appreciably prior to the PETM interval which would
indicate that the families that become prominent on the landscape during this time are not
more or less water-use efficient, which would be expressed in the carbon isotope
composition. The δ13C25-35 values also do not change appreciably during the PETM which
suggests there is not a major change in precipitation regime. Alkane δ13C25-35 values do
not reflect an isotopic response indicative of a carbon isotope excursion in the interval
where this would be expected. This would suggest that the carbon isotope excursion
reflects largely non-terrestrial, or at least non-foliar carbon.

While ACL29-35 is a poor indicator of plant taxonomy (see chapter 4 and Henderson et al.,
in review), the difference in ACL29-35 values between the Guaduas and Cerrejón sites
could be the interpreted as the result of family-level dominance patterns. If a family-level
dominance pattern does affect ACL29-35 values this could be expected in the pre-PETM
floral changes found in palynoflora of the Mar-2X core. This study does not find any
ACL29-35 trend accompanying these changes however, either during the period of
diversity shift or during the PETM.
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C.5. Figures

Figure C.6. %TOC from Mar 2X core samples before, during and after the PETM
interval
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Figure A7: Alkane concentrations in Mar 2X core samples normalized to the amount of
organic carbon.
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Figure C.8. Stratigraphic column for Mar 2x (from Jaramillo et al., 2010) with sample
sites marked and the ACL of extracted alkanes and δ 13CTOC values for each site. The
PETM interval defined by the CIE in Jaramillo et al., 2010 is marked since the selection
of core samples in our study does not define this boundary well.
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Figure C.9. The weighted mean average δ 13C25-35 values for alkanes extracted from the
Mar 2X column. Again, the samples selected capture only two points that may be
interpreted as a carbon isotope excursion so the strata that define the CIE from
Jaramillo et al., 2010 have been marked.
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Appendix D. Data Tables
Table D.1. Data collected from vertical transect in Bosque Protector San Lorenzo,
Panama. Environmental data was collected on site and isotopic data was collected at
Pennsylvania State University. Table includes calculated photosynthetic fractionation
values both for the global CO2 value (as per Scripps database) and measurements of
sampled gases from within the canopy for a select number of samples.

240

241

242

243

Table D.2. Data collected from vertical transect of forest at the Smithsonian Ecological
Research Center. Light data is on a relative scale and was collected via hemispheric
photography. Isotopic data was generated at the Carnegie Institute of Washington.
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Table D.3. Data incorporated into Monte Carlo resampling model for litter simulation
and simulated leaf collection for tropical forest.
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Table D.4. Data incorporated into Monte Carlo resampling model for litter simulation
and simulated leaf collection for temperate forest.
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Table D.5. Data collected from fossil leaves from the Guaduas Formation. Leaves were
sampled from collection at the Smithsonian Tropical Research Center, and isotopic
analyses were performed at Pennsylvania State University.
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Table D.6. Data collected from fossil leaves from the Cerrejón Formation, Site 315.
Leaves were sampled from collection at the Smithsonian Tropical Research Center, and
isotopic analyses were performed at Pennsylvania State University.
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Table D.7. Data collected from fossil leaves from the Cerrejón Formation, Site 318.
Leaves were sampled from collection at the Smithsonian Tropical Research Center, and
isotopic analyses were performed at Pennsylvania State University.
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Table D.8. Compound specific carbon isotope data collected from fossil leaves of the
Guaduas Leaves were sampled from collection at the Smithsonian Tropical Research
Center, and isotopic analyses were performed at Pennsylvania State University.
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Table D.9. Compound specific carbon isotope data collected from fossil leaves of the
Cerrejón Formation, Site 315. Leaves were sampled from collection at the Smithsonian
Tropical Research Center, and isotopic analyses were performed at Pennsylvania State
University.
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Table D.10. Compound specific carbon isotope data collected from fossil leaves of the
Cerrejón Formation, Site 318. Leaves were sampled from collection at the Smithsonian
Tropical Research Center, and isotopic analyses were performed at Pennsylvania State
University.
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Table D.11. Compound specific carbon isotope data collected from sediment and rock
samples from the Guaduas and Cerrejón Formations. Isotopic analyses were performed at
Pennsylvania State University.
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Table D.12. Accession numbers and taxonomic association of fossils that failed to yield
any measurable alkanes

258

Table D.13. Compound specific carbon alkane concentration data collected from fossil
leaves of the Guaduas Leaves were sampled from collection at the Smithsonian Tropical
Research Center, and quantification was performed at Pennsylvania State University.
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Table D.14. Compound specific carbon alkane concentration data collected from fossil
leaves of Cerrejón Formation, Site 315. Leaves were sampled from collection at the
Smithsonian Tropical Research Center, and quantification was performed at Pennsylvania
State University.
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Table D.15. Compound specific carbon alkane concentration data collected from fossil
leaves of Cerrejón Formation, Site 318. Leaves were sampled from collection at the
Smithsonian Tropical Research Center, and quantification was performed at Pennsylvania
State University.
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Table D.16. Compound specific carbon alkane concentration data collected from
sediment and rock samples from the Guaduas and Cerrejón Formation. Quantification
was performed at Pennsylvania State University.
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Table D.17. Lipid biosynthetic fractionation values for leaves from the fossil assemblage
(Cerrejón and Guaduas Formations) calculated using the δ13Cleaf and δ13C29-35 values
measured at Pennsylvania State University.
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Table D.18. Alkane abundances and δ13Clipid values were combined in a mixing model
that included the percent contribution of the morphotype to the fossils in the assemblage.
Leaf census data are from Wing et al., 2009. Alkane quantification and isotope
measurements were made at Pennsylvania State University. These results are the
predicted alkane relative abundances and δ13Clipid values for bulk rock from Cerrejón
Sites 315 and 318.
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Table D.19. Compound specific carbon isotope data collected from San Lorenzo forest
leaf samples. Isotopic analyses were performed at Pennsylvania State University.

268

269

Table D.20. Alkane abundance data collected from San Lorenzo forest leaf samples and
normalized to dry leaf weight. Quantification analyses were performed at Pennsylvania
State University.

270

271

Table D.21. Lipid biosynthetic fractionation values for leaves from San Lorenzo forest.
εlipid values were calculated using the δ13Cleaf and δ13C29-35 measurements made at
Pennsylvania State University and reported on the previous pages.
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Table D.22. Alkane abundance and chain-length distribution data taken from the
literature for taxa ranging from Magnoliids to core eudictos. ACL is calculated using
abundance values only for chain-lengths C29 – C35 as is recommended in Henderson et
al., (in review).
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Table D.23. Total organic carbon and δ13CTOC values for samples from the Mar-2x core.
All measurements were made at Pennsylvania State University.
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Table D.24. Compound specific δ13Clipid values for alkanes extracted from selected
samples taken from the Mar-2x core. All measurements were made at Pennsylvania State
University.
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Table D.2. Abundance data for all alkanes extracted from selected samples of the the
Mar-2x core. All measurements were made at Pennsylvania State University.
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