
Abstract 
 

DECHERD, SARA MAURINE. Primary Productivity and Forage Quality of Ginkgo 
biloba in Response to Elevated Carbon Dioxide and Oxygen – An Experimental 
Approach to Mid-Mesozoic Paleoecology. (Under the direction of Reese Barrick and 
Barry Goldfarb.) 
 

Atmospheric composition was unique during the Late Jurassic and Early 

Cretaceous Periods (~180-90 mya) due to concurrent elevations of CO2 and O2. 

Experimental methodology, an under-utilized technique in paleoecology, is used to 

address the physiological responses of Ginkgo biloba seedlings to these conditions.  

Experimental results have implications to Mid-Mesozoic paleoecology.  Plants were 

exposed to these atmospheric treatments in hyperbaric chambers: 

Control: 1 atm pressure, 370 ppm CO2, and 20.9% O2  

CO2: 1.25 atm pressure, 2000 ppm CO2, and 20.9% O2 

CO2&O2: 1.25 atm pressure, 2000 ppm CO2, and 30% O2 

Gas exchange parameters were measured after 24-Hour and 35-Day exposure to 

evaluate photosynthetic rate and primary productivity. G. biloba photosynthesis was 

stimulated by CO2, but experienced photosynthetic down-regulation after 35 days.   

Elevated O2 did not decrease photosynthetic rate.   

The concentrations of protein, lignin, sugar, and starch, and the C:N ratio and 

non-structural to structural carbohydrate ratio of experimental G. biloba leaves were 

measured to assess foliage quality. Nutritive content was reduced while digestibility was 

increased in response to elevated CO2 and O2.  



Observed changes in G. biloba suggest mid-Mesozoic primary productivity could 

have been increased 200-300% over control levels; plant growth rate and fecundity may 

have increased. Changes in foliar quality could have stimulated herbivore and detritivore 

biomass and affected foraging strategies during the mid-Mesozoic. 

Stomatal density and index values of experimental leaves were compared with gas 

exchange data and stomatal values from mid-Mesozoic Ginkgo fossils to determine if 

stomatal frequency is a proxy for photosynthesis in fossil and shed leaves.  Stomatal 

frequency correlated with conductance but not photosynthesis. Experimental and fossil 

values did not compare favorably. Stomatal density and index are inappropriate proxies 

for photosynthetic rate. 

This study used experimental techniques to examine G. biloba physiological 

responses to atmospheric conditions that existed during the distant past. The use of 

experimental methods for paleoecological investigation is a powerful technique. 
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Introduction 

Paleoecology describes the interactions among extinct plants and animals and 

their environments. While modern ecologists examine these relationships in the present 

day using directly measurable dynamic parameters of living organisms such as 

photosynthesis and metabolic rate (e.g. Nobel 1980, Williams et al. 1993), 

paleoecologists must rely on fragmentary fossil and geologic evidence for ecological 

inference that does not allow the same level of statistical certainty (Chin 1997, Johnson 

1999, Sander et al. 2004, Tiffney 1997). 

 Environments during the Late Jurassic and Early Cretaceous Periods (~180-90 

mya (mid-Mesozoic)) were different from those of the present day. The continents were 

arranged differently (Scotese 2002) and global temperatures were elevated (Retallack 

2002).  Along with these physical differences, world fauna was dominated by dinosaurs 

(e.g. Carpenter et al. 2002, Dal Sasso 2003), and angiosperms were a minor, local 

component of world flora (Friis et al. 2003, Sun et al. 1998). Additionally, atmospheric 

carbon dioxide and oxygen levels were concurrently elevated during these Periods 

relative to the modern atmospheric composition (Fig. 1) (Berner et al. 2003, Royer et al. 

2001), which is of specific interest to this study.  Carbon dioxide concentration fluctuated 

between 1000 ppm to 2000 ppm, while oxygen concentration hovered around 25-30% of 

the atmosphere (Berner et al. 2003, Royer et al. 2001).  These values are large in 

comparison with present ambient values of 370 ppm carbon dioxide and 20.9% oxygen. 

 Atmospheric carbon dioxide and oxygen values for the mid-Mesozoic are 

supported by several independent lines of evidence (Berner 2004). Carbon dioxide 
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concentration has been determined through mathematical modeling of the long term 

carbon cycle (Berner 2004). These models use measured carbon concentrations in 

reservoirs, such as the atmosphere, mantle, and biosphere, to solve steady state equations 

representing the fluxes between reservoirs, such as weathering, deposition, and mantle 

degassing, on million-year intervals.  This technique suggests a fluctuating trend of 

carbon dioxide concentration throughout time (redrawn in Fig. 1). Model predictions 

agree with independent lines of evidence, including stomatal frequency data (e.g. Royer 

et al. 2001), stable carbon isotope values from marine phyto-plankton, and boron isotopes 

(see Berner 2004 for discussion and references).  

Oxygen concentration in the atmosphere during the mid-Mesozoic has been 

estimated using rock-abundance models that track the sedimentation and weathering rates 

of carbonates and pyrite-rich rocks and provide an estimate of oxygen evolution rates 

throughout time (Fig. 1) (Berner and Canfield 1989).  Additional models use isotope 

mass balance calculations for carbon and sulfur isotopes in oceanic sediments (Berner 

2001). Stable carbon isotope values from plants (Beerling et al. 2002a).  Insect size and 

the frequency of paleo-fires (Robinson 1989) also correlate with the oxygen modeling 

results. Mesozoic atmospheric carbon dioxide and oxygen values were different enough 

from modern atmospheric conditions that organisms, communities, and whole 

ecosystems likely functioned differently during those periods than they do today.  

The overall purpose of this dissertation is to investigate how Ginkgo biloba L., a 

living relative of a mid-Mesozoic floral lineage (Tralau 1968), responds physiologically 

and morphologically to the atmospheric composition of the mid-Mesozoic. G. biloba 
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seedlings were exposed to elevated carbon dioxide and oxygen atmospheres within a 

hyperbaric chamber for 35 days. The photosynthetic rate, foliage quality, and stomatal 

density parameters of leaves produced during exposure were measured. The results of 

these experiments were used to infer plant physiological, primary productivity, and food 

web characteristics for mid-Mesozoic terrestrial ecosystems.  

 G. biloba was chosen because it is a widely cultivated modern tree from a very 

ancient lineage.  The family Ginkgoaceae, which includes the genera Ginkgo L., 

Ginkgoites Seward, Baiera F. Braun, and Sphenobaiera Florin (Watson et al. 1999), 

extends back to the Permian (Tralau 1968). For these studies, extant G. biloba seems 

appropriate to use as an analog for fossil Ginkgoaceae because the morphological 

differences between fossil and extant Ginkgo are minimal.  There are differences in 

margin morphology (e.g. Denk and Velitzelos 2002, Hill and Carpenter 1999) and some 

features of the cuticle and the reproductive structures (Royer et al. 2003, Watson et al. 

1999, Zhou and Zheng 2003).  The morphological similarity between fossil and extant 

Ginkgo leaves suggests similarity of function.  G. biloba is also appropriate as an 

experimental subject because Ginkgoaceae achieved their greatest diversity during the 

elevated atmospheric carbon dioxide and oxygen of the Early Cretaceous Period (Tralau 

1968).   During this time, Ginkgo was a major component of high latitude (> 40°) forests 

(Royer et al. 2003, Tralau 1968).  Additionally, stomatal frequencies of Ginkgo leaves 

have been used to infer ancient carbon dioxide levels throughout the mid-Mesozoic (e.g. 

Retallack 2002, Royer 2000).  Ginkgo is therefore an ideal experimental subject for this 

study.  
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Specific Questions Addressed 

The photosynthetic rate and primary productivity responses of G. biloba to 

elevated carbon dioxide and oxygen are presented in Chapter 2.  In Chapter 3, the 

differences in nutritive content and digestibility among Ginkgo leaves in response to 

different carbon dioxide and oxygen atmospheric treatments are assessed.  In Chapter 4, 

the implications of plant physiological, productivity, and foliage quality responses to 

elevated gaseous levels in Mesozoic terrestrial ecosystems are discussed. Finally, in 

Chapter 5, the fitness of stomatal parameters as proxies for photosynthetic rates in shed 

G. biloba and fossil Ginkgo affinity leaves is assessed.  

Photosynthetic Rate and Primary Productivity.- Very little is known about the 

actual gas exchange responses of fossil plants to elevated atmospheric carbon dioxide and 

oxygen. Multi-generational responses of fossil plants to elevated carbon dioxide and 

oxygen have been addressed using theoretical physiology from an evolutionary 

standpoint (e.g. Ackerly et al. 2000, Gale et al. 2001, Tolbert et al. 1995), but data on 

instantaneous photosynthetic rate responses of living relatives of fossil plants are rare. 

Generalized photosynthetic rates for the mid-Mesozoic have been measured by coupling 

a mathematical model for C3 photosynthesis (Farquhar et al. 1980) with the long-term 

carbon cycle model (Beerling 1994, Berner 2004). However, existing models have not 

yet accounted for dynamic long-term photosynthetic rate responses such as 

photosynthetic down-regulation because they focus on potential rather than actual 

photosynthetic rates (Beerling 1994).  
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The photosynthetic rate and primary productivity responses of extant plants to 

both carbon dioxide and oxygen have been explored by plant physiologists (e.g. Leegood 

et al. 1995, Saralabai et al. 1997). However, these studies have only examined extant 

plants that were not a part of the Mesozoic flora, e.g., wheat (Adam et al. 2000), grasses 

(Shaw et al. 2002), and ponderosa pine (Tissue et al. 1999).  Additionally, these studies 

have generally not examined photosynthetic rate responses to carbon dioxide levels 

greater than 700 ppm (e.g. Norby et al. 1999), and have not examined the photosynthetic 

rate response to elevated levels of both carbon dioxide and oxygen (e.g. Badger 1985).   

Chapter 2 presents a study that examined how photosynthetic rate and primary 

productivity of mid-Mesozoic plants might have been affected by mid-Mesozoic 

atmospheric conditions.  Ginkgo biloba seedlings were exposed to one of three gaseous 

composition treatments (elevated carbon dioxide, elevated oxygen, or elevated levels of 

both gasses) for either five weeks or 24 hours, and photosynthetic rate and other gas 

exchange parameters were measured. G.biloba photosynthetic rate was strongly 

stimulated over both durations by carbon dioxide (rates were 200-300% higher with 2000 

ppm carbon dioxide than with 370 ppm). Oxygen did not have a negative effect on 

photosynthetic rate, as no significant rate differences were observed between 20.9% 

oxygen and 30% when carbon dioxide was at 2000 ppm. These photosynthetic rate 

stimulations suggest G, biloba primary productivity increases in response to elevated 

carbon dioxide and oxygen atmospheres. 

Nutritive Content and Digestibility of Foliage.- Stimulation of photosynthetic rate 

may have resulted in different relative amounts of primary metabolites within ancient leaf 
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tissue (Billings et al. 2003, Kause et al. 1999).  Extant herbivores and detritivores are 

strongly affected by changes in foliar tissue quality (e.g. Geluso and Hayes 1999, 

Sariyildiz and Anderson 2003): food quality can affect body size (Demment and Van 

Soest 1985), metabolism (Williams et al. 1993), reproductive success (Davis and Graham 

1991), and biomass (Coe et al. 1976).  Therefore, the primary metabolite composition 

responses of G. biloba leaves to mid-Mesozoic-like atmospheres are important for an 

understanding of herbivorous diets during that time. However, few papers have examined 

the primary metabolite responses of leaves to highly elevated levels of carbon dioxide 

and oxygen (Cotrufo et al. 1998, Fritschi et al. 1999, Tingey et al. 2003). 

In Chapter 3, the primary chemical constituents of G. biloba leaves were 

measured after seedling exposure to elevated carbon dioxide and oxygen treatments. 

Nutritive content and digestibility of the leaves, two relative measures of leaf quality, 

were assessed using these primary metabolite data.  Protein concentration was not 

reduced by elevated carbon dioxide and oxygen, but carbon to nitrogen ratio was elevated 

due to a strong stimulation of starch content.  Hence, nutritive content was not reduced by 

elevated carbon dioxide and oxygen.  Digestibility was increased, however, due to the 

increase in easily digestible carbohydrates including starch.  

Implications for Mesozoic Terrestrial Ecosystems.- Chapter 4 summarizes the 

results of the gas exchange and leaf quality experiments and discusses the implications of 

these results for mid-Mesozoic terrestrial ecosystems.  Under the assumptions that G. 

biloba is an appropriate proxy plant for most mid-Mesozoic flora on the basis of the 

common C3 photosynthetic pathway, and that the experimental results can be 
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extrapolated to the entire lifespan of the plant, the experimental G. biloba results can be 

tentatively applied to mid-Mesozoic terrestrial ecology.  

This chapter draws on literature about the size, metabolism, and behavioral 

responses of present-day herbivores from diverse taxonomic groups in response to 

different quality diets (Brand et al. 2003, Clemens and Maloiy 1982, Lundberg and Palo 

1993, Schluter 1984) and on decomposition rates and the microbial responses to elevated 

carbon dioxide and oxygen in the modern world (Arnone III and Bohlen 1998, Bollmann 

and Conrad 1998, Jin et al. 2002, Rouhier et al. 1994).  This information is incorporated 

with information about the temperature and continental landmasses of the mid-Mesozoic 

(e.g. Retallack 2004, Scotese 2002), floral and faunal assemblages of that time (e.g. 

Ziegler et al. 1993), and hypothesized ancient herbivore metabolic rates (Farlow 1976, 

Seymour and Lillywhite 2000, Weaver 1983).  The stimulated productivity observed 

under elevated carbon dioxide and oxygen and changes to the quality of the foliage have 

the potential to have affected many aspects of mid-Mesozoic ecology including herbivore 

size and metabolism, and decomposition rates. 

 Stomatal Frequency Responses.- The stomatal frequency of leaves (number of gas 

exchange pores on the surface of the leaf per area) responds to both environmental and 

physiological variations. For this reason, stomatal frequency parameters (stomatal 

density, index, and ratio) have been used to examine gas exchange and stress responses of 

modern and ancient plants (e.g. Beerling 1997, Farquhar and Sharkey 1982, Jarvis et al. 

1999) and the carbon dioxide composition of the atmosphere over the past 300 million 

years (e.g. Beerling et al. 2002b, Retallack 2001), despite their high spatial density 
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variation within individual leaves (Greenwood et al. 2003, Poole et al. 2000). Stomatal 

frequency data therefore may help with inference of photosynthetic and conductance rate 

data from Ginkgo leaves and well-preserved Ginkgoaceae fossil leaves. 

In Chapter 5, the stomatal density and index response of G. biloba leaves to 

elevated carbon dioxide and oxygen are assessed.  These values are then compared with 

photosynthetic and conductance rate data from Chapter 2 in order to assess the 

relationship between gas exchange and stomatal frequency.  Finally, the stomatal density 

and index data from G. biloba are compared with values for previously unexamined Late 

Cretaceous Ginkgoaceae leaves and published stomatal data for Ginkgoaceae.  Stomatal 

index and density did not respond to either elevated carbon dioxide or oxygen, despite the 

well-documented inverse relationship between carbon dioxide and stomatal frequency 

(Royer 2001, Woodward and Bazzaz 1988). G. biloba stomatal frequency values 

correlated with conductance rate, but not photosynthetic rate, suggesting that inference of 

photosynthetic rates from shed leaves may be inappropriate.  Additionally, stomatal 

frequency values from G. biloba leaves produced under elevated carbon dioxide and 

oxygen were not comparable with Ginkgo lineage fossils from the mid-Mesozoic. These 

comparisons demonstrate that stomatal density and index are inappropriate proxies for 

gas exchange parameters in extant and fossil Ginkgo leaves. 

 

Conclusions 

The current study investigates the photosynthetic and foliage quality responses of 

modern Ginkgo biloba seedlings to atmospheric compositions that were most likely 
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found during the mid-Mesozoic.  The impacts of atmospheric gas compositions on 

photosynthesis and foliage quality have implications for Mesozoic ecology, and 

demonstrate that experimental methods can be applied to paleoecological inquiry. 
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Figure 1: Carbon dioxide (blue circles) and oxygen (green stars) concentration variation 

over Phanerozoic time.  The carbon dioxide curve is redrawn from Royer et al (2001), 

while the oxygen curve is redrawn from Berner and Canfield (1989).  Shading 

surrounding the oxygen curve indicates the margin of error in the model measurements 

generated through sensitivity analysis.  The box (dotted line) delineates the time of 

interest, the Late Jurassic and Early Cretaceous Periods, when both carbon dioxide and 

oxygen were elevated relative to present-day ambient conditions. 
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CHAPTER 2 

 

 

Photosynthetic rate responses of Ginkgo biloba seedlings to elevated atmospheric 

carbon dioxide and oxygen: an experimental approach to studying the paleoecology 

of the Mesozoic Era 
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Abstract.- 

Biogeochemical cycling models provide evidence that atmospheric carbon dioxide and 

oxygen were concurrently enriched during the Late Jurassic and Early Cretaceous 

Periods, but the possible effects of this enriched atmosphere on terrestrial ecosystems are 

still poorly understood. Ginkgo biloba L. seedlings were exposed to atmospheric 

treatments containing combinations of ambient carbon dioxide (370 ppm), ambient 

oxygen (210,000 ppm), elevated carbon dioxide (2000 ppm), and elevated oxygen 

(300,000 ppm) in order to elucidate the gas exchange and physiological responses of 

Ginkgo to these atmospheric conditions. Results differed according to the duration of 

exposure. Twenty-four-hour exposure to enriched carbon dioxide levels resulted in 

increased photosynthetic rates.  Photosynthetic rate was not depressed in response to 

elevated oxygen regardless of whether it was accompanied by either ambient or elevated 

carbon dioxide. 35-day exposure to elevated carbon dioxide alone and with elevated 

oxygen resulted in a significant photosynthetic rate increase relative to ambient carbon 

dioxide.  However, these increases were lower than those observed in response to 24-

hour exposure, due to apparent photosynthetic down-regulation.  There is some evidence 

that the treatment with elevated oxygen may not have experienced down-regulation to the 

same extent as the treatment with elevated carbon dioxide alone.  Reduced down-

regulation caused by elevated oxygen in the atmosphere has implications for the primary 

productivity of the mid-Mesozoic.  
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Introduction 

 Over the past 600 million years the carbon dioxide and oxygen concentrations of 

the atmosphere have varied greatly (Berner 2001, 2003, Rothman 2002, Royer et al. 

2001). During the Mesozoic Era, carbon dioxide levels may have been enriched up to 

4000 ppm (10 times present levels) (Royer et al. 2001) and oxygen may have comprised 

up to 30% of the atmosphere, relative to present levels of 20.9% (Berner 2003).  

Enrichments of oxygen to these levels would have been accompanied by an increase in 

atmospheric pressure to 1.25 atm (Berner et al. 2003). Generally, reduced levels of 

atmospheric oxygen accompany high levels of atmospheric carbon dioxide, although the 

relationship is not precisely an inverse relationship. During the Late Jurassic and Early 

Cretaceous Periods both gasses were concurrently enriched (Berner 2001, 2004, Royer et 

al. 2001).  This enrichment can be expected to have affected the physiology of individual 

plants and may have resulted in changes to primary productivity. 

Research on modern plants has identified complex physiological responses to 

enriched atmospheric carbon dioxide and oxygen. The response of C3 plants to both 

carbon dioxide and oxygen gasses is mediated through the enzyme Ribulose 1,5 

Bisphosphate Carboxylase/Oxygenase (Rubisco) as both gasses are substrates for this 

enzyme.  Carboxylation results in photosynthesis – the formation of sugars and the net 

gain of carbon by the plant.  Oxygenation results in photorespiration – the oxidation of 

sugars and net loss of carbon from the plant (Berner and Canfield 1989, Tolbert et al. 

1995). 
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Two to 10 times ambient carbon dioxide levels have a mixed effect on 

photosynthesis (Bazzaz and Fajer 1992, Saralabai et al. 1997). Elevated carbon dioxide 

causes a strong and transient stimulation of photosynthetic rate by saturating the 

carboxylation function of Rubisco and reducing photorespiration by occupying binding 

sites that could be taken by oxygen molecules (Webber et al. 1994, Woodrow 1994). 

However, when the elevated carbon dioxide level is maintained over time, the 

photosynthetic apparatus undergoes photosynthetic down-regulation, a process by which 

photosynthetic rate is reduced to values that are lower than the initial stimulation, but are 

still elevated relative to rates at ambient carbon dioxide (Saralabai et al. 1997).  Even the 

down-regulated long-term increases in photosynthetic rate result in a relatively increased 

growth rate, more rapid ontogenetic development, and increased biomass production over 

ambient carbon dioxide levels (Hamerlynck et al. 2000, Hunt et al. 1991). Photosynthetic 

responses to elevated carbon dioxide have not been tested with concurrent elevations of 

oxygen concentration. 

Oxygen gas affects net photosynthetic rate and carbon dioxide uptake through two 

mechanisms.  First, oxygen competitively inhibits the binding of carbon dioxide to 

reaction sites on Rubisco by binding to these sites, which causes the breakdown of carbon 

skeletons within the plant through photorespiration – respiration in the light that does not 

generate chemical energy in the form of ATP (Beerling and Berner 2000, Leegood et al. 

1995, Takeba and Kozaki 1998). Therefore, carbon cycling, photosynthesis, growth, and 

reproduction are retarded in the presence of excess oxygen gas. Second, dark respiration, 
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the metabolic break-down of plant compounds and subsequent production of ATP, is 

increased by elevated oxygen (Poskuta and Frankiewicz-Jozko 1975, Tolbert et al. 1995), 

which may affect carbon balance and resource partitioning in photosynthesizing leaves. 

However, most studies of photorespiration and dark respiration (see Takeba and Kozaki 

1998 for references) have examined the effect of elevated oxygen at sub-ambient carbon 

dioxide levels. The effect of oxygen combined with high levels of carbon dioxide on 

productivity has yet to be examined.  

Ginkgo biloba is an ideal experimental subject for a study seeking to examine 

physiological parameters in the fossil record. It is a cultivated, extant, broad-leaved, 

deciduous, gymnosperm tree using the C3 photosynthetic pathway (Royer et al. 2003). It 

is also a “living fossil:” The Ginkgoaceae (Ginkgo L., Ginkgoites Seward, Baiera F. 

Braun, and Sphenobaiera Florin (Watson et al. 1999)) was speciose throughout the 

Jurassic and Cretaceous (Tralau 1968). Paleoenvironmental reconstructions place the 

Ginkgo lineage as an abundant component of ancient higher-latitude and polar forests 

(Royer et al. 2003).  Today, however, there is only one species, G. biloba.  It is 

morphologically identical to G. adiantoides, which first appeared during the Early 

Cretaceous (Royer et al. 2003).  G. biloba is the focus of much paleoecological research 

(e.g. Beerling et al. 1998, Kürschner 2001, Retallack 2001, Royer 2000) because of the 

morphological similarity between G. biloba and Ginkgoaceae (Watson et al. 1999, Zhou 

and Zheng 2003).  
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The objective of this study is to address the gas exchange responses of G. biloba, 

the living relative of a Mesozoic lineage, to a strong concurrent increase in atmospheric 

carbon dioxide and oxygen through an experimental approach.  

 

Methods 

Facilities.- 35-Day and 24-Hour gas exchange experiments were performed in 

hyperbaric chambers at the Center for Hyperbaric Medicine and Environmental 

Physiology at the Duke University Medical Center (Durham, NC).  These chambers were 

used as growth chambers because of their utility in creating and sustaining altered 

atmospheric conditions, including elevated atmospheric pressure and specific gas 

concentrations. 

Plant Material.- Ginkgo biloba seedlings were obtained from Musser Forests, Inc. 

(Indiana, PA).  They were purchased as dormant 1-2 year old bare-root seedlings and 

stored in a 4°C walk-in cooler until potting. 

24-Hour Experiment.- Seedlings were potted in three-gallon pots using a 4:1 

hand-mixed soil:sand potting mixture with 1 tablespoon fertilizer per gallon substrate, 

five to six weeks before experiment initiation.  Once potted, seedlings were placed on an 

outdoor pad in order to encourage leaf production. Average outdoor temperatures ranged 

from 9-15°C and 12-13 hours of daylight in March and April to 24-27°C and 14 hours of 

daylight in June and July. After seedlings had produced leaves, pots were transferred to a 
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600 cu. ft. chamber at the Hyperbaric Center to initiate the 24-hour (24-Hour) 

experiments. 

During experimentation, seedlings were exposed to one of five different 

atmospheric acclimation treatments based on gaseous concentrations that biogeochemical 

cycling models suggest for the Late Jurassic and Early Cretaceous Periods (Berner et al. 

2003, Royer et al. 2001). Treatment atmospheres were the following: 

1.  Present atmospheric composition: 1 atm pressure, 370 ppm CO2, and 20.9% O2, 

(Control) 

2.  Pressure increased to 1.25 atm, gas mix same as Control (Pressure) 

3.  Pressure increased to 1.25 atm, CO2 increased to 2000 ppm, O2 maintained at 

Control level (CO2) 

4.  Pressure increased to 1.25 atm, O2 increased to 30%, CO2 maintained at Control 

level (O2) 

5.  Pressure increased to 1.25 atm, CO2 increased to 2000 ppm and O2 increased to 

30%. (CO2&O2) 

Plants in the 24-Hour Experiment were watered before 24-hour acclimation 

began, but were not watered during acclimation. Seedling canopy temperature inside 

the chamber was maintained at 27°C through the use of an air-conditioned stream of 

air that blew directly through the canopy. Humidity was held at 50%. Light levels 

were constant, but ranged spatially from 300-500 µM•m-2•sec-1 Photosynthetically 
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Active Radiation (PAR).  Day-length was 13 hours, maintained through a manual light 

switch. 

The experimental design was a randomized complete block design. Repetition 

over time was the statistical blocking factor and three repetitions (blocks) of each 

experiment were performed.  Treatments were applied sequentially to a random selection 

of 6 seedlings.  Treatment order within replications was randomized. 

35-Day Experiment.- Seedlings were potted in one-gallon pots using the same soil 

mixture as in the 24-Hour Experiment three to seven days before experiment initiation. 

Environmental conditions prior to experimentation were the same as for the seedlings 

before the 24-Hour Experiment.  To initiate experimentation, plants were transported to a 

390.5 cu. ft. chamber at the hyperbaric center for a 35 day acclimation period (35-Day 

Experiment).  During acclimation seedlings emerged from quiescence and produced 

leaves.  After the acclimation period, they were exposed to one of three atmospheric 

treatments: 

1.  Present atmospheric composition: 1 atm pressure, 370 ppm CO2, and 20.9% O2 

(Control) 

2.  Pressure increased to 1.25 atm, CO2 increased to 2000 ppm, O2 maintained at 

Control level (CO2) 

3.  Pressure increased to 1.25 atm, CO2 increased to 2000 ppm and O2 increased to 

30%. (CO2&O2) 
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During acclimation, seedlings were watered using a remote watering system every 

day until water dripped from the pots. Light level was reduced in the 35-Day Experiment 

relative to the 24-Hour Experiment in order to reduce the risk of light and heat damage in 

the smaller chamber.  Light levels were constant but ranged spatially within the chamber 

from 200-350 µM•m-2•sec-1 PAR.  Day-length, temperature and humidity were 

maintained as in the 24-Hour Experiment. Experimental design was also the same as in 

the 24-Hour Experiment. 

Carbon dioxide concentrations varied during the 35-Day Experiment due to 

presumed high levels of dark respiration.  Carbon dioxide levels were highest in the 

mornings.  They varied from 370-500 ppm, with brief excursions up to 700 ppm, in the 

Control treatment, and from 1800-2600 ppm in the CO2 and CO2&O2 treatments.  

Oxygen varied less and did not follow a pattern.  Oxygen ranged from 20.5% to 21.7% in 

the Control and CO2 treatments, and from 29.9% to 30.2% in the CO2&O2 treatment. In 

all treatments the extreme values observed were brief events (less than 12 hours in 

duration). 

 

Measurement and Analysis 

Gas Exchange.- Following the acclimation period in both experiments, 

instantaneous net photosynthetic rate, conductance rate, and internal carbon dioxide 

concentration (Ci) of Ginkgo seedlings were measured using a Li-Cor 6400 Portable 

Photosynthesis System (LiCor Systems, Lincoln, NE).  This open-flow system uses an 
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infrared gas analyzer to measure carbon dioxide and water vapor concentrations in a 

stream of air before and after it passes over a photosynthesizing leaf.  Net photosynthesis, 

conductance and Ci are calculated by the system using measured data and the gas 

exchange equations derived by von Caemmerer and Farquhar (1981). 

 Photosynthetic rate data were collected along a carbon dioxide concentration 

gradient created by the CO2 mixer of the system (370-2000 ppm). Data were also 

collected along a PAR gradient (0-2000 µM•m-2•sec-1).  The CO2 curves were used to 

calculate photosynthetic efficiency (PE) and the carbon dioxide saturation points (CSP) 

for each treatment.  The PAR curves were used to calculate the quantum efficiency (QE) 

and light saturation points (LSP). QE and PE are calculated as the slope of the linear 

portion of their respective curve, while CSP and LSP are the photosynthetic rate value at 

95% of the maximum CO2 or PAR value. These parameters describe the responsiveness 

of photosynthetic rate to different environmental conditions.  For each curve, one leaf 

from each seedling was measured repeatedly; the leaf used was always the largest leaf 

closest to the base of the highest long shoot of each plant.  Each measurement took three 

to five minutes and approximately 15 minutes passed between measurements of the same 

leaf.   

While carbon dioxide concentrations varied during measurement of the CO2 

concentration gradient, they were maintained at acclimation level during gas exchange 

measurement at various PAR levels. Oxygen levels were not varied during measurement; 

all gas exchange measurements are at the acclimation oxygen concentration. Treatment 
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effects on photosynthetic and conductance rates were assessed using the acclimation 

conditions for each treatment.  

 Chlorophyll a and b.- All leaves per seedling were collected after gas exchange 

measurements in the 35-Day Experiment only and transported to the laboratory on ice.  

Brown tissue was removed, leaves were flash-frozen at -80° C, and then lyophilized 

using a Labconco FreeZone 18 Liter Freeze Dry System (Labconco, Kansas City, MO) 

for 48 hours.  Freeze-dried leaves were ground to a fine powder with a mortar and pestle 

and stored at -80°C until chlorophyll was measured.  Powder from all leaves produced 

during a single treatment / block combination was pooled for the chlorophyll assay.  

 10 mg leaf powder was mixed with 2ml of 80% acetone, and extracted for 30 

minutes.  After centrifugation, aliquots of the supernatant were taken for 

spectrophotometric measurement at 663 nm (chlorophyll a) and 645 nm (chlorophyll b).  

Both wavelengths were measured on the same aliquot. 

Chlorophyll a (mg/g) = 1.07 (abs 663 nm) - .094 (abs 645 nm) 

Chlorophyll b (mg/g) = 1.77 (abs 645 nm) – 0.28 (abs 663 nm) 

Total Chlorophyll = chl a + chl b 

 Total chlorophyll concentration is reported both as measured (non-adjusted 

dataset) and as adjusted for transient starch and sugar (total non-structural carbohydrate 

(TNC)) concentrations in the leaf (TNC-free dataset).  The concentration of TNC 

expressed as %TNC per gram (Chapter 3, Table 1) was subtracted from an idealized 

gram of leaf material (100%).  Total chlorophyll data (mg/g) were then expressed in 
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terms of this TNC-free gram (less than 100%).  Further details and rationale can be found 

in Chapter 3. 

 Leaf Production (biomass).-  Biomass production was estimated by determining 

the weight of the total amount of lyophilized and ground leaf material produced by all 

seedlings in each treatment / block combination.  The total weight of the powder is 

reported on a per-seedling basis by dividing the powder weight by the number of 

seedlings producing leaves in each treatment (max. 6 seedlings, min. 2 seedlings). 

 Other Chemical Constituents.- Concentrations of sugar, starch, and protein were 

also measured from the Long Duration Experiment.  These data are reported in Chapter 3, 

Tables 1 and 2. 

 Statistical Analysis.- All data sets, including both 35-Day and 24-Hour 

photosynthetic rate and conductance rate data, were analyzed using SAS Statistical 

Software (Cary, NC).  Proc GLM (ANOVA) was used to determine which experimental 

factors had a significant effect on the measured parameters.  Additionally, Fisher’s least 

significant difference t-tests were performed (means statement) to determine significant 

differences among treatments in each dataset. Significance was determined at p ≤ 0.1, as 

there were only three independent observations made for each treatment.  Due to the 

exploratory nature of this study, it was decided that a p-value of ≤ 0.05 would represent 

too high a probability of Type II error. 
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Results 

24-Hour Experiment.- Net photosynthetic rate had a strong and statistically 

significant response to elevated carbon dioxide in the 24-Hour Experiment (Table 1). The 

photosynthetic rates of both the CO2 treatment and the CO2&O2 treatment were 

significantly elevated over Control values.  However, photosynthetic rate did not respond 

to elevated oxygen: the O2 treatment was not significantly different from the Control 

treatment and the presence of elevated oxygen in the CO2&O2 treatment did not result in 

a significant difference from the CO2 treatment.  Similarly, elevated atmospheric 

pressure had no significant effect on Ginkgo photosynthetic rate. Conductance rates, PE, 

and CSP did not differ significantly among treatments in the 24-Hour Experiment. 

35-Day Experiment.- Net photosynthetic rate in the 35-Day Experiment increased 

significantly in response to elevated carbon dioxide (Table 2).  The CO2 and CO2&O2 

treatments resulted in significantly higher photosynthetic rate than the Control treatment.  

Oxygen in the 35-Day Experiment appeared to have a stimulatory effect on 

photosynthetic rate; the CO2&O2 treatment had a higher mean value than the CO2 

treatment, although this comparison was not significant (p = 0.15).  

Conductance rates in the 35-Day Experiment did not differ significantly among 

treatments and had a similar range of values to those observed in the 24-Hour 

Experiment. The PE of seedlings exposed to the 35-Day Experiment did not vary 

significantly among treatments. However, CSP did vary among treatments in this 
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experiment.  Seedlings in the CO2 treatment had a significantly lower CSP than did 

seedlings in the Control or CO2&O2 treatments. 

 When photosynthetic rate parameters were measured along a PAR concentration 

gradient, LSP did not differ significantly among treatments.  However, QE was highest in 

the CO2 treatment and lowest in the Control treatment, while the CO2&O2 treatment had 

an intermediate value. 

There was no apparent substantial effect of chamber size or differences in 

experimental light level on the Control photosynthetic rate of the plants between the 24-

Hour and 35-Day Experiments as the values obtained for the Control treatments were 

very similar in both experiments (the 35-Day rate was 103% of the 24-Hour rate) (Fig. 1). 

This suggested that photosynthetic rate differences between the 24-Hour and 35-Day 

Experiments found in other treatments were due to differences in the length of 

acclimation to atmospheric treatments rather than to slight differences in experimental 

conditions.  

The photosynthetic rate of control plants was similar across experimental 

treatments.  In contrast, photosynthetic rate for plants in the CO2 treatment of the 35-Day 

Experiment was 58% of the rate observed in the 24-Hour Experiment. The photosynthetic 

rate of the 35-Day CO2&O2 treatment was 81% of the 24-Hour rate, reflecting an 

apparent smaller rate reduction in this treatment between the two experiments.  These 

reductions in the photosynthetic rates of the 35-Day Experiment were also most 

pronounced in the CO2 treatment when plotted as a function of Ci  (Fig. 2). 
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 Chlorophyll and Leaf Biomass.- Chlorophyll concentration (chlorophyll a + 

chlorophyll b) did not vary among the treatments in either the non-adjusted or TNC-free 

datasets (Table 4). However, there did appear to be a trend of reduced chlorophyll in the 

CO2 treatment as compared with the Control treatment in the non-adjusted data (p = 

0.11).  Leaf biomass did not vary significantly among treatments (Table 4).  

 

Discussion 

Effects of Elevated Carbon Dioxide.- Results from the both the 24-Hour and 35-

Day Experiments demonstrate that carbon dioxide alone and in combination with 

elevated oxygen stimulates photosynthetic rate.  These results indicate that Ginkgo trees 

growing in atmospheres with highly enriched levels of carbon dioxide (up to five times 

ambient) will experience stimulated photosynthetic rates that could persist over the long 

term. This inference is also supported by the elevated QE in the CO2 and CO2&O2 

treatments of the 35-Day Experiment.  Of the environmental factors examined in this 

study (carbon dioxide, oxygen, and atmospheric pressure), carbon dioxide had the 

greatest effect on photosynthetic rate. 

Although Ginkgo leaf biomass was not significantly affected by carbon dioxide 

and oxygen in the CO2 and CO2&O2 treatments, the observed increases in net 

photosynthesis may translate into increases in primary productivity in plants exposed to 

elevated carbon dioxide and oxygen.  For this increase to occur, constant rates of litter 

fall and herbivory must be assumed (Ricklefs 2001). Changes in tree growth parameters 
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are not observed in most studies until after multiple growing seasons have passed (e.g. 

Centritto et al. 1999, Gielen and Ceulemans 2001). Additionally, leaf biomass of 

deciduous plants is often determined by the amount of carbohydrate reserves stored by 

the plant the previous fall (Cheng and Fuchigami 2002), the values measured in this study 

could have been influenced by conditions during the previous season rather than by 

current experimental conditions. The significantly elevated carbon to nitrogen ratio of the 

CO2 and CO2&O2 treatments (Chapter 3, Table 2) suggests that root biomass might have 

increased as a mechanism for gathering additional nitrogen over a longer acclimation 

period (Gielen and Ceulemans 2001, Pearson and Brooks 1995, Sage 1996).  However, 

root biomass was not measured in this study.  Additionally, a 35-day acclimation period 

is not long enough to adequately assess differences in root biomass and resource 

allocation (Centritto et al. 1999, Idso 1999). Additional experiments looking at longer 

growth periods and assessing overall plant and root biomass changes are necessary to 

demonstrate greater biomass productivity in response to elevated photosynthetic rate.  

In plants exposed to twice ambient carbon dioxide levels over longer exposure 

(weeks to years), photosynthetic rates undergo a process called photosynthetic down-

regulation that occurs when an initial highly stimulated photosynthetic rate causes sugars 

to accumulate within the leaf (Saralabai et al. 1997). The presence of photosynthetic 

down-regulation in Ginkgo seedlings in the current study in response to five times 

ambient carbon dioxide is indicated by the differences between the A/Ci curve slopes 

from the 24-Hour and 35-Day Experiments in the CO2 and CO2&O2 treatments relative 
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to the difference in the Control treatment and by the significantly reduced CSP in the 

CO2 treatment of the 35-Day Experiment.  

Soluble sugars within the leaves slow photosynthetic rates by reducing the rate at 

which photosynthetic genes are transcribed (Van Oosten and Besford 1994). This 

complex feedback inhibition mechanism is accepted as the primary cause of 

photosynthetic down-regulation, although other causes have been proposed (e.g. Allen et 

al. 1988, Bryant et al. 1998). Van Oosten and Besford (1994) demonstrated that a build 

up of soluble sugars in the leaf (specifically hexose, glucose, and sucrose, measured as 

soluble sugars in this study) initiates a chain of reactions culminating in the suppression 

of gene transcription of Rubisco and other key photosynthetic enzymes and pigments 

(Furbank and Taylor 1995, Moore et al. 1999, Stitt 1991, Van Oosten and Besford 1995, 

Winters et al. 1995). Over time, this reduction in transcription rates results in lower 

concentrations of photosynthetic enzymes and pigments, which consequently lowers the 

photosynthetic capacity of the leaf.  Gas exchange rates can also be reduced through 

reductions in conductance due to stomatal closure, but we did not observe any differences 

in conductance either among treatments or between experiments in the current study 

(Tables 1 and 2). 

Carbon to nitrogen ratio (Chapter 3, Table 2) of Ginkgo seedlings was increased 

in response to elevated carbon dioxide in the current study.  This change is consistent 

with a response to carbon dioxide that includes the down-regulation of genes coding for 

various compounds of the photosynthetic apparatus, including chlorophyll and protein. 



33 

However, neither chlorophyll (Table 4) nor protein (Chapter 3, table 2) was reduced in 

response to carbon dioxide, and soluble sugar concentration (Chapter 3, Table 1) did not 

differ by treatment. Given these results, we cannot confirm that decreases in gene-

transcription rates were responsible for the observed photosynthetic down-regulation. 

Starch concentration in Ginkgo leaves reached 60% of the leaf on a dry weight 

basis in response to elevated carbon dioxide (Chapter 3, Table 1), a value considerably 

higher than the 14% found in Control leaves.  The Control treatment value is comparable 

with starch values measured on broadleaved trees (e.g. Rey and Jarvis 1998) and the 

deciduous conifers Metasequoia (Dawn Redwood), and Taxodium (Cypress) (Osborne 

and Beerling 2003).  Other studies have found similarly large starch concentration 

enrichments in response to lower levels of carbon dioxide than used in this study.  For 

example, Sholtis et al. (2004) found starch levels were 27% higher in plants grown at 

~650 ppm that in control plants. With continued carbon dioxide exposure, the amount of 

starch enrichment varies seasonally, but stays enriched from year to year (Osborne and 

Beerling 2003, Rey and Jarvis 1998, Schapendonk et al. 2000). While previous research 

has not documented direct involvement of starch in feedback inhibition, it seems 

reasonable that such large increases in starch concentration could have resulted in 

transient stimulations of soluble sugar concentration, since starch is converted to sugars 

for export from the leaf.  These fluctuating spikes in sugar concentration (e.g. Moing et 

al. 1994) may have resulted in feedback inhibition of photosynthetic rate. 
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Research on trees exposed to roughly doubled levels of carbon dioxide has shown 

that the stimulation of photosynthetic rate in response to carbon dioxide can lead to an 

early stimulation of ontogenetic development, which only occurs in the absence of 

photosynthetic down-regulation (Arp 1991, Centritto et al. 1999, Rogers and Ellsworth 

2002).  This means that saplings transplanted into high carbon dioxide environments 

mature at an accelerated rate until down-regulation occurs, and then proceed to age at the 

normal rate experienced by that species, even though the carbon dioxide level remains 

enriched. Accelerated growth may or may not be associated with the ontogenetic 

stimulation, and the effects of this accelerated development on reproductive success has 

not been addressed thus far in the literature.  Accelerated ontogeny might result in the 

appearance of mature characteristics, such as reproductive organs and dwarf shoots (in 

some gymnosperms), earlier in the life span of the plant and may translate into an overall 

shorter life expectancy. The effects of the extremely elevated carbon dioxide levels 

examined in this study on ontogenetic rate could not be assessed due to the short duration 

of the acclimation periods, but it is reasonable to predict a similar pattern if acclimation 

periods had been extended.  The magnitude of the ontogenetic stimulation experienced 

may be greater for plants exposed to the atmospheric compositions examined in this 

study because a much higher carbon dioxide concentration was employed here than in 

other studies. 

Effects of Elevated Carbon Dioxide and Oxygen.- Contrary to predictions of 

heightened rates of photorespiration (e.g. Leegood et al. 1995, Takeba and Kozaki 1998), 
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elevated oxygen did not reduce Ginkgo net photosynthetic rates when combined with 

either ambient or elevated carbon dioxide in the current study.  In comparing treatments 

that had oxygen (the O2 treatment of the 24-Hour Experiment and the CO2&O2 

treatment of the 35-Day Experiment) with treatments that did not have oxygen (the 

Control treatment of the 24-Hour Experiment and the CO2 treatment of the 24-Hour and 

35-Day Experiments), no significant differences were observed.  

This observed lack of an oxygen effect on Ginkgo photosynthetic rate is 

surprising, given existing knowledge about the detrimental effects of oxygen on 

photosynthetic rate (Gale et al. 2001, Leegood et al. 1995, Tolbert et al. 1995).  However, 

most of the studies that have examined photorespiration rates were performed in the 

absence of or at sub-ambient levels of carbon dioxide, in order to specifically examine 

the effects of oxygen (e.g. Leegood et al. 1995, Ogren 1975, Sharkey 1988).  In response 

to low carbon dioxide levels and high oxygen concentrations, plants generally experience 

high levels of photorespiration, reducing photosynthetic rates to dangerous levels 

(Sharkey 1988, Tolbert et al. 1995).  Some authors contend that this physiological stress 

in response to elevated oxygen may have contributed to the evolution of the C4 

photosynthetic pathway (Cerling et al. 1995), and the ecophysiological regulation of 

atmospheric oxygen concentration (Beerling and Berner 2000, Berry et al. 1994, Tolbert 

1994). Recent authors have recognized a beneficial effect of photorespiration, in that it 

can dissipate free oxygen radicals generated by excessive exposure to light, reducing 

photoinhibition and oxidative stress in leaves (Ogren 1994, Takeba and Kozaki 1998), 
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but this effect only occurs in light-stressed plants ( ≥ 2000 PAR), so it is not applicable to 

this study.  Despite a beneficial affect under certain circumstances, oxygen has been 

shown to have a detrimental affect on photosynthetic rate at sub-ambient carbon dioxide 

levels. 

The dominance of photosynthesis over photorespiration in Ginkgo seedlings 

observed in the 24-Hour Experiment may have been due to the sensitivity of the C3 

photosynthetic apparatus to the relative increases in carbon dioxide and oxygen 

concentrations examined.  While carbon dioxide in the CO2 treatment was only 

equivalent to 0.2% of the atmosphere, this concentration is 500% greater than the Control 

level of 0.037%. Oxygen concentration was increased from 20.9% to 30%, an increase of 

only about 50%. In absolute value, oxygen concentration was much greater than carbon 

dioxide concentration, but Michaelis-Menton enzyme activity constants for Rubisco, 

which were calculated using equations by Faruquhar et al. (1980), demonstrate that 

Rubisco is much more sensitive to changes in carbon dioxide concentration than to 

changes in oxygen concentration. Rubisco catalyzes 460 µmol carbon dioxide per m2•sec-

1, but only 330 µmol oxygen per m2•sec-1.   The heightened sensitivity of Rubisco to 

carbon dioxide rather than to oxygen most likely translated into the lack of Ginkgo 

photosynthetic rate response to elevated oxygen in this study because the increase in 

carbon dioxide level relative to the increase in oxygen maintained a high CO2/O2 ratio for 

Rubisco (e.g. Berner 2004, Igamberdiev et al. 2004).  These responses suggest that 
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oxygen does not have an effect on Ginkgo photosynthetic rate at ambient or elevated 

carbon dioxide levels. 

Increased atmospheric oxygen with elevated carbon dioxide may help maintain a 

stimulated photosynthetic rate over the long-term by increasing the rate of dark 

respiration, which would in turn increase the rate of sugar export from leaves, alleviating 

the build up of carbohydrates and potentially slowing photosynthetic down-regulation. 

Dark respiration rate is positively affected by oxygen concentration and is not decreased 

by carbon dioxide enrichment (Davey et al. 2004). Dark respiration may also have been 

enhanced in the current study by the optimal growing conditions during experimentation 

or the immature nature of the seedlings in this study, both of which might have caused 

dark respiration rates above expected values.  In any case, elevated oxygen in this study 

did not detrimentally affect photosynthetic rate at either ambient or elevated levels of 

carbon dioxide. 

 

Conclusions 

 As expected, carbon dioxide concentrations at 500% of present-day ambient 

levels stimulated photosynthetic rate after both 24-Hour and 35-Day acclimation periods. 

However, at 30% atmospheric oxygen, photosynthetic rate was not reduced at either 

ambient or elevated levels of carbon dioxide irrespective of acclimation period. This 

result was unanticipated.  While the experiments undertaken here examined only a short 

period in the usual lifespan of Ginkgo, the responses observed point to the possibility of 
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significant effects on primary productivity and terrestrial paleoecology of Mesozoic 

ecosystems assuming that Mesozoic Ginkgoaceae responded in the same way as modern 

G. biloba and the physiologic responses observed here persist over the lifespan of the 

plant. 
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Figure 1: Comparison of net photosynthetic rate after 24-hour acclimation to net 

photosynthetic rate after five-week acclimation during the 35-Day Experiment. 

Data represent means of three repetitions of each experiment. Error bars are one 

standard deviation wide. 
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Figure 2: A/Ci curves generated during experimentation for the Control treatment (A), 

CO2 treatment (B), and CO2&O2 treatment (C) from both the 24-Hour (filled symbols, 

solid line) and 35-Day (empty symbols, dashed line) Experiments.  Curves were 

generated by measuring photosynthetic rate along a carbon dioxide concentration 

gradient using the Li-Cor 6400, and used to calculate PE (photosynthetic efficiency, the 

slope of the linear portion of the curve) and CSP (carbon dioxide saturation point, 95% of 

maximal photosynthetic rate value).  Data points are mean values from three repetitions 

of each experiment. 
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Table 1:  Treatment means (standard errors) for net photosynthesis, conductance, 

photosynthetic efficiency (PE), and carbon dioxide saturation point (CSP) of Ginkgo 

leaves exposed to various gaseous conditions for a 24-hour acclimation period. 

 
 Control Pressure CO2 O2 

 
CO2+O2 

 
Photosynthesis 
(µmol/m2/sec-1) 
 

 
3.22 B1 
(0.89) 

 
3.92 B 
(0.47) 

 
13.46 A 
(2.95) 

 
3.70 B 
(0.91) 

 
12.72 A 
(3.07) 

 
Conductance 

(µmol/m2/sec-1) 
 

 
0.023 A 
(0.004) 

 
0.029 A 
(0.006) 

 
0.027 A 
(0.008) 

 
0.036 A 
(0.008) 

 
0.025 A 
(0.001) 

 
PE 

 
 

 
0.007 A 
(0.001) 

 
-2 

 
0.007 A 
(0.001) 

 
- 

 
0.007 A 
(0.002) 

 
CSP 

(µmol/m2/sec-1) 
 

 
1881.0 A 

(20.0) 

 
- 

 
1821.0 A 

(80.0) 

 
- 

 
1774.3 A 

(28.2) 

 
1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 

2. Data not collected for these treatments (-) 
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Table 2: Treatment means (standard errors) for net photosynthesis, conductance, 

photosynthetic efficiency (PE), and carbon dioxide saturation point (CSP) of Ginkgo 

leaves exposed to various gaseous conditions for a 35-Day acclimation period. 

 
 Control 

 
CO2 CO2+O2 

 
Photosynthesis 
(µmol/m2/sec-1) 

 

 
3.35 B1 
(0.18) 

 
7.80 A 
(1.97) 

 
10.35 A 
(1.26) 

 
Conductance 

(µmol/m2/sec-1) 
 

 
0.028 A 
(0.002) 

 
0.027 A 
(0.010) 

 
0.025 A 
(0.005) 

 
PE 

 
 

 
0.0054 A 
(0.0017) 

 
0.0046 A 
(0.0015) 

 
0.0058 A 
(0.0014) 

 
CSP 

(µmol/m2/sec-1) 
 

 
1861.0 A 

(80.0) 

 
1674.3 B 
(323.9) 

 
1801.0 A 

(70.7) 

 

1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 
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Table 3: Means (standard errors) for quantum efficiency (QE) and light saturation point 

(LSP) data of Ginkgo leaves exposed to various gaseous conditions for the 35-Day 

acclimation period, and measured repeatedly along a Photosynthetically Active Radiation 

(PAR) gradient. 

 Control 
 

CO2 CO2&O2 

 
QE 

 

 
0.0069 A1 
(0.0037) 

 

 
0.0264 B 
(0.0021) 

 
0.0229 C 
(0.0035) 

 
LSP 

(µmol/m2/sec-1) 
 

 
1121.0 A 
(876.8) 

 
23.5 A 
(10.6) 

 
1201.0 A 
(622.3) 

 

1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 
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Table 4: Means (standard errors) of chlorophyll and leaf biomass from Ginkgo exposed 

to various gaseous conditions for 35 days. 

 
 Control CO2 CO2&O2 

 
1.91 A1 
(0.59) 

 
0.84 A 
(0.21)  

 
1.11 A 
(0.53) 

 
Non-adjusted 

 
Chlorophyll 

(µg/mg) 
 
 
TNC-free  

 
2.15 A 
(0.87) 

 
3.07 A 
(2.49) 

 
5.52 A 
(3.86) 

 
Leaf Biomass (g) 

 
 

 
1.49 A 
(0.94) 

 
1.90 A 
(0.79) 

 
1.80 A 
(1.40) 

 

1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 
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CHAPTER 3: 

 

 

The nutritive content and digestibility of Ginkgo biloba seedlings exposed to 

elevated atmospheric carbon dioxide and oxygen: Implications for Mesozoic 

paleoecology 
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Abstract.-  

Biogeochemical cycling models provide evidence that atmospheric carbon dioxide and 

oxygen may have been concurrently enriched during the Late Jurassic and Early 

Cretaceous. Primary productivity increases with enrichments of these gasses, but the 

effects of this enrichment on the quality of plants as forage material and on litter 

decomposition is not known. Ginkgo biloba seedlings were grown in three carbon 

dioxide and oxygen concentration treatments (ambient levels of both, 370 ppm and 

209,000 ppm respectively, 2000 ppm carbon dioxide with ambient oxygen, and 2000 

ppm carbon dioxide with 300,000 ppm oxygen) and relative nutritive content and 

digestibility of leaves were assessed using the ratio of carbon to nitrogen (C:N), protein 

concentration, lignin concentration, and the ratio of total non-structural carbohydrates to 

total structural carbohydrates (TNC:TSC). Elevated carbon dioxide alone and with 

elevated oxygen resulted in an increased C:N ratio of Ginkgo leaves but protein 

concentration did not change. TNC:TSC ratio was increased in response to carbon 

dioxide and oxygen treatments.  Lignin concentration did not vary significantly among 

treatments. These results have implications to secondary productivity, herbivore 

physiology, decomposition rates, and nutrient cycling in mid-Mesozoic terrestrial 

ecosystems. 
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Introduction 

Plants are the primary producers in terrestrial ecosystems, providing forage 

material for all herbivores in the food web and creating the majority of the biomass in the 

ecosystem. Alterations to photosynthetic rates and other plant physiological processes 

have the potential to affect secondary productivity (East 1984, Olff et al. 2002); foraging 

behavior (Demment and Van Soest 1985), life history (Brand et al. 2003), and 

evolutionary patterns (Espinoza et al. 2004) of herbivores; and litter decomposition rates 

(Sariyildiz and Anderson 2003) through changes in the composition of primary 

metabolites within plant tissue.  Previous studies have focused on the effects of twice 

ambient levels of carbon dioxide on plant physiology (e.g. Osborne and Beerling 2002, 

Royer et al. 2002, Staudt et al. 2001), and on herbivorous feeding rates (Dury et al. 1998, 

Fritschi et al. 1999, Williams et al. 1998), but few studies have examined the responses of 

plant quality to carbon dioxide increases above twice ambient levels, or to concurrent 

enrichments of oxygen. This study examines the effects of highly elevated atmospheric 

carbon dioxide and oxygen concentrations on primary plant biochemical constituent 

concentrations within leaves in order to establish a basis for inferring the effects of these 

atmospheric enrichments on herbivores and detritivores. 

During the Mesozoic Era (245-65 million years ago) atmospheric composition 

was substantially enriched in both carbon dioxide and oxygen relative to modern levels, 

based on mathematical mass balance, elemental cycling, and rock abundance models 

(Berner 1998, 2004, Berner et al. 2003, Royer et al. 2001) and on various other proxies 

including stomatal frequency (e.g. Retallack 2001) and fire stratigraphy (Robinson 1989, 
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Wildman et al. 2004). The absolute levels of atmospheric carbon dioxide and oxygen 

were not constant throughout this span, however.  The Late Jurassic and Early Cretaceous 

Periods (~180 mya to ~125 mya) saw the extremes of the enrichment, with carbon 

dioxide and oxygen levels possibly reaching up to 2000 ppm and 30% respectively, as 

compared with modern levels of 370 ppm and 20.9% (Berner et al. 2003, Royer et al. 

2001).  

 Enriched levels of atmospheric carbon dioxide and oxygen affect net 

photosynthetic rate and primary productivity (Hamerlynck et al. 2000, Leegood et al. 

1995, Saralabai et al. 1997, Takeba and Kozaki 1998), and may also affect the primary 

metabolite composition of the leaves. Elevated carbon dioxide stimulates photosynthetic 

rate over the long term (Adam et al. 2000, Marek et al. 1995, Rogers and Ellsworth 2002) 

and may result in complex changes to plant life history and productivity (Beerling et al. 

1999, Rogers and Ellsworth 2002). Oxygen, however, can deter plant productivity 

through increased photorespiration in the absence of carbon dioxide (Badger 1985, 

Sharkey 1988), but it did not reduce net photosynthetic rate in Ginkgo biloba, when 

oxygen was combined with ambient or elevated levels of carbon dioxide (Chapter 2). In 

fact, under concurrent enrichments of both gasses, the net photosynthetic rate of G. biloba 

was stimulated up to 300% over present-day ambient conditions (Chapter 2).  Therefore, 

elevated carbon dioxide and oxygen together may have a stimulatory affect on net 

photosynthetic rate, despite the reciprocal affects of photosynthesis and photorespiration. 

This stimulation could affect the chemical constituent composition of leaves. 

The concentration of nitrogen (N)-bearing compounds is often reduced in leaves 
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exposed to elevated carbon dioxide due to photosynthetic rate stimulation and subsequent 

accumulation of carbohydrates (carbon (C) compounds) within the leaves.  The increase 

in carbohydrates reduces the proportion of N-compounds in the leaf tissue on a dry-

weight basis (Cotrufo et al. 1998, Krapp et al. 1991).  N-compounds are also removed 

through photosynthetic down-regulation (Van Oosten and Besford 1994, Yelle et al. 

1989b) – a process which occurs after continued exposure to elevated carbon dioxide, and 

results in a reduction of the transcription rate of genes that code for photosynthesis-

specific N-compounds. In contrast, elevated levels of oxygen increase N-compounds 

within the leaf through the promotion of photorespiration (Leegood et al. 1995, Noctor et 

al. 2002, Novitskaya et al. 2002). Studies have shown that increases in photorespiration 

result in an increase in both the % and absolute amount of amino acids and other N-

compounds within the leaf (Novitskaya et al. 2002) that may be partially due to an 

interconnection between the biochemical photorespiratory pathway and N metabolism 

within leaves (Leegood et al. 1995, Novitskaya et al. 2002).  Photorespiration can also 

increase the proportional amount of N-compounds in leaf tissue by reducing the 

assimilation rate of C-compounds through reductions in net photosynthetic rate (Bertrand 

et al. 2003, Haupt-Herting and Fock 2002).  

The relationship between atmospheric composition and forage digestibility has 

been sparsely addressed in the literature. Elevated photosynthetic rate, which is 

stimulated by elevated carbon dioxide, results in an accumulation of non-structural 

carbohydrates (TNC), which are highly digestible (Allen et al. 1988, Chapin et al. 1986, 

Madsen 1968). However, potential changes in structural carbohydrate (TSC) 
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concentrations are less well understood.  Kilpeläinen et al (2005, 2003) found that lignin 

concentration responded to changes in temperature, but not to carbon dioxide 

concentration. They did not examine the effects of oxygen concentration.  Gibeaut et al 

(2001) found no changes in cell wall composition in response to elevated carbon dioxide.  

No studies to date have examined how elevated oxygen affects cell wall composition 

either when alone or in combination with carbon dioxide.  Additional work is needed to 

elucidate how cell wall composition is affected by elevated carbon dioxide and oxygen. 

In order to assess the forage quality of leaves grown under extremely elevated 

levels of carbon dioxide and oxygen, Ginkgo biloba seedlings were exposed to 

hypothesized mid-Mesozoic carbon dioxide and oxygen levels.  G. biloba seedlings were 

used as experimental subjects because of this genus’ extensive fossil record (Tralau 1968) 

and morphological similarity to fossil specimens (Zhou and Zheng 2003).  

 

Methods 

 Experimentation and Plant Material.- Experiments were performed as in the 35-

Day Experiment of Chapter 2.  Seedlings used in the 35-Day Experiment in Chapter 2 

were sampled for various leaf parameters to assess nutritive content and digestibility in 

the current study. 
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Measurement and Analysis 

Leaf Preparation.- After the 35-day acclimation period in the 35-Day Experiment 

(see Chapter 2 for a full description of experimental methods), leaves were collected and 

transported on ice to the laboratory. Brown tissue was removed and leaves were flash-

frozen at -80° C for five to ten minutes and lyophilized using a Labconco FreeZone 18 

Liter Freeze Dry System (Labconco, Kansas City, MO) for 48 hours.  Freeze-dried leaves 

were ground to a fine powder with a mortar and pestle and stored at -80°C until chemical 

analyses were performed.  Powder from all leaves produced during a single 

treatment/block combination was pooled for all chemical analyses.  

C:N Ratio.- 4 mg of leaf powder per sample were packed in a silver boat and 

analyzed for %C and %N using an elemental analyzer (EA).  Blocks 1 and 2 were 

analyzed at the Duke Environmental Stable Isotope Laboratory (Duke University, 

Durham, NC) using a Carlo Erba EA, and Block 3 was analyzed at the Idaho Stable 

Isotope Laboratory (University of Idaho, Moscow) with an NC 2500 EA. The average 

%C and %N values of two samples from each treatment/block combination were 

assessed. C:N ratio was calculated by dividing %C by %N for each sample, and then the 

two samples per treatment/block combination were averaged to get a mean value for each 

treatment/block combination.  N=3 %C, %N, and C:N values per treatment were 

averaged to calculate the reported means. 

Protein.- Total protein concentration was estimated using the Bradford Protein 

Assay (Bradford 1976), as modified for plant material by Jones et al (1989), except that 
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Bovine Serum Albumine (BSA) was used as the protein standard instead of RuBP to 

reduce analysis expenditure.  Briefly, 10 mg of leaf powder was extracted for 30 minutes 

using 5 mL of a 1 N solution of NaOH.  After the extraction, 10 µL of supernatant was 

diluted to 100 µL with DDI water and then mixed with 5 ml of 1:4 diluted Bradford Dye 

Reagent and 3 mg/mL soluble polyvinylpyrollidone (PVP).  Absorbance was measured at 

595 nm and protein concentration was determined through comparison to a BSA standard 

concentration curve.  

 Sugar.- Sugar concentration was determined using a modified Phenol-Sulfuric Acid 

assay (Chow and Landhausser 2004, Sturgeon 1990). Soluble sugars were extracted three 

times from 50 mg leaf powder at 95°C using 5 mL of 80% ethanol.  The resulting extract 

was diluted 1:1 with 80% ethanol.   

 To control for substances in the ethanol extract that might have reacted with the 

phenols, causing spectrophotometric analysis error, parallel assays were performed on 

two separate 0.5 mL aliquots of each sample. Aliquot 1 was mixed with 1 ml 2% phenol 

solution, while aliquot 2 was mixed with 1 mL DDI water. 2.5 mL concentrated sulfuric 

acid was added to each aliquot, samples were diluted to 8 mL with water, and absorbance 

was measured at 490 nm. Sugar concentration was determined by comparison with a 

(1:1:1) glucose: fructose: galactose standard curve, and was calculated using the 

following formula: 

Sugar (µg/mg) = 
[abs (aliquot 1) - abs (aliquot 2)] / [abs coefficient (aliquot 1) - abs coefficient (aliquot 2)] 

Absorbance coefficients used in the current study were the following: 
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abs coefficient (aliquot 1) = 0.3489 

abs coefficient (aliquot 2) = 0.0488 

 Starch.- Starch analysis was performed using Enzyme Method 2 from Rose et al. 

(1991), as modified by Chow and Landhausser (2004). 12 mg leaf powder was extracted 

as described for sugar. The insoluble pellet was incubated with 2 mL 0.1 N NaOH at 

50°C for 30 minutes to solubilize the starch.  2.5 mL 0.1 N acetic acid (pH 5.1) was 

added as a buffer, and 0.5 mL of enzyme solution (1000 U Alpha-amylase, 5 U amylo-

glucosidase) was added to cleave the glycosidic bonds over a 20-hour incubation period 

at 50°C.  Hydrolized starch samples were then centrifuged for 10 minutes and 200 µL 

aliquots were taken for colorimetric analysis.  2 mL of glucose oxidase/peroxidase/o-

dianisidine solution was added and a brown color developed for 45 minutes in the dark.  

Samples were moved to a 22°C water bath and 0.5 mL 75% sulfuric acid was added in 

order to stop color development and stabilize the color.  Absorbance was read at 525 nm, 

and concentration was determined by comparison with a glucose standard curve.  

TNC:TSC.- Total Non-Structural Carbohydrates (TNC) was measured by 

summing the concentrations of sugars and starch. Total Structural Carbohydrates (TSC) 

was measured by finding the difference between total carbon in the sample (calculated 

from mass spectrometer %C output) and the TNC.  

Lignin Concentration.- The Soxhlet refluxing procedure was used to purify leaf 

powder for lignin measurement.  Methanol-soluble compounds (extractives) were 

removed from leaf powder by reflux with methanol at room temperature for 8-12 hours. 
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After the extraction, the remaining leaf material was dried under vacuum at 55°C until 

reaching constant weight. Powder was stored in a desiccator until analysis. 

Lignin % of the cell wall was determined using the Klason lignin procedure 

(Dence 1992). Aliquots of 100 mg (W1) extracted powder were solubilized in 1.5 mL 

72% sulfuric acid, stirred with a glass rod at 10 minute intervals for two hours, and 

diluted to 50 mL volume with DDI water. The leaf-acid solution was sealed in a glass 

bottle, placed in a pressure cooker with 500 mL water, and cooked for one hour. After 

overnight cooling, the cooked leaf-acid solution was filtered under suction through a pre-

weighed medium sintered glass filter (W2).  The volume of filtrate (containing acid 

soluble lignin) was adjusted to 100 mL volume and diluted 1:10 with DDI water, and 

measured by absorbance at 280 nm.  The filter (residue is the acid insoluble lignin) was 

washed three times with hot DDI water to remove any residual acid and dried for 2 hours 

at 105°C.  After drying, the filter was weighed (W3). Lignin fraction concentrations were 

calculated as follows: 

Acid Soluble Lignin % (of cell wall) = (abs205nm * 10) / 110 

Acid Insoluble Lignin % (of cell wall) =  (W3 – W2) / W1 

Total Lignin % = Acid Soluble Lignin % + Acid Insoluble Lignin % 

 Only the Acid Insoluble Lignin fraction was reported in this study, as the 

measured absorbance was abnormally high for all aliquots (Chang 2006).  These very 

high values were most likely due to phenolic substances in the acid solution that absorbed 

at 205 nm but were not lignin (Chang 2006, Dence 1992).   

Acid-Detergent Lignin (ADL), a common procedure for lignin measurement, and 
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the Klason lignin procedure both measure lignin concentration directly, but consistently 

return different estimates due to the variable structure of lignin (Fukushima and Hatfield 

2004), making comparison of lignin concentrations between studies that use different 

procedures difficult.  Klason lignin values range from only a few percent to a 100% 

increase in concentration relative to ADL values. Using bomb calorimetry, Jung et al 

(1999) have shown that these higher estimates are not an overestimation of concentration, 

but are instead more accurate estimates.  It is inadvisable to directly compare Klason 

lignin results with ADL results, as studies using the ADL procedure will generally report 

less lignin than those using the Klason procedure. 

Potential Dilution Effect of High TNC.-TNC levels are variable within leaves, 

due to fluctuating assimilation (photosynthesis) and export rates (Krapp and Stitt 1995, 

Mauney et al. 1979, Yelle et al. 1989a). Therefore, TNC can vary in response to carbon 

dioxide concentration, individual leaf differences, leaf age, and on daily and seasonal 

cycles.  The experimental design controlled for carbon dioxide concentration, leaf age, 

time of day, and season, but individual variation in leaf TNC concentration was not 

controlled. Hence, the concentrations of protein and %N may have been affected by 

dilution from variable levels of TNC in leaves.  In order to correct for this potential 

source of error, protein and %N concentrations were reported as measured (non-adjusted 

dataset) and as corrected for TNC (TNC-free dataset).  Corrections were calculated by 

subtracting the concentration of TNC from the total amount of leaf powder prior to 

calculating concentrations of protein and N. 
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Statistical Analysis.- C:N ratio, protein concentration, TNC:TSC ratio, and lignin 

concentration data (including both non-adjusted and TNC-free datasets) were analyzed 

using SAS Statistical Software version 6.12 (Cary, NC).  For all data sets, proc GLM 

(ANOVA) was used to determine which experimental factors had a significant effect on 

the measured variables.  Additionally, Fisher’s Least Significant Difference t-tests were 

performed (means statement) to determine significance among treatments in each dataset. 

Significance was determined at p ≤ 0.1. Datasets were small; n = 3 for each treatment for 

the C:N ratio, protein, sugar, and starch datasets, while n = 2 for the lignin dataset due to 

limited leaf material in the third rep. 

 

Results 

Nutritive Content.- Table 1 gives data for protein, %N, %C, and C:N ratio. 

Protein concentration did not differ significantly among treatments when reported on 

either a non-adjusted or TNC-free basis, although the variability of the mean was much 

greater on a TNC-free basis, most likely due to large differences in TNC among 

treatment/block combinations.  A weak trend of depression in the non-adjusted protein 

data in the CO2 treatment relative to the other two experimental treatments superficially 

resembled a similar (and significant) trend in the non-adjusted %N data, but was not 

detected as significant in this dataset (p = 0.23). TNC-free %N data were not significantly 

different among treatments, but were highly variable. %C data did not differ due to 

treatment.  However, C:N ratio was significantly higher in those treatments with elevated 
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carbon dioxide, as compared with the Control. 

Digestibility.- Sugar, starch, TNC:TSC ratio, and lignin concentration are 

reported in Table 2. Sugar concentration did not vary significantly among treatments, and 

comprised less than 1% of total leaf material. Starch concentration had a strong and 

significant positive response to elevated carbon dioxide, composing approximately 60% 

of the dry matter of the leaf in the CO2 and CO2&O2 treatments. TNC:TSC ratio was 

significantly increased with exposure to the CO2 and CO2&O2 treatments relative to the 

response to the Control treatment. Lignin concentration did not vary significantly by 

treatment. 

 

Discussion 

Alterations to the composition of primary metabolites within leaves can have a 

strong affect on herbivores of all sizes and types, affecting growth, development, 

longevity and fecundity (e.g. Brand et al. 2002, 2003, Schoenian 2003).  These affects are 

reflected in two plant tissue parameters: the nutritive content (Apori et al. 2000, 

Awoyinka et al. 1995, Fritschi et al. 1999, Salawu et al. 2002) – estimated by the protein 

concentration and proportion of N-compounds (C:N ratio) in the leaf – and the 

digestibility (Dada et al. 2002, Fritschi et al. 1999, Zhiliang et al. 1996) – estimated 

through lignin concentration and the relative amount of digestible carbohydrates 

(TNC:TSC ratio) in the leaf.  For generalist herbivores, such as ungulates and horses, the 

toughness, or digestibility, of the forage is the most important test of the potential 
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nutritional benefits of that food source (Demment and Van Soest 1985, Lundberg and 

Palo 1993), since the nutrients within indigestible food items cannot be utilized.  For 

herbivores that can afford to be more selective during foraging, such as insects, birds, and 

smaller mammals, the nutritive content of the tissue selected will have a greater affect on 

diet (Cipollini et al. 2002, Geluso and Hayes 1999, Kinnear et al. 1979, Scheirs et al. 

2003).  Despite these differences between herbivores, forage quality is generally elevated 

by increases in both nutritive content and digestibility. 

Nutritive Content.- Modern herbivores of diverse taxonomy have dietary 

requirements for adequate nutrition that include different relative amounts of both N-

based compounds like proteins and pigments, and C-based compounds like sugars and 

starch (Aganga et al. 2000, Campbell 1996, Herrel et al. 2004, Schoenian 2003).  Some 

plant compounds, including certain amino acids, vitamins, and fatty acids, which are 

predominantly N-based (Campbell 1996, Goodwin and Mercer 1983), are essential to the 

herbivorous diet, however, because they must be ingested prefabricated; animals cannot 

synthesize them from their inorganic parts (Campbell 1996, Cilliers et al. 1999, 

Schoenian 2003).  Since these essential nutrients are relatively rare within plants on a 

dry-weight basis (Brand et al. 2002, Salawu et al. 2002), plants with a lower C:N ratio 

have a higher nutritive content than those with a higher C:N ratio. Therefore, C:N ratio is 

used in this paper to estimate nutritive content. 

Nutritive content results for Ginkgo leaves were reported both as TNC-free 

datasets and as non-adjusted datasets (Table 1). TNC-free data reflected changes in 

relative abundance of protein and %N only, while non-adjusted data included both a TNC 



64 

component and a protein or %N component. Both datasets were reported in order to 

distinguish the varying affects of TNC and protein or %N on nutritive content.  

The TNC-free datasets did not respond to either elevated carbon dioxide or 

elevated oxygen, indicating that neither protein nor %N in Ginkgo leaves varied among 

treatments.  However, non-adjusted %N was significantly reduced and C:N ratio was 

significantly increased in the CO2 and CO2&O2 treatments relative to the Control, while 

protein concentration was slightly, but non-significantly, reduced in the CO2 treatment. 

These minimal variations in Ginkgo nutritive content were most likely due to increases in 

TNC instead of decreases in protein or %N, because only the non-adjusted datasets, 

which included a TNC component, responded to treatment.  Additionally, the content of 

starch, a significant component of TNC, was increased by elevated carbon dioxide (Table 

2). Overall, these results demonstrate that Ginkgo leaf nutritive content was not strongly 

affected by elevated carbon dioxide, despite the significantly reduced C:N ratio of leaves 

produced in the CO2 and CO2&O2 treatments.   

The increase in Ginkgo leaf TNC in response to elevated carbon dioxide was most 

likely due to extreme increases in starch concentration (Table 2). 60% starch is an 

unexpectedly high concentration for Ginkgo because many modern gymnosperms have 

less than 5% starch (e.g. Rogers and Ellsworth 2002). Ginkgo has broad leaves rather 

than needles like conifers.  The Control treatment value (~14%) is comparable with 

starch values of many broadleaved trees (e.g. Rey and Jarvis 1998), suggesting that leaf 

morphology influences starch concentration more than taxonomy.  The large increase in 
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starch concentration (46%) observed in this study is also not unreasonable because other 

studies using lower carbon dioxide enrichments had similar results. Sholtis et al. (2004),  

for instance, report a persistent 27% increase in starch in Liquidambar styraciflua 

(Sweetgum, a dicotyledonous tree) in response to only ~650 ppm carbon dioxide. 

 Other authors have observed reductions in nutritive content in response to 

elevated carbon dioxide (e.g. Fritschi et al. 1999, Williams et al. 1998).  In addition to an 

abundant accumulation of certain carbon compounds that make up TNC, such as starch 

(Saralabai et al. 1997), the decrease seen in other studies may be partially due to a plant 

physiological process known as photosynthetic down-regulation (Nie et al. 1995, Rey and 

Jarvis 1998, Rogers and Ellsworth 2002, Webber et al. 1994).  Accumulation of excess 

carbohydrates in leaves, in response to prolonged exposure to elevated atmospheric 

carbon dioxide, reduces initial photosynthetic rate. Most studies have found that the 

reduction in photosynthetic rate during down-regulation is accompanied by a decrease in 

foliar protein and nitrogen, which has been attributed to a reduced rate of protein 

synthesis in the leaf (Van Oosten et al. 1994). Some studies suggest that this reduction 

may be due to dilution of foliar protein and nitrogen by TNC (e.g. Krapp et al. 1991, Nie 

et al. 1995), as was found in this study; but in others, the reduction was demonstrated 

more conclusively (e.g. Sheen 1990, Sholtis et al. 2004, Yelle et al. 1989b). 

Photosynthetic down-regulation was observed in the net photosynthetic rate responses of 

Ginkgo seedlings exposed to the CO2 and CO2&O2 treatments in the current study 

(Chapter 2), but protein and %N concentrations were not reduced by this process. 
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The non-adjusted protein and %N data of Ginkgo leaves may demonstrate a 

response to oxygen concentration through photorespiration stimulation. Increased rates of 

photorespiration can reduce TNC within leaves (Bertrand et al. 2003, Haupt-Herting and 

Fock 2002) and stimulate protein synthesis (Novitskaya et al. 2002). A non-significant 

trend supporting this suggestion is apparent in the mean values of several datasets, 

including protein concentration, C:N ratio, and %N, in which the Control and CO2 

treatments had the extreme values, and the CO2&O2 treatment had the intermediate 

value. If additional experimentation demonstrates that these trends accurately describe 

real plant responses, then elevated oxygen could counter potential reductions in Ginkgo 

leaf nutritive content in response to elevated carbon dioxide through photorespiration.  

Additional work is needed to more fully elucidate how the nutritive quality of Ginkgo is 

affected by elevated atmospheric oxygen in combination with elevated carbon dioxide.  

Digestibility.- The effects of leaf tissue digestibility on herbivore behavior and 

life history are complex, and are partially dependent on the digestive physiology of the 

herbivore (e.g. Demment and Van Soest 1985, Wikelski et al. 1993).  Different 

herbivores have different digestive efficiencies and are therefore variably able to digest 

forages (Lundberg and Palo 1993).  For an herbivore with a low digestive efficiency, 

highly indigestible plant tissues will not yield much sustenance, and so the herbivore 

either increases its consumption to compensate (Demment and Van Soest 1985, Owen-

Smith and Novellie 1982) or adopts a more selective foraging habit, as do some non-

ruminant ungulates (Demment and Van Soest 1985, Kinnear et al. 1979), birds (Geluso 



67 

and Hayes 1999) and insects (Caswell et al. 1973).  For herbivores with high digestive 

efficiencies, which include reptiles (Wikelski et al. 1993) and ruminants (Lundberg and 

Palo 1993), more types of forage can be digested, allowing these herbivores to be less 

selective in their foraging strategy.   

In Ginkgo leaves, the TNC:TSC ratio was significantly increased in both 

treatments with elevated carbon dioxide. This ratio compares the digestible component of 

cells – TNC – with the indigestible component – TSC.  The observed increase indicates 

an increase in Ginkgo leaf digestibility in response to elevated carbon dioxide.  

Lignin concentration did not vary by treatment, however.  Lignin is a complex 

polymer of xylem cell walls and cannot easily be broken down enyzmatically irrespective 

of digestive efficiency (Goodwin and Mercer 1983).  Unless lignin is physically broken 

through oral or gut processing, it remains a significant barrier to herbivores (Demment 

and Van Soest 1985).  Nevertheless, the observation that elevated carbon dioxide alone 

and together with oxygen resulted in an increased TNC:TSC ratio strongly suggests an 

increase in overall digestibility in plants grown under these conditions. 

Increases in TNC:TSC ratio were due to the extremely high starch concentrations 

in response to elevated carbon dioxide that made up the TNC component (Table 2). The 

apparent paradox of an increased starch concentration without a concurrent %C response 

was most likely due to a change in resource partitioning within the leaf (McBee and 

Miller 1990, Staudt et al. 2001). Partitioning is a plant physiological process by which 

different sink organs determine the end form of assimilated carbohydrates (Huber et al. 

1984, Wardlaw 1990).  These end forms can include non-structural carbohydrates as well 
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as structural carbohydrates that are incorporated into cell walls (McBee and Miller 1990, 

Sturm and Tang 1999). Under ambient conditions, a greater proportion of the assimilated 

carbon could have been used for carbon compounds not measured in this study, such as 

cellulose and hemicellulose, than was used for those compounds under elevated carbon 

dioxide. The significant increase in starch content observed in this study may reflect a 

persistent change in partitioning (Osborne and Beerling 2003, Rey and Jarvis 1998, 

Schapendonk et al. 2000).  Concurrent decreases are expected in other carbon 

compounds, such as the structural carbohydrates cellulose and hemicellulose, and would 

further increase the digestibility of the leaves in response to elevated carbon dioxide.  

Additional work is needed in this area to more fully assess the carbon partitioning 

response of plants to the conditions examined in this study. 

 

Conclusions 

 This study examined the nutritive content (C:N ratio and protein concentration) 

and digestibility (TNC:TSC ratio and lignin concentration) responses of Ginkgo biloba, a 

modern tree from an ancient lineage, to atmospheric compositions hypothesized to have 

existed during the mid-Mesozoic Era.  35-Day growth chamber experiments testing 

elevated levels of carbon dioxide and oxygen resulted in changes to Ginkgo foliage 

chemistry. Ginkgo leaf nutritive content did not change appreciably, but digestibility was 

increased in Ginkgo leaves under these conditions. These alterations to forage quality 

have the potential to add to our understanding of mid-Mesozoic ecosystem functioning 
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through changes in herbivore diet, foraging behavior, and physiology and to 

decomposition and nutrient cycling rates. 
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Table 1: Means (standard errors) of %C, %N, protein concentration, and C:N ratio of 

Ginkgo biloba leaves in response to 35-day exposure to three atmospheric compositions. 

 Control CO2 CO2&O2 
 

%C 
 
 

 
51.04 A1 

(1.79) 

 
49.64 A 
(0.97) 

 
49.65 A 
(0.47) 

 
2.39 A 
(0.20) 

 
1.29 B 
(0.32) 

 
1.45 B 
(0.38) 

 
Non-adjusted 

 
 

%N 
 
 
TNC-free 

 
2.61 A 
(0.34) 

 
4.56 A 
(3.76) 

 
6.92 A 
(4.56) 

 
128.80 A 
(28.75) 

 
90.76 A 
(11.08) 

 
108.06 A 
(12.25) 

 
Non-adjusted 

 
Protein  
(µg/mg) 

 
 
TNC-free 

 
140.99 A 
(38.24) 

 
288.10 A 
(150.50) 

 
570.77 A 
(466.78) 

 
C:N ratio2 

 
 

 
21.39 A 
(1.19) 

 
40.34 B 
(10.47) 

 
35.90 B 
(9.18) 

 
1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 

2. C:N ratio mean values cannot be calculated from the %C and %N values reported due 

to the different averaging paths used. See text for further explanation.
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Table 2: Means (standard errors) of sugar, starch, Klason lignin and Total Non-Structural 

Carbohydrate to Total Structural Carbohydrate (TNC:TSC) ratio of Ginkgo biloba leaves 

in response to 35-day exposure to three atmospheric compositions. 

 
 Control CO2 CO2&O2 
 

Sugar  
(µg/mg) 

 

 
1.62 A1 
(0.52) 

 
1.69 A 
(0.34) 

 
1.93 A 
(0.37) 

 
Starch  
(µg/mg) 

 

 
148.30 A 
(85.63) 

 
604.15 B 
(242.26) 

 
682.94 B 
(217.30) 

 
Klason Lignin 
(% cell wall)2 

 

 
21.42 A 
(7.68) 

 
16.66 A 
(1.37) 

 
20.46 A 
(8.87) 

 
TNC:TSC 

 
 

 
0.002 A 
(0.002) 

 
0.012 B 
(0.004) 

 
0.014 B 
(0.004) 

 
1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.1. 

2. Klason lignin does not include the soluble component due to the presence of 

substances that interfered with the absorption measurement.  
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Potential effects of elevated atmospheric carbon dioxide and oxygen on mid-

Mesozoic terrestrial ecosystems: Inferences based on changes in Ginkgo biloba 

foliage quality and quantity 
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Abstract.-  

The potential effects of extremely elevated atmospheric carbon dioxide and oxygen levels 

on mid-Mesozoic (Late Jurassic through Early Cretaceous) terrestrial ecosystems are 

discussed.  This discussion is based on the results of recent gas exchange and leaf quality 

experiments on Ginkgo biloba seedlings and on a review of the relevant plant physiology, 

dinosaur herbivory, dinosaur metabolism, and microbial decomposition literature.  

Experimental work demonstrated that atmospheric carbon dioxide and oxygen stimulate 

the net photosynthetic rate and primary productivity of G. biloba and alter the nutritive 

content and digestibility of its foliage.  Under the assumption that these changes are 

maintained throughout the lifespan of G. biloba and that other Mesozoic plants had 

similar physiological responses, the experimental results suggest that mid-Mesozoic 

plants may have been more productive than modern plants, and would have had higher 

foliar carbon to nitrogen (C:N) ratios and more starch in the leaves, decreasing the 

nutritive content and increasing the digestibility of foliage at that time. Among the host of 

possible consequences of such changes for mid-Mesozoic terrestrial ecosystems are a 

shortening of plant maturation rates, decreased plant life span, and increased amounts of 

leaf litter and changes in its decomposition rate. Changes in the quantity and nutritive 

quality of mid-Mesozoic plants may also help to explain the large body sizes of mid-

Mesozoic herbivores.  Changes in plant quantity and nutritive quality in response to 

atmospheric composition variation can have a prominent affect on terrestrial ecosystems. 
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Introduction 

During the Late Jurassic and Early Cretaceous Periods (~180 – 125 mya (mid-

Mesozoic)), the carbon dioxide and oxygen partial pressures of the atmosphere were most 

likely elevated relative to present-day ambient conditions, based on mathematical mass 

balance, elemental cycling, and rock abundance models (Berner 1998, 2004, Berner et al. 

2003, Royer et al. 2001).  Carbon dioxide at that time may have reached 2000 ppm in the 

atmosphere, a 540% increase over present-day levels (370 ppm) (Royer et al. 2001), 

while oxygen may have reached up to 30% of the atmosphere, a 43% increase over 

present-day levels (20.9%) (Berner et al. 2003). Also during the mid-Mesozoic, the 

continents were arranged into a super continent that was just beginning to break up 

(Scotese 2002) and global temperatures were most likely elevated (Retallack 2002), 

resulting in large continental arid regions and some global sea level rise due to the 

melting of the polar ice caps (Scotese 2002). 

Populating the terrestrial ecosystems during this time was a fauna in which the 

primary herbivores were dinosaurs (e.g. Carpenter et al. 2002, Dal Sasso 2003).  These 

herbivores were large (Appenzeller 1994), are hypothesized to have been gregarious (Day 

et al. 2002), and may have had faster metabolisms than those of modern reptiles 

(Seymour and Lillywhite 2000).  Long bone histology supports incredibly fast growth 

rates for even the largest dinosaurs (Horner et al. 2000, Sander et al. 2004), including the 

sauropods Janenschia, Brachiosaurus, Dicraeosaurus, and Barosaurus (Sander 2000).  

Additionally, fossil evidence such as sauropod trackways (Day et al. 2002, Lockley et al. 

2002a, Lockley et al. 2002b), herd mass death assemblages (Varricchio and Horner 
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1993), and nesting sites (Chiappe and Coria 2004, Horner 1999, Horner et al. 2000, 

Salgado et al. 2005) suggest that herbivorous dinosaurs may have participated in energy-

expensive activities such as migration and active parenting.   

Herbivorous dinosaurs must have eaten large quantities of food in order to support 

their bulk, fast growth rates, and energy-dependent lifestyles (Day et al. 2002, Sander et 

al. 2004).  The flora during the mid-Mesozoic included a range of plants such as conifers, 

ferns, seed ferns, cycads and related plants, and ginkgos (Ash 1999, Basinger 1997, 

Miller and LaPasha 1984, Tidwell 1990, Wolfe and Upchurch 1987, Ziegler et al. 1993). 

Most plants that lived during the mid-Mesozoic are resistant to herbivory today (Freeland 

and Janzen 1974, Tiffney 1997a, 1997b), due to the presence of defense chemicals, thick 

cuticles, and spines (Bond et al. 2004, Freeland and Janzen 1974, Rafferty et al. 2005).  

However, coprolite (Chin 1995, Sharma et al. 2005) and phytolith (Krauss 2001) 

evidence demonstrates that these plants were ingested by herbivorous dinosaurs of the 

Late Jurassic and Early Cretaceous. 

Recent experimental studies on Ginkgo biloba seedlings (Chapter 2) have 

demonstrated a 200% increase in G. biloba photosynthetic rate in response to 2000 ppm 

carbon dioxide (CO2 treatment), and increases up to 300% in response to 2000 ppm 

carbon dioxide and 30% oxygen (CO2&O2 treatment), conditions hypothesized for the 

mid-Mesozoic. These strong stimulations of photosynthetic rate suggested a proportional 

increase in primary productivity over the long term in G. biloba seedlings continually 

exposed to these conditions (Ricklefs 2001).  Additionally, the quality of G. biloba 

foliage was altered similarly in response to both the CO2 and CO2&O2 treatments 
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(Chapter 3); no differences in leaf quality were observed between these treatments. In 

both the CO2 and CO2&O2 treatments, elevated carbon dioxide stimulated the 

production of starch within the Ginkgo leaves, which reduced the C:N ratio, lowering G. 

biloba leaf nutritive content.  Elevated levels of starch in the leaves also increased the 

Total Non-Structural Carbohydrate (sugars and starches) to Total Structural Carbohydrate 

(cell wall carbohydrates) Ratio (TNC:TSC ratio) of those leaves.  Hence, the apparent 

digestibility of G. biloba foliage was increased in response to elevated carbon dioxide. 

Similar changes in plant quality during the mid-Mesozoic could have influenced the 

foraging and feeding behaviors of mid-Mesozoic herbivores, and may have affected leaf 

litter decomposition rates due to the abundance of easily degraded compounds in these 

leaves. 

The purpose of this paper is to explore the various potential implications of 

elevated carbon dioxide and oxygen atmospheres for mid-Mesozoic terrestrial 

ecosystems, using the G. biloba experimental results as a starting point.  To achieve this 

goal, the literature on how productivity and quality changes in foliage affect herbivory, 

herbivores, and decomposition rates in modern ecosystems is reviewed, and this 

information is applied to the mid-Mesozoic through a generalization of the G. biloba 

experimental results to all Mid-Mesozoic plants.  

In order to be able to generalize the results of the G. biloba physiological 

experiments to the Mesozoic flora, several assumptions were made.  These include (1) G. 

biloba, the only surviving species of the Ginkgo genus (Royer et al. 2003, Tralau 1968), 

has identical ecophysiological responses to all of Ginkgoaceae, (2) the gas exchange, 
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productivity, and carbon partitioning responses of G. biloba to elevated carbon dioxide 

and oxygen are maintained throughout the lifespan of the plant when gaseous exposure is 

continued, and (3), Ginkgo photosynthetic rate, carbon partitioning, and productivity 

responses are conserved throughout the mid-Mesozoic flora. Using these assumptions, 

the potential implications of stimulated photosynthetic rate and high starch content in 

Ginkgo leaves are tentatively applied to the mid-Mesozoic world.  

  

Plant Physiology in the mid-Mesozoic  

 A highly stimulated photosynthetic rate, such as that observed in G. biloba in 

response to elevated atmospheric carbon dioxide and oxygen (Chapter 2) may have 

instigated various plant physiological adjustments in mid-Mesozoic plants.  For instance, 

carbohydrates – the end-products of photosynthesis (Fader and Koller 1983) – are 

transported throughout each individual plant to various sink organs where they are made 

into a variety of compounds used for growth, respiration, storage, and reproduction 

(Huber et al. 1984, Krapp and Stitt 1995, Wardlaw 1990).  Genetic and environmental 

variability generally determine how carbohydrates are partitioned within the plant 

(Körner 2003).  However, with a continued stimulated photosynthetic rate during the 

mid-Mesozoic, carbohydrate production could have been very high; a higher yield of 

seeds (Allen et al. 1987), faster growth (Centritto et al. 1999, Sturm and Tang 1999), and 

greater carbohydrate storage (Fader and Koller 1983) could have resulted.  These changes 

have the potential to have increased the abilities of mid-Mesozoic plants to withstand 

adverse seasonal climate variations (Cheng and Fuchigami 2002, Kozlowski and Pallardy 
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2002), including solar winters in high-latitude Mesozoic forests (e.g. Francis 1988) and 

the dry season in arid climates (Hamerlynck et al. 2000).  Carbohydrate partitioning 

adjustments in response to elevated carbon dioxide may have also affected plant life 

history and fitness if an increase in carbohydrates affected seed yield or quality (Allen et 

al. 1987). 

Elevated photosynthetic rates also temporarily stimulate ontogenetic development 

in modern trees (Arp 1991, Centritto et al. 1999, Rogers and Ellsworth 2002). However, 

this observation may be an artifact of experimental methodology, as the ontogenetic 

stimulation has generally been observed when trees are initially exposed to elevated 

carbon dioxide (Arp 1991, Centritto et al. 1999), and may not persist after the tree 

acclimates to its environment through a homeostatic mechanism called photosynthetic 

down-regulation (Rogers and Ellsworth 2002).  Given the experimentally derived nature 

of this effect, it is doubtful that mid-Mesozoic plants experienced faster maturation than 

plants do presently since mid-Mesozoic plants spent their entire lives in an elevated 

carbon dioxide and oxygen environment and were presumably already acclimated to it. 

However, if ontogeny remains stimulated past acclimation, and therefore could have 

occurred in mid-Mesozoic plants, accelerated ontogeny could have had a strong affect on 

these plants.  Stimulated ontogeny could have led to the early appearance of mature 

characteristics, including reproductive organs and dwarf shoots, and could have translated 

into a shorter life expectancy for plants growing under elevated carbon dioxide and 

oxygen during the mid-Mesozoic.  These effects could have meant that mid-Mesozoic 
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plant communities had higher turnover rates and shorter life spans than would the same 

plants growing under modern atmospheric conditions.  

 Lastly, the strong photosynthetic rate response of G. biloba to the highly enriched 

carbon dioxide and oxygen levels tested here may give insights into the fitness of Ginkgo 

in the Mesozoic world.  During the Jurassic and Early Cretaceous Periods, Ginkgo was 

ubiquitous above 40° latitude and speciose (Czier 1998).  As world climate began to 

change and angiosperms radiated during the Late Cretaceous and Tertiary, this genus was 

restricted to only G. biloba (Royer et al. 2003, Tralau 1968).  This may indicate that G. 

biloba was one of the luckiest or hardiest of the Ginkgoaceae, given that it survived an 

additional 65 million years of environmental change.  The strong positive photosynthetic 

rate response of this taxon to experimental conditions may demonstrate that Ginkgo was 

highly adapted to survive under very different environmental conditions than those in the 

present-day world.  Since present-day atmospheric conditions include much lower levels 

of both carbon dioxide and oxygen than existed during the mid-Mesozoic, this may in 

part help to explain the lack of diversity in the modern Ginkgo lineage after such diverse 

beginnings. 

 

Effects of Elevated Primary Productivity  

For Mid-Mesozoic Terrestrial Ecosystems 

Experimental ecological work in the modern world has suggested that marginal 

environments, such as swamps, estuaries, and river systems, are more highly productive 

than non-marginal and arid environments (Lieth 1973, Likens 1973, Whittaker and 
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Likens 1973).  During the Late Jurassic, arid terrestrial environments were common, but 

during the Early Cretaceous, continental land masses were drifting apart from each other, 

producing a greater proportion of marginal environments (Scotese 2002). It is likely that 

the higher proportion of marginal environments during the Cretaceous meant that overall 

primary productivity was relatively higher then than during the Late Jurassic (Miller and 

LaPasha 1984, Tidwell 1990).   

Regardless of these changes in environment over time, the elevated 

photosynthetic rates observed in both the CO2 and CO2&O2 treatments most likely 

translated into higher rates of primary productivity in all terrestrial environments in both 

the Late Jurassic and Early Cretaceous Periods (Chapter 2).  Primary productivity is 

essentially an accounting term for plant biomass (Ricklefs 2001).  It is determined by 

subtracting the amount of mass lost from the plant due to herbivory and litter fall from 

the amount of mass gained through growth due to net photosynthetic rate (Ricklefs 2001, 

Whittaker and Likens 1973).  Therefore, assuming constant rates of herbivory and litter 

fall, primary productivity is proportional to net photosynthetic rate (Ricklefs 2001). An 

increase in primary productivity of mid-Mesozoic plants most likely affected both 

herbivores and detritivores. 

Effects on Herbivores.- Elevated primary productivity may have produced a 

greater amount of forage during the mid-Mesozoic. Both the size and metabolism of an 

herbivore have a strong effect on its energy and food intake requirements. Therefore, 

given the increased productivity assumed for that time, mid-Mesozoic terrestrial 
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ecosystems may have been able to feed even the biggest and most energetically 

demanding herbivores.   

Larger animals, as a general rule, require more food to support themselves than do 

smaller animals (Burness 2002, Farlow 1987, Weaver 1983). Elephants, the largest 

terrestrial animals today (5-7 metric tons), eat 170 kg of food per day (Guy 1975).  

Elephant food requirements scaled by body mass up to the size of a large sauropod, 

Brachiosaurus (15-78 metric tons), indicate that this dinosaur would have needed to eat a 

minimum of 250 kg per day, assuming an ectothermic metabolism, but up to 1200 kg of 

plant material a day assuming an endothermic metabolism (Weaver 1983). Other 

dinosaurs would also have needed to eat similarly large amounts of food (Farlow 1976, 

1987).  Primary productivity stimulated up to 200-300% during the mid-Mesozoic in 

response to elevated carbon dioxide and oxygen atmospheres could have provided more 

of the plant material required to support these large herbivores. 

While size plays a large role in the amount of food consumed by an animal, the 

metabolism also affects energy requirements (Burness 2002, Farlow 1987, Weaver 1983).  

Endothermic animals must eat more food per unit of body weight to support their 

metabolisms than ectothermic animals do. An endothermic Brachiosaurus, for instance, 

could have required up to 3 times as much food as an ectothermic Brachiosaurus of the 

same body size (Weaver 1983). Dinosaur metabolic rates have not been determined with 

certainty, although varying lines of evidence suggest fast growth rates (Erickson et al. 

2001, Horner et al. 2000, Padian et al. 2001, Sander et al. 2004) and endothermic-like 

metabolisms (Barrick et al. 1996, Farlow 1987, Fricke and Rogers 2000, Padian 1997, 
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Reid 1997). If dinosaurian herbivores had endothermic or endothermic-like metabolisms, 

elevated primary productivity due to elevated carbon dioxide and oxygen atmospheres 

could have helped to provide the food they required. 

Effects on Detritivores.- Microbial decomposers feed on leaf litter, decomposing 

it using a variety of biochemical pathways (Nealson 1997).  Elevated primary 

productivity stimulates microbial activity (Billings et al. 2002, Cannell and Hornley 

1998, Comins and McMurtrie 1993, Cotrufo et al. 2005) and biomass (De Graaff et al. 

2004, Rønn et al. 2003) through additional litter contributions to the soil system (Booker 

et al. 2005). Additional microbial activity and biomass during the mid-Mesozoic in 

response to elevated primary productivity may therefore have translated into faster 

decomposition rates and quicker nutrient turnover within the soil system.  

 

Consequences of Plants with Lower C:N Ratios and Higher Digestibility  

For Mid-Mesozoic Terrestrial Ecosystems 

From the herbivore’s perspective, there are two parameters that determine the 

potential benefit of food.  (1) Nutritive content, and (2) digestibility (Demment and Van 

Soest 1985, Hanley 1982, Milton et al. 1994, Owen-Smith and Novellie 1982). Nutritive 

content speaks to the amount of essential nutrients that are contained in the potential food 

item (Apori et al. 2000, Awoyinka et al. 1995, Fritschi et al. 1999, Salawu et al. 2002) 

and was estimated in Chapter 3 by the protein concentration and proportion of N-

compounds (C:N ratio) in the leaf. Digestibility describes how much of the plant material 
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can be utilized by the herbivore (Dada et al. 2002, Fritschi et al. 1999, Zhiliang et al. 

1996).  In Chapter 3, this parameter was estimated through lignin concentration and the 

relative amount of digestible carbohydrates (TNC:TSC ratio) in the leaf. 

In G. biloba leaves produced during 35-day exposure to elevated carbon dioxide 

and oxygen atmospheric treatments, the amount of essential nutrients in the leaves was 

not altered (despite an increase in C:N ratio) and digestibility was increased, 

predominantly due to strong elevations of starch concentration (Chapter 3, Table 2). 

Therefore, mid-Mesozoic plants most likely had more digestible leaves than do modern 

plants living under ambient atmospheric conditions.  

Herbivore Foraging Behavior and C:N Ratio.- Modern animals are divided 

broadly into selective and generalist foragers, based on how they select food items while 

foraging (Gagnon and Chew 2000, Williams et al. 1993).  Selective foragers have 

generally smaller bodies and narrower mouths than generalist foragers.  Mice, birds, and 

deer are a few modern selective herbivores (Dada et al. 2002, Geluso and Hayes 1999, 

Owen-Smith and Novellie 1982). They are highly particular about which plant parts they 

select as food (Owen-Smith and Novellie 1982). Selection is based both on avoidance of 

tough or harmful plant parts, such as wood, bark, spines or leaves with thick cuticle, and 

acceptance of plant parts that are perceived to have a high nutritive content such as new 

growing tips, fruits, and seeds (Ginnett and Demment 1995, Hanley 1982, Shipley et al. 

1999). Generalist herbivores, in contrast, tend to have large bodies, wide mouths, and 

adaptations that allow them to take in a great deal of food at once such as a long legs and 

necks (Clemens and Maloiy 1982, Hanley and Hanley 1982, Kinnear et al. 1979). 



90 

Elephants, horses, and large ungulates are modern generalist herbivores (Clemens and 

Maloiy 1982, Keys et al. 1969, Salawu et al. 2002). They rely either on high digestive 

efficiencies or high ingestion rates to obtain adequate nutrition and food energy 

(Demment and Van Soest 1985, Farlow 1987).  

Based on general skull morphology and body size, extinct herbivores can be 

broadly placed within one of these two foraging groups (Zavada and Mentis 1992). 

Because of their large body size, all dinosaurian herbivores during the mid-Mesozoic 

most likely used the generalist foraging strategy.  Selective herbivores at that time would 

have included insects, small tetrapods, and mammals.  Generally, prosauropods, small 

ornithopods, and stegosaurs during the Late Jurassic, and ornithopods, early ceratopsians, 

and iguanodontids during the Early Cretaceous, had more of a selective foraging 

morphology than did sauropods (Dodson 1990, Norman and Weishampel 1985, Weaver 

1983).  However, given the large absolute size of all of these dinosaurian herbivores, the 

slight change in leaf nutritive quality observed in G. biloba in response to mid-Mesozoic-

like atmospheric conditions (Chapter 3) would not have had an appreciable affect on their 

nutritional needs.  This is because the nutritive content changes were due to increases in 

starch concentration rather than to decreases in essential N-bearing compounds, and the 

dinosaurs would therefore still have ingested the same amount of N-bearing compounds 

per bite as they would with foliage produced under present-day atmospheric conditions. 

Increases in foliar C:N ratio like those observed in G. biloba in response to 

elevated carbon dioxide and oxygen atmospheres would most likely have had the 

strongest affect on the highly selective foragers of the mid-Mesozoic, such as insects.  
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These selective herbivores would have actively searched for plant parts of higher 

nutritive content (Scheirs et al. 2003, Yang and Joern 1994).  But, due to their small bite 

size and the TNC-dilution of N-compounds in mid-Mesozoic foliage, they would not 

have been able to get the same amount of N-bearing compounds from this foliage as from 

foliage produced under present-day atmospheric conditions. A common herbivorous 

response to lower nutritive content is to eat more; the same amount of essential N-bearing 

nutrients can be gleaned from a greater amount of lower quality food as from less higher 

quality food (Campbell 1996, Cipollini et al. 2002, Dury et al. 1998, Scheirs et al. 2003, 

Yang and Joern 1994).  The elevated primary productivity of the mid-Mesozoic (Chapter 

2) would have provided a greater amount of plant tissue. This may have helped to relieve 

the nutritional situation for these selective herbivores.  

The increase in foliar C:N ratio and starch concentration observed for G. biloba in 

response to atmospheric conditions like those during the mid-Mesozoic may help to 

explain the extremely large body sizes of dinosaurian herbivores at that time.  Generalist 

foragers have larger bodies in part in order to house longer digestive tracts (Burness et al. 

2001, Demment and Van Soest 1985, Geluso and Hayes 1999, Schluter 1984, Yang and 

Joern 1994).  These longer digestive tracts allow food to be retained for longer periods, 

ensuring that the animal can digest a higher proportion of the material (Demment and 

Van Soest 1985, Keys et al. 1969). Additionally, larger mouths mean larger bite sizes that 

allow more food to be ingested per bite, and longer legs make moving from food patch to 

food patch more energetically efficient, ensuring a high ingestion rate (Ginnett and 

Demment 1995, Owen-Smith and Novellie 1982, Shipley et al. 1999).  Therefore, larger 



92 

body size may be at least in part a response to the increase in foliar C:N ratio and starch 

concentration observed for G. biloba in response to the atmospheric conditions of the 

mid-Mesozoic. 

Dinosaur Diet and Digestive Physiology.- Generally, dinosaur diets and digestive 

efficiency are reconstructed based on observations of teeth and gastroliths, and on 

coprolites (i.e. fossilized dung) and fossilized stomach contents. The nutritive content and 

digestibility results from G. biloba gas exchange experiments provide additional 

perspective to these lines of inquiry. 

The structure and arrangement of herbivorous dinosaur teeth is often used to 

estimate the diet and digestive efficiency of dinosaurs (Farlow 1987, Norman and 

Weishampel 1985).  Herbivores with complex dental batteries such as iguanodonts, 

hadrosaurines, and advanced ceratopsians most likely had relatively higher digestive 

efficiencies due to their ability to break food down orally. Dinosaur groups such as 

sauropods, thyreophorans, and most ornithopods, which had less extensive dental 

batteries, are not expected to have fully orally processed their food (Farlow 1987).  

Instead, they would have relied upon long digestive tracts with long residence times in 

order to ferment and chemically break down their food (Keys et al. 1969, Lundberg and 

Palo 1993), which may have translated into lower digestive efficiencies. Until recently, 

sauropods were thought to thoroughly macerate their food using gastroliths in the 

stomach or crop.  However, recent observations suggest that many of the stones 

previously described as gastroliths may not be and were smoothed through stream 
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abrasion (Lucas 2000).  If sauropods did not have gastroliths to process their food prior to 

digestion, they may have had extremely low digestive efficiencies.  

However, the increased digestibility hypothesized for mid-Mesozoic plants based 

on experiments on G. biloba seedlings (Chapter 3) suggests that oral and gut processing 

of mid-Mesozoic food by sauropods may not have been as necessary as it would have 

been if they had been eating plants grown under present-day atmospheric conditions.  

Given the massive size of sauropods and their presumably long digestive tracts (Dodson 

1990, McIntosh 1990, Sander 2000), sauropods may not have needed to chew their food 

or macerate it in a crop in order to digest it well enough to remove the essential nutrients, 

since all animals with long digestive tracts, including ectotherms, have high digestive 

efficiencies (Schluter 1984, Valido and Nogales 2003). The higher starch content of the 

mid-Mesozoic plants may have increased the digestibility of the foliage enough that 

maceration may not have been necessary, and a high gut residence time would have been 

adequate for sauropod digestion. 

Coprolites and stomach contents of herbivorous dinosaurs are direct evidence for 

diet and digestive efficiency, assuming that the dinosaur that created the coprolite can be 

determined (Chin 1997a, 1997b). Animals that eat low fiber diets or have high digestive 

efficiencies tend to expel feces with very few identifiable remains, while there is a 

predominance of identifiable elements in fecal matter from animals with low digestive 

efficiencies or that eat high fiber diets. Coprolites with both high (Chin 1995) and low 

(Sharma et al. 2005) plant material concentration have been attributed to sauropods based 

on size, which may indicate differences in diet or digestive efficiency within this group. 
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The gut contents of an ankylosaur have also been described (Molnar and Clifford 2000).  

They are shown to consist of only 10% fibrous plant remains and seeds, which may 

indicate that ankylosaurs had high digestive efficiencies or a generally low fiber diet. The 

increase in digestibility of G. biloba in response to the elevated carbon dioxide and 

oxygen atmospheres of the mid-Mesozoic suggests that irrespective of diet choice or 

digestive physiology, mid-Mesozoic plants were more easily digested than modern plants 

(Chapter 3).  Therefore, low-fibrous coprolites and stomach contents such as those 

observed for sauropods and ankylosaurs could indicate that these dinosaurs had high 

digestive efficiencies, given the more digestible food produced at that time. 

Increases in mid-Mesozoic plant digestibility also would have increased the 

amount of food available to each dinosaurian herbivore.  In highly digestible leaf 

material, more material per bite can be assimilated by the herbivore, effectively further 

increasing the amount of primary productivity that can be translated into secondary 

productivity (Demment and Van Soest 1985, Ginnett and Demment 1995).  Given the 

extremely large size and hypothesized high metabolic rates of most mid-Mesozoic 

herbivorous dinosaurs, the greater energy content conferred to them from these more 

highly digestible foods would have helped to support their bulk and metabolism. 

Decomposition Rates and Decomposers.- Decomposition rates are also affected 

by changes in nutritive content and digestibility of leaf material. During leaf senescence, 

leaf material is transferred to the ground where bacteria slowly digest it.  Bacteria 

generally have very low C:N ratios, which they need to maintain by consuming litter 

(Rønn et al. 2003). Therefore, increased C:N ratios in ancient leaf litter may have slowed 
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decomposition over the long-term by reducing the nutrients available for microbial 

biomass (Williams et al. 2001). However, an accumulating body of research demonstrates 

that slight changes in C:N ratio and other leaf chemical parameters do not significantly 

affect the rate of decay under modern atmospheric compositions (Booker et al. 2005, Hall 

et al. 2006), which may be due to concurrent increases in digestibility, as was observed 

for G. biloba leaves.  However, the  difference in C:N ratio between the Control and the 

CO2 treatments (Chapter 3) is much larger than the differences found in other studies. 

Booker et al (2005), for instance, only observed an increase in C:N from 40 at 370 ppm 

carbon dioxide to 42 at 700 ppm, while an increase in G. biloba C:N ratio from 21 at 370 

ppm carbon dioxide to 40 at 2000 ppm was observed.  Given that the nutritive content 

difference reported in Chapter 3 is much greater than that observed in other studies, leaf 

litter produced under elevated carbon dioxide and oxygen atmospheres might have 

decomposed at a slower rate during the mid-Mesozoic than today. 

However, changes in the digestibility of leaf litter can affect decomposition rates 

as well. Different compounds in leaf litter degrade at different rates. Decomposition 

follows a general sequence in the break-down of plant material (Goñi and Hedges 1990, 

Gupta and Pancost 2004, Hedges et al. 1985, Loranger et al. 2002). Leaching removes up 

to 50% of the organic matter in the form of proteins and soluble carbohydrates first 

(Benner et al. 1990).  Polysaccharides follow, while cuticle and lignin are the most 

resistant to degradation.  However, this sequence varies slightly in different environments 

(i.e. wet vs. dry, saline vs. fresh water) (e.g. Benner et al. 1990, Goñi and Hedges 1990).  
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Lignin can be broken down by the action of selected microbes (Loranger et al. 2002), but 

it is highly resistant to decay by others. The increase in digestibility observed in G. biloba 

in response to elevated carbon dioxide and oxygen atmospheres was due to an increase in 

starch, a polysaccharide, which might suggest an increase in litter decomposition rates 

during the mid-Mesozoic for plants exposed to elevated carbon dioxide and oxygen 

atmospheres, despite the fact that no differences in lignin were observed for G. biloba.  

Given that starch both decreased the nutritive value of leaves by increasing the C:N ratio, 

which potentially slowed decomposition rates, and increased the digestibility of the 

tissue, which potentially stimulated decomposition rates, the most likely effect of 

elevated carbon dioxide and oxygen on decomposition rates during the mid-Mesozoic is 

uncertain.   

 

Conclusions 

The results of experiments examining photosynthetic rate, primary productivity, 

and the nutritive content and digestibility of Ginkgo biloba foliage in response to 35-day 

exposure to elevated carbon dioxide and oxygen atmospheric treatments may help to 

elucidate the ecology of the Late Jurassic and Early Cretaceous Periods worldwide, as 

atmospheric composition was highly enriched in both carbon dioxide and oxygen during 

those times.  Potential effects of changes to the quantity and quality of mid-Mesozoic 

foliage include changes to plant physiological function and stimulation of primary 

productivity that would have supported large, active herbivores and large populations of 
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microbial decomposers.  Additionally, decreases in nutritive content may help to explain 

the large body sizes of dinosaurian herbivores, while increases in digestibility may help 

to explain their apparently high digestive efficiencies even in the absence of gut or oral 

maceration. 
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CHAPTER 5: 

 

 

Applying experimental physiological results to the fossil record: Can the stomatal 

density and index of Ginkgo biloba provide a meaningful link between 

experimentally produced leaves and Ginkgo fossils? 
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Abstract.-  

The possibility of using stomatal density (SD) and index (SI) values as proxies for 

photosynthetic and conductance rates was investigated in Ginkgoaceae leaves. SD and SI 

values in Ginkgo biloba exposed to elevated carbon dioxide and oxygen were measured 

and compared with photosynthetic and conductance rate data for the same leaves.  SD 

and SI of the experimental leaves were also compared with SD and SI values for fossil 

Ginkgoaceae, including values from previously unexamined specimens and those 

reported in the literature. Elevated levels of carbon dioxide and oxygen did not affect SD 

or SI of G. biloba leaves, which was an unexpected result.  Instantaneous net 

photosynthetic rate did not correlate with either SD or SI (R2 values were 0.12 and 0.16, 

respectively), but instantaneous net conductance rate had an inverse correlation with both 

SD and SI (R2 values were 0.43 and 0.44), suggesting that SD and SI cannot be used as 

proxies for photosynthetic rate, but are appropriate for the assessment of conductance 

rate.  It was unclear how best to compare experimental and fossil SD and SI values. 

While SD and SI values correlated with conductance rate, SD and SI are not reliable 

proxies for gas exchange physiology of mid-Mesozoic Ginkgo.  
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Introduction 

Several lines of evidence suggest that atmospheric carbon dioxide and oxygen 

were extremely elevated during the Late Jurassic and Early Cretaceous (mid-Mesozoic) 

(Berner 2004). Mathematical modeling of the long-term carbon cycle (Berner 1998), 

stable carbon isotopes from paleosols and boron stable isotopic evidence from carbonates 

(Berner 2004), and stomatal index and stomatal ratio measurements (e.g. McElwain and 

Chaloner 1995, Retallack 2001, Royer et al. 2001b) suggest that mid-Mesozoic carbon 

dioxide levels were as high as 540% of modern day levels (2000 ppm vs. 370 ppm).  

Additionally, rock-abundance models (Berner 2001), isotope mass balance models 

(Berner et al. 2000), stable carbon isotope values from plants (Beerling et al. 2002a), and 

qualitative evidence from insect size and the frequency of fire in the stratigraphic record 

(McElwain and Chaloner 1995, Robinson 1989) suggest that oxygen levels may have 

reached 30% of the atmosphere during the mid-Mesozoic, i.e. 148% of the present-day 

level of 20.9%.  The higher carbon dioxide and oxygen levels of the mid-Mesozoic may 

have affected the terrestrial ecosystems of that time through changes in primary 

productivity and the primary metabolite composition of the leaves. 

Experimental studies have examined the photosynthetic rate and leaf quality 

responses of Ginkgo biloba seedlings to these enriched atmospheric compositions 

(Chapters 2 and 3).  In response to carbon dioxide and oxygen elevated to the 

hypothesized mid-Mesozoic atmospheric compositions, G. biloba seedlings had 

photosynthetic rates 200-300% greater than control levels of both gasses (Chapter 2, 

Table 2).  This extremely high photosynthetic rate also produced a high concentration of 



108 

foliar starch (Chapter 3, Table 2), which is expected to increase the digestibility of the 

leaves and diluted the concentration of proteins and nitrogen-based compounds (Chapter 

3, Table 1). If mid-Mesozoic Ginkgo also had high photosynthetic rates and starch 

concentrations, the nutritive content of the foliage would have been reduced, particularly 

for arthropods (Chapter 4). The responses of G. biloba to experimental conditions suggest 

that elevated levels of carbon dioxide and oxygen potentially greatly affected mid-

Mesozoic Ginkgo gas exchange rates, productivity, and foliage quality, assuming that the 

physiology of fossil Ginkgoaceae is similar to G. biloba. 

The purpose of the current paper is to explore the use of stomatal density (SD = # 

stomata / mm2 on the leaf epidermis) and stomatal index (SI = SD / ((# of epidermal 

cells/ mm2) + SD)) measurements as morphological proxies for photosynthetic rate and 

conductance rate in fossil leaves. Do G. biloba SD and SI values reflect strongly elevated 

levels of carbon dioxide and oxygen? Can SD and SI values be used to estimate 

photosynthetic or conductance rate in a G. biloba leaf? If so, can photosynthetic or 

conductance rates be estimated in shed fossil Ginkgo leaves? 

Both SD and SI are inversely proportional to atmospheric carbon dioxide 

concentration in a wide range of tree and herb species (e.g. Woodward 1987), at least at 

levels below 370 ppm (Beerling and Royer 2002b, Royer 2001), so changes in SD and SI 

are expected in response to elevated carbon dioxide. SD and SI also affect 

photosynthesis, conductance, and water status (Farquhar and Sharkey 1982, Jarvis et al. 

1999, Pons and Welschen 2003, Wilson et al. 2000). As characteristics of the cuticle, SD 

and SI can be measured in well-preserved compression fossils (Kerp 2002, McElwain 
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and Chaloner 1996). SD and SI have the potential to be proxies for photosynthetic rate in 

fossil Ginkgo leaves. 

However, Ginkgo SD and SI are influenced by many variables. Factors that affect 

leaf shape and size, such as water status and light level, can affect the spacing between 

stomata (Lake et al. 2001, Poole et al. 1996, Royer 2001).  Hence, SD, which is an area-

based parameter, is affected more by changes in leaf area than is SI (Beerling and Royer 

2002b). Variation in SD and SI within a single leaf (Poole et al. 2000, Poole et al. 1996), 

among leaves on the same plant (Chen et al. 2001), and among plants (McElwain 1998, 

McElwain and Chaloner 1996) is considerable.  Variations in SD and SI may be due to 

growth environment (Sun et al. 2003), genetic differences (Beerling and Royer 2002b, 

Royer 2001), or to a combination (Morison 1998). Additionally, in trees that have two 

shoot morphologies, such as G. biloba, leaves on long shoots (the bilobed leaf form from 

new growing shoots and seedlings) generally have different SD and SI values than leaves 

on short shoots (fan-shaped leaves from second-year shoots) (Chen et al. 2001).  All of 

these factors can make interpretation of SD and SI data in extant and fossil leaves 

problematic (McElwain and Chaloner 1996, Poole et al. 1996, Royer 2001).  

Despite these complicating factors, stomatal frequency has been used to estimate 

water-use-efficiency and photosynthetic rate in both extant and fossil plants (Beerling 

1994, 1996, Jarvis et al. 1999, Morison 1998, Poole et al. 2000), and SI values from 

compression fossils have been used to calculate past atmospheric carbon dioxide 

concentrations (Beerling et al. 2002b, Beerling and Royer 2002b, Chen et al. 2001, 

Kouwenberg et al. 2005, Malone et al. 1993, Retallack 2001, Royer et al. 2001c, 
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Woodward and Bazzaz 1988).  Most of these analyses have been performed using 

techniques that minimize the errors present in SD and SI measurement.  These include 

sampling a wide range of fossil specimens to obtain general trends irrespective of genetic 

and individual variation (McElwain and Chaloner 1995), sampling extensively over the 

leaf surface to control for within-leaf variation (Poole et al. 2000), and the use of a 

stomatal ratio (SR), which controls for genetic differences between fossil and extant 

leaves by comparing fossil leaf SI values with SI values from extant relatives of the fossil 

specimens (Chen et al. 2001, McElwain 1998). 

In the current study, SD and SI values were determined from G. biloba leaves 

during experimentation (Chapter 2), and the differences among treatments were assessed. 

These data were compared with photosynthetic and conductance rate data for the same 

leaves in order to investigate the relationship between gas exchange and stomatal 

characteristics of G. biloba leaves. SD and SI values of these samples were also 

compared with previously reported mid-Mesozoic fossil Ginkgo SD and SI values and 

additional SD and SI values from previously unexamined Ginkgo fossils.  These 

comparisons assessed the feasibility of using SD and SI as proxies for photosynthetic and 

conductance rate data in fossil Ginkgo specimens.  

 

Methods 

Plant Material 

Extant Plants.- Ginkgo biloba seedlings were obtained as described in Chapter 2 

(experimental dataset).  
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Fossil Specimens.- SD and SI values reported in the literature (Table 1) and 

collected from three previously unexamined G. adiantoides fossils of Late Cretaceous age 

(Tables 2 and 4) were compared with the experimental data. The previously unexamined 

fossils were obtained from the Royal Tyrrell Museum of Paleontology (RTMP).  

Specimen numbers, ages, and source geologic formations are reported in Table 2.  

Specimens chosen for measurement were well-preserved with an obvious imprint and 

cuticle. 

 

Experimentation 

Experimental Set Up.- Experiments were performed as described in Chapter 2 

(35-Day Experiment).  In these experiments, leaf age and position, water status, light 

level, and nutrient status were held constant among trees and treatments. There were non-

quantified genetic and gender differences, as seedlings were grown from seed instead of 

grafted (Flynn 2006).  Gender in Ginkgo cannot be determined with certainty until the 

tree reaches sexual maturity at around 30 years of age (Hara 1997); all seedlings were 1-2 

years old at time of experimentation. 

 Gas Exchange Parameters.- Photosynthetic rate and conductance rate data were 

collected from G. biloba seedlings in response to acclimation (treatment) conditions. Data 

collection was performed as described in Chapter 2.   
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Leaf Preparation 

Experimental Leaves.- One leaf per experimental tree (=6 leaves per 

treatment/block combination) was prepared for SD and SI measurement after the 

conclusion of experimental acclimation. This leaf was the same leaf as had been used for 

photosynthetic rate measurement (Chapter 2). Rationale for leaf choice is explained in 

Chapter 2. Impressions of the abaxial surface of leaves were made using clear nail polish. 

The nail polish peels were placed on slides for microscopic observation. The right half of 

the abaxial leaf surface was peeled preferentially. Peels stretched from the base of the 

leaf blade (just above the petiole) to the margin and ranged from 0.5-2.0 cm in width. 

Fossil Leaves.- Fossil cuticle was removed with a dissecting needle. The opaque 

cuticle was bleached using 20% chromium trioxide (Alvin and Boulter 1974). The cuticle 

pieces were submerged in chromium trioxide solution, which was exchanged as it was 

used up (black color) for up to 96 hours.  Once the bleaching was complete, the now 

translucent cuticle was thoroughly rinsed with water to remove any remaining chromium 

trioxide. 

For microscope slide mounting, bleached cuticle was transferred through dilution 

and repeated pipetting from water to alcohol to Hemo-D solvent. Cuticle pieces were then 

removed from solution with a dissecting needle, placed in a drop of Canada Balsam 

(Fisher Scientific International Inc., Hampton, NH) on a microscope slide, and covered 

with a cover slip.  Slides were placed on a warming block for six weeks to cure the 

Canada Balsam. One to four slides were made per specimen, depending on the volume of 

cuticle recovery. 
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SD and SI Measurement 

Digital photographs of experimental and fossil cuticle were taken with an 

Olympus DP 70 digital camera through an optical microscope using a 20x objective lens. 

Field of view for each photograph was 0.29 mm2.  SD and SI were measured by marking 

and counting individual epidermal cells and stomata using ImageJ image analysis 

software, version 1.32j (available for download at http://rsb.info.nih.gov/ij/; developed by 

the National Institute of Health, Bethesda, MD).   

SD and SI values were calculated using the following equations: 

SD = # stomata / area in mm2 

SI = SD / ED + SD 

where ED = # epidermal cells / area in mm2 

 SI values were used to calculate predicted carbon dioxide concentrations using a 

Ginkgo-specific inverse regression equation used by Royer et al (2001c): 

CO2 = [1 – (0.1564 * SI)] / [0.00374 – (0.0005485 * SI)] 

The regression curve described by this equation is hyperbolic with an asymptote that 

approaches SI = 7%. 

SD and SI of experimental leaves were measured using an even sampling 

procedure in which six fields per slide (two fields at the base of the leaf, two in the 

middle, and two near the margin) were counted.  Unfortunately fossil cuticle pieces were 

not separated by leaf location prior to bleaching and slide mounting. Therefore, the 

several pieces of cuticle on a single fossil slide were grouped by slide to ensure a 
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relatively even sampling distribution per fossil leaf since all leaves but one produced 

more than one slide.  This sampling strategy is analogous to the one used for the 

experimental leaves.  Three counts were made from each slide, resulting in a total of 12 

counts per fossil.  

 

Statistical Analysis 

Experimental SD and SI data were analyzed for among treatment differences 

using using SAS Statistical Software  (Cary, NC).  Models were fit using proc GLM 

(ANOVA).  Among treatment differences were assessed using Fisher’s Least Significant 

Difference t-tests (means statement), and significance was determined at p ≤ 0.05. Gas 

exchange data and SD and SI data were analyzed for correlation using proc GLM to 

calculate R2 values.  

Qualitative comparisons were made between the fossil and experimental datasets. 

Ginkgo  SD and SI values from the literature and previously unexamined fossils were 

plotted by geologic age, which allowed comparison of SD and SI values based on 

atmospheric composition change over geologic time (see Fig. 2 a and b for further 

explanation). G. biloba SD and SI values were plotted according to the acclimation level 

of carbon dioxide under which the leaves developed. SD and SI values from leaves that 

developed under 2000 ppm were therefore plotted between 100 and 175 mya, during the 

Late Jurassic to Early Cretaceous, when atmospheric carbon dioxide levels most likely 

reached 2000 ppm.  Control SD and SI values, that were produced under 370 ppm carbon 
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dioxide, were plotted at 0 mya, because present-day conditions include 370 ppm 

atmospheric carbon dioxide. 

 

Results 

Experimental Leaves.- Experimental SD and SI data were highly variable, both 

within and among treatments, and were not significantly different among treatments 

(Table 3).  Independent measurements of both parameters were highly variable within a 

single leaf and among different leaves within the same treatment / block combination. 

After averaging (all 6 measurements per leaf, and then 6 leaves per treatment), the 

amount of variability in both parameters was reduced.  SD treatment means ranged from 

68.4 pores•mm-2 to 75.08 pores•mm-2, while SI treatment means ranged from 9.05% to 

9.69%. Predicted carbon dioxide values for the experimental samples all fell between 330 

ppm and 340 ppm, despite their exposure to 2000 ppm carbon dioxide in the CO2 and 

CO2&O2 treatments.    

Gas Exchange Data and Relationship with SD and SI.- Photosynthetic rate and 

conductance rate data are reported in Chapter 2 (Table 2).  The relationships between 

these data and SD and SI experimental data are shown in Fig. 1.  Neither photosynthetic 

nor conductance rates correlated strongly with either SD or SI, although conductance had 

a better correlation, with R2 values of 0.41 and 0.42 for SD and SI, respectively, as 

opposed to R2 values of 0.13 and 0.16 for photosynthetic rate.  Conductance rate had an 

inverse relationship with both SD and SI, while photosynthetic rate had an inverse 

relationship only with SD. 
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Fossil Leaves.- SD values from the n=3 Late Cretaceous fossils measured were all 

similar in value, ranging from 53.89 pores•mm-2 to 72.25 pores•mm-2 (Table 4). SI values 

ranged from 5.67 to 8.20%.   Carbon dioxide concentrations calculated from Late 

Cretaceous fossil SI values ranged from 180 ppm carbon dioxide to 468 ppm carbon 

dioxide, with an average value of 311 ppm.  

Comparison of SD and SI Between Extant and Fossil Leaves.- Literature values 

of SD and SI spanned the entirety of the Jurassic and Cretaceous (Fig. 2a-b), and 

included some SD and SI values from present-day G. biloba. However, the majority of 

literature reports of Ginkgo were from the Cretaceous/Tertiary boundary (~65mya) and 

the earliest Tertiary (55mya), while Late Cretaceous (65-75 mya) values were especially 

rare. Since the 3 fossils measured in the current study are of Late Cretaceous age, they 

partially filled in the Late Cretaceous gap in the SD and SI record.   

SD values from the literature and fossil datasets were widely ranging in value 

(Fig. 2a) and did not overlap with one another appreciably. SD values from the 

experimental leaves fell within the range of the values from the other datasets.  SI values 

in the literature extended over a longer span of time (Fig. 2b).  Fossil SI measurements 

correlated well with literature values. SI values from the experimental dataset were 

higher than literature values for the Late Jurassic and Early Cretaceous periods. 

 

 

 

 



117 

Discussion 

SD and SI Responses to Elevated Carbon Dioxide and Oxygen 

Neither elevated atmospheric carbon dioxide nor elevated atmospheric oxygen 

affected G. biloba SD and SI values.  A well-documented inverse relationship between 

stomatal frequency and carbon dioxide concentration exists (Beerling and Royer 2002b, 

Woodward and Bazzaz 1988); it was reasonable to expect a response to the carbon 

dioxide levels examined here.  Additionally, both carbon dioxide and oxygen have a 

noticeable effect on photosynthetic rate (Chapter 2) (Haupt-Herting and Fock 2002), 

which partially affects SD and SI (Igamberdiev et al. 2004, Marek et al. 1995).  

Therefore, the effect of both carbon dioxide and oxygen concentrations on photosynthetic 

rate should have been reflected in the SD and SI values. However, it seems that SD and 

SI are less responsive to acclimation gas composition than is photosynthetic rate.  There 

are several possible explanations for the lack of stomatal response to both carbon dioxide 

and oxygen.  These include: 1) the high levels of carbon dioxide used in the experiments, 

2) the timing of SD and SI initiation during Ginkgo leaf development, and 3) the 

possibility that Ginkgo SD and SI responses are genetically, rather than environmentally, 

controlled. 

Explanation 1.- while carbon dioxide is inversely related to both SD and SI, the 

relationship is non-linear.  Beerling and Royer (2002b, fig. 2b) observed that the 

relationship between carbon dioxide and SI is linear only at sub-ambient carbon dioxide 

levels (~280-370 ppm).  Above ~370 ppm, Ginkgo SI approaches an asymptote around 

7%.  Elevated carbon dioxide in the current experimental study was over twice as high as 
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the highest value in Beerling and Royer (2002a), and even the Control carbon dioxide 

concentration had short excursions above 370 ppm.  Therefore, the lack of among-

treatment differences in SD and SI in response to carbon dioxide could be explained by 

the fact that experimental atmospheric carbon dioxide levels were outside of the narrow 

range at which stomata are sensitive to them.  

SD and SI responses to elevated atmospheric oxygen have not been studied 

previously, so the lack of response to the conditions examined here cannot be described 

as unexpected. However, the high levels of carbon dioxide used in this study could have 

masked or hidden responses of SD and SI to elevated oxygen, given that plants respond 

more strongly to carbon dioxide than they do to oxygen (Chapter 2) and the experiments 

used a larger increase in carbon dioxide levels (370 to 2000 ppm, an increase of 540%) 

than in oxygen levels (210,000 to 300,000 ppm, an increase of 148%). However, the fact 

remains that elevated oxygen did not affect the values of G. biloba SD or SI.  

Explanation 2.- The lack of SD or SI response to elevated carbon dioxide and 

oxygen may have also been the result of leaf developmental physiology.  In the model 

plant Arabidopsis thaliana, stomatal characteristics in developing leaves are determined 

by the conditions experienced by mature leaves (Lake et al. 2001, Lake et al. 2002).  

Developmental signals sent from the mature to the developing leaves largely determine 

the stomatal patterning on the epidermis of the new leaves (Brownlee 2001). In the 

current study, plants were exposed to experimental conditions during dormancy prior to 

budbreak when no mature leaves existed to send signals to the developing leaves. If the 

mechanism for epidermal cell patterning in G. biloba is similar to that in Arabidopsis, G. 
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biloba SD and SI values may have been determined during budset prior to 

experimentation.  If this was the case, SD and SI for all treatments were actually 

determined by present-day ambient atmospheric compositions, rather than by 

experimental atmospheric conditions. Beerling et al (1998) exposed G. biloba seedlings 

to 560 ppm carbon dioxide continuously for three years and observed a significant 

decrease in both SD and SI, which may suggest that stomatal spacing is determined in 

Ginkgo during budset, rather than during budbreak.  Further experimentation is required 

to resolve this issue.  Specifically, experiments that compare G. biloba SD and SI 

responses between leaves that are produced after seedling exposure to elevated carbon 

dioxide during budset and leaves exposed to ambient carbon dioxide during budset, 

would resolve this question. 

Explanation 3.- It has been hypothesized that leaf SD and SI values are 

genetically, rather than environmentally, determined (Royer 2001).  This hypothesis 

arose out of the observation that in experimental growth chamber studies, SD and SI 

values from extant plants have been as likely to increase (Poole et al. 2000) or not change 

in response to elevated carbon dioxide (Kouwenberg et al. 2003, Körner 1988, Malone et 

al. 1993) as they are to have the expected decrease (Beerling et al. 1998, Woodward and 

Bazzaz 1988).  However, in studies that examined fossils or herbarium specimens, SD 

and SI had a consistently inverse relationship with carbon dioxide concentration 

(Beerling and Kelly 1997, Beerling et al. 2002b, McElwain and Chaloner 1995, Retallack 

2001, Royer 2001, Woodward 1987).  Therefore, it may be that the SD and SI values of 
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G. biloba did not respond to 2000 ppm carbon dioxide because the acclimation period 

was not long enough to affect these changes. 

 

Relationship Between Gas Exchange and Stomatal Frequency 

G. biloba SD and SI values correlated with instantaneous conductance rate data 

measured after acclimation to one of three atmospheric treatments (Chapter 2).  

Conductance rate is determined by stomatal frequency and the width of the stomatal 

aperture (Farquhar and Sharkey 1982, Forseth et al. 1984, Nobel 1980), and responds 

dynamically to environmental and physiological stimuli. Therefore, conductance is 

partially determined by SD and SI (Drake et al. 1997). This relationship suggests that SD 

and SI can be used to estimate the water loss potential of a shed extant or fossil leaf (see 

Beerling et al. 2001, Kenrick 2001, Osborne et al. 2004). 

G. biloba SD and SI values and instantaneous net photosynthetic rate responses to 

one of three atmospheric treatments (Chapter 2) did not correlate, however.  This lack of 

relationship can be explained by the fact that photosynthetic rate can operate somewhat 

independently of stomatal frequency and aperture width in plants irrespective of 

photosynthetic pathway and taxonomy (Gibson 1998, Odening et al. 1974, Saralabai et al. 

1997, Wilson et al. 2000).  SD and SI affect photosynthetic rate over the long term since 

carbon dioxide must diffuse through the stomata, and low leaf SD or SI can limit 

photosynthesis by limiting carbon dioxide diffusion into the leaf (Beerling and 

Woodward 1997, Norby et al. 1999). On a minute-by-minute basis, photosynthetic rate is 

further limited by stomatal aperture width (i.e. instantaneous conductance rate), which 
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can respond to environmental and physiological parameters dynamically (Odening et al. 

1974, Saralabai et al. 1997). However, while photosynthetic rate may be limited by 

conductance through SD, SI, and stomatal aperture width, it is to some extent 

independent of these parameters (Drake et al. 1997).  For example, even a reduced 

stomatal frequency and narrow stomatal aperture may not reduce photosynthetic rate if 

atmospheric carbon dioxide concentration is elevated, because of the presence of carbon 

dioxide within the leaf pore spaces (Ogle and Reynolds 2002, Zhang and Marshall 1995). 

Therefore, the lack of relationship between stomatal frequency and photosynthetic rate, 

especially in G. biloba leaves exposed to 370 ppm to 2000 ppm carbon dioxide 

concentrations, is not surprising, since photosynthesis can operate largely independently 

of SD and SI (Drake et al. 1997, Saralabai et al. 1997).  The lack of relationship between 

photosynthesis and SD and SI demonstrates that SD and SI are not appropriate as proxies 

for photosynthetic rate in either shed or fossil leaves.  

Comparison of SD and SI Among Extant and Fossil Leaves.- SD and SI values 

from G. biloba exposed to 370 ppm carbon dioxide correlated well with literature values 

from present-day G. biloba leaves. However,  SD and SI values from leaves that had been 

exposed to 2000 ppm carbon dioxide were different from mid-Mesozoic Ginkgo 

literature values.  This was most likely due the fact that G. biloba SD and SI values did 

not respond to elevated carbon dioxide during experimentation, while the SD and SI 

values of ancient Ginkgoaceae responded to changes in carbon dioxide over millions of 

years of atmospheric change (Beerling 2002, McElwain et al. 1999, Retallack 2001, 

Royer et al. 2001c, Rundgren and Beerling 1999).  The stomatal frequency response in 
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plants to elevated carbon dioxide is most likely at least in part a genetic response (Royer 

2001). SD and SI responses to gaseous composition change have been observed in G. 

biloba after exposure over multiple growing seasons (Beerling et al. 1998).  Therefore, in 

order to gather data that would allow SD and SI to be used as proxies for photosynthetic 

rate comparison between extant G. biloba and fossil Ginkgo leaves, longer experiments 

are needed. Atmospheric acclimation periods would need to last for multiple years, or at 

least longer than the 35-day acclimation period employed in the current experiment.   

  

Conclusions 

 The stomatal frequency (SD and SI) responses of G. biloba leaves produced under 

exposure to 2000 ppm carbon dioxide and 30% oxygen were examined. Despite the well-

known inverse relationship between carbon dioxide and stomatal frequency, neither SD 

nor SI responded to either elevated carbon dioxide or oxygen. These SD and SI values 

were compared with photosynthetic and conductance rate data measured on the same 

leaves during experimental treatment in order to assess relationships between gas 

exchange and stomatal frequency parameters.  A correlation between G. biloba 

conductance rate and SD or SI values was observed, but no relationship was observed 

between photosynthetic rate and SD or SI. SD and SI values of experimental G. biloba 

and Ginkgoaceae leaves were also compared in order to assess the possibility of applying 

experimental G. biloba gas exchange results to the fossil record.  The lack of observed 

SD and SI response to elevated carbon dioxide and oxygen, the presence of only a weak 

correlation between photosynthetic and conductance rates and SD and SI values, and the 



123 

lack of strong similarity between SD and SI values from fossil and extant specimens 

demonstrate that for now SD and SI are inappropriate proxies for Ginkgo photosynthetic 

rate in fossil Ginkgoaceae.  In the future, experiments of longer duration may find that 

SD and SI can be used in this manner.  
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Figure 1: Scatter plots comparing photosynthetic rate and conductance rate with stomatal 

density and stomatal index.  All data were taken from G. biloba seedlings exposed to one 

of three atmospheric treatments for 35 days (Chapter 2).  In all cases, gas exchange and 

stomatal data plotted as a single point were collected from the same leaves.  
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Figure 2:  Scatter plots comparing SD (a) and SI (b) values from the literature (filled in 

diamonds) with experimental (hollow squares), and previously unexamined fossil  (half-

tone diamonds) data. Literature and fossil SD and SI values are plotted by geologic age. 

SD and SI values produced during experimentation are plotted according to the 

atmospheric composition under which the leaves were produced. Error bars for 

experimental SD and SI reflect the range of possible dates for the experimental 

atmospheric compositions. Hence, SD and SI values that were produced during exposure 

to 2000 ppm carbon dioxide are plotted as if they had formed during the Late Jurassic to 

Early Cretaceous. SD and SI values that were observed after exposure to only 370 ppm 

carbon dioxide are plotted at 0 mya, because current atmospheric composition includes 

370 ppm carbon dioxide. Error bars on fossil SD and SI values reflect uncertainty in 

dates.  For carbon dioxide and oxygen concentration curves throughout the mid-

Mesozoic, see Chapter 1, Fig. 1 or Berner (2004, 2003) and Royer et al. (2001a). 
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Table 1: Means of SD and SI values of Ginkgo specimens reported in the literature. 

Unless otherwise noted, the number of samples examined was not reported. 

Citation Age 
 

Species Examined SD  SI 

Chen et al. 2001 Modern 
 

G. biloba 97.7 9.3 

McElwain and 
Chaloner 1996 

Modern G. biloba 84.8 
 

-1 

Retallack 2001 Modern 
 

G. biloba - 8.72 

Beerling and Royer 
2002b 

Tertiary 
(~55mya) 

Ginkgo sp. - 9.9 

Royer et al. 2001b Tertiary 
(~55mya) 

Ginkgo sp. - 7.763 

Royer et al. 2001b Tertiary 
(~55mya) 

Ginkgo sp. - 10.414 

Royer et al. 2001b Tertiary 
(~55mya) 

Ginkgo sp. - 6.54 

Beerling et al. 2002 Late 
Cretaceous 

G. adiantoides - 7.75 

Beerling et al. 2002 Late 
Cretaceous 

G. adiantoides - 9.566 

Beerling et al. 2002 Late 
Cretaceous 

G. spitsbergensis - 9.4 

Retallack 2001 Late 
Cretaceous 

G. pilifera - 4.87 

Retallack 2001 Late 
Cretaceous 

G. adiantoides - 8.1 

Retallack 2001 Late 
Cretaceous 

G. tzagajanica - 6.9 

Chen et al. 2001 Early 
Cretaceous 

G. coriacea 20.3 3.4 

Retallack 2001 Early 
Cretaceous 

G. manchurica - 5.0 

Retallack 2001 Early 
Cretaceous 

G. pluripartita - 7.0 

Retallack 2001 Early 
Cretaceous 

Ginkgoites 
dissectus 

- 6.3 

Retallack 2001 Early 
Cretaceous 

G. coriacea - 6.28 
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Table 1 continued… 
Citation Age 

 
Species Examined SD  SI 

Retallack 2001 Early 
Cretaceous 

G. polaris - 6.7 

Retallack 2001 Early 
Cretaceous 

Ginkgoites tigrensis - 6.0 

Retallack 2001 Early 
Cretaceous 

Ginkgoites ticoensis - 6.0 

Retallack 2001 Early 
Cretaceous 

Ginkgoites australis - 4.4 

Retallack 2001 Early 
Cretaceous 

G. paradiantoides - 7.0 

Retallack 2001 Early 
Cretaceous 

G. delicata - 8.2 

Retallack 2001 Late Jurassic 
 

G. huttoni - 6.7 

Retallack 2001 Late Jurassic 
 

G. manchurica - 7.78 

Chen et al. 2001 Middle Jurassic 
 

G. huttoni 44.8 5.5 

Beerling and Jolley 
1998 

Middle Jurassic G. huttoni - 5.6 

Beerling and Royer 
2002a 

Middle Jurassic G. dahlii - 4.5 

McElwain and 
Chaloner 1996 

 

 
Middle Jurassic 

 
G. huttoni 

 
58 
 

 
- 

Retallack 2001 Middle Jurassic 
 

G. huttoni - 5.38 

Retallack 2001 Middle Jurassic 
 

G. sibirica - 4.5 

Retallack 2001 Middle Jurassic 
 

G. suluktensis - 7.1 

Retallack 2001 Early Jurassic 
 

G. taeniata - 7.2 

McElwain et al. 
1999 

Early Jurassic G. obovatus 78.2 6.8 

Retallack 2001 Middle Jurassic G. asiatica 
 

- 6.2 

Chen et al. 2001 Early/Middle 
Jurassic 

G. yimaensis 10.1 2.6 
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Table 1 continued… 
Citation Age 

 
Species Examined SD  SI 

Chen et al. 2001 Early Jurassic 
 

G. obrutschewii 59.3 6.7 

Beerling and Jolley 
1998 

Early Jurassic Ginkgoites 
marginata 

- 5.7 

 
1. (-) Indicates no data 

2. Mean of four samples 

3. Mean of two samples from Alberta, Canada 

4. Mean of 18 samples from the Bighorn Basin 

5. Mean of four samples from the Hell Creek Fm 

6. Mean of three total samples from the Fort Union and Dawson Fm.s 

7. Mean of three samples 

8. Mean of two samples 
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Table 2: Specimen numbers, ages, geologic formations, and stomatal (SD and SI) 

counting distribution from 3 previously unexamined Ginkgo fossils. 

 
Specimen Number 

 
Age 

 
Formation 

# of slides 
prepared 

Total 
Counts 

 
RTMP 97.76.129 

 

 
L. Cretaceous 

 
Horseshoe Canyon 

 
4 
 

 
10 

RTMP  97.76.131 
1of2 

 

 
L. Cretaceous 

 
Horseshoe Canyon 

 
1 
 

 
3 

RTMP  97.76.131 
2of2 

 

 
L. Cretaceous 

 
Horseshoe Canyon 

 
2 
 

 
4 
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Table 3: Means (standard errors) of stomatal density and stomatal index values measured 

on modern Ginkgo leaves after exposure to experimental atmospheric treatments. 

 Control CO2 CO2&O2 
 

Stomatal Density 

pores•mm-2 
 

 
75.08 A1 

(7.43) 

 
68.40 A 
(20.97) 

 
71.72 A 
(7.70) 

 
 

Stomatal Index 
 
 

 
9.05 A 
(0.33) 

340 ppm CO2
2 

 
9.26 A 
(0.65) 

337 ppm CO2 

 
9.69 A 
(0.57) 

328 ppm CO2 
 

 
1. Values in the same row with the same letters are not significantly different from each 

other, based on a Fisher’s Least Significant Difference t-test at p ≤ 0.05. 

2. Predicted atmospheric carbon dioxide concentration values were calculated from mean 

SI using an inverse regression equation (Royer et al. 2001c). 
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Table 4: Sample size (n = # of leaves examined), means, (standard errors), and predicted 

carbon dioxide concentrations of SD and SI data collected from Late Cretaceous Ginkgo 

specimens. 

 Sample size (n) Mean Predicted [CO2] 
 

Stomatal Density 
pores•mm-2 

 

 
3 

 
65.49 

(10.09) 

 

 
Stomatal Index 

% 
 

 
3 
 

 
7.09 

(1.26) 
 

 
311 ppm CO2

1 

 
1. Predicted atmospheric carbon dioxide value was calculated from mean SI using an 

inverse regression equation (Royer et al. 2001c). 
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CHAPTER 6: 

 

 

Future Directions 
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Introduction 

Given the exploratory nature of this study, questions have been suggested by the 

results that cannot be resolved yet.  The major research inquiries prompted by this 

research and suggestions for experimental methods that would help to elucidate them are 

listed below. 

Gas Exchange and Primary Productivity 

The gas exchange data presented in Chapter 1 supported an increase in G. biloba 

photosynthetic rate of 200-300% in response to elevated carbon dioxide and oxygen, 

which is a previously unobserved phenomenon.  However, experiments were only 35 

days long, which precluded investigation into the relationships between photosynthetic 

rate and plant growth, fecundity, and resource partitioning over longer time spans.  An 

understanding of these relationships is vital for an appreciation of the potential range of 

physiological responses to elevated atmospheric carbon dioxide and oxygen (e.g. Allen et 

al. 1987, Centritto et al. 1999, Staudt et al. 2001). Future studies examining similar 

atmospheric conditions that involve longer acclimation periods than 35 days could be 

used to assess these longer-term physiological responses.  

 Ginkgo biloba is only one species of a diverse flora that lived during the mid-

Mesozoic. There were ferns, Equisetum (horsetails), mosses, lichens, lycopods, early 

angiosperms, conifers, tree ferns, and cycads (Ash 1999, 2005, 2003, Parker 1975, Pasch 

2000, Thorn 2001, Tidwell 1990, Tidwell et al. 1975), and many have morphologically 

similar extant relatives. In Chapter 4 of the current study, the shared C3 photosynthetic 

pathway was the basis for generalizing from G. biloba to other Mesozoic plants (Farquhar 
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et al. 1980). However, the specific photosynthetic rate and primary productivity 

responses of these different Mesozoic plants was not investigated experimentally. The 

experimentally observed responses of other extant Mesozoic plants would allow a more 

detailed description of the plant physiology and productivity responses to elevated carbon 

dioxide and oxygen during the mid-Mesozoic.  

 

Plant Quality and Secondary Productivity 

G. biloba foliage produced under elevated carbon dioxide and oxygen had a 

strongly elevated starch concentration in the leaves, which diluted the concentrations of 

protein and nitrogen (Chapter 3). This starch was predominantly due to photosynthetic 

rate stimulations prompted by elevated carbon dioxide (Chapter 2). Observations of a 

non-significant but repeated trend in these datasets in response to elevated oxygen 

(Chapter 3) suggests a larger role for oxygen in the primary metabolite composition of G. 

biloba leaves than could be demonstrated in the current study. Future research that 

expands the small datasets (n=3) of the current study would greatly help to elucidate the 

primary metabolite response of plants to elevated oxygen levels. 

Also in Chapter 2, digestibility was assessed through lignin concentration and the 

ratio between non-structural and total structural carbohydrates, but the concentrations of 

individual cell wall carbohydrates, such as cellulose and hemicellulose, were not 

measured. Only a few authors have examined the effects of elevated carbon dioxide and 

oxygen on the carbohydrate composition of the cell wall (Kilpelainen et al. 2005, 

Kilpelainen et al. 2003). However, if cell wall composition is affected by these gasses, 
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changes in composition could have had noticeable effects on plant physiology (Boyce et 

al. 2001) and tissue quality (Demment and Van Soest 1985, Smith et al. 1972) during the 

mid-Mesozoic. Studies that examine the responses of cellulose and hemicellulose to 

elevated carbon dioxide and oxygen treatments would help to resolve these issues. 

Additionally, leaves are not the only plant organs eaten by herbivores.  In fact, 

growing tips, seeds, fruits, roots, wood, and bark are all eaten, often by herbivores that 

occupy specialized niches in the food web (Geluso and Hayes 1999, Lundberg and Palo 

1993, Olofsson et al. 2004, Salawu et al. 2002).  Future studies that examine the nutritive 

value and digestibility of these other plant organs grown under elevated carbon dioxide 

and oxygen might allow researchers to characterize much of the Mesozoic flora in terms 

of nutritive quality based on its taxonomy and the type of organ to be consumed.  This 

sort of analysis, to the extent that it is possible given issues of imperfect preservation, 

would increase our understanding of mid-Mesozoic landscapes and the nutritional 

pressures faced by herbivores during that time. 

 

Proxies for Paleoecological Inference 

In Chapter 5, the stomatal density and index values of G. biloba leaves exposed to 

elevated levels of carbon dioxide and oxygen concentrations were examined, but stomatal 

density and index in G. biloba did not respond to elevated levels of either gas.  Several 

explanations for this lack of response were suggested, including that the level of carbon 

dioxide used was outside the range at which stomatal frequency responds to it (e.g. Jarvis 

et al. 1999, Royer 2001, Woodward and Bazzaz 1988), which may have shielded a 
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potential oxygen effect on stomatal density and index. In order to rectify this issue, an 

experiment on G. biloba should be performed in which carbon dioxide levels are set at a 

specific value within the sub-ambient range at which stomatal density and index are 

sensitive to carbon dioxide (≤370 ppm), while oxygen level is varied by treatment. If 

there is an oxygen effect on stomatal frequency, the results from this experiment will 

elucidate the relationship. Future experiments that examine the effects of oxygen on 

stomatal frequency would greatly add to our understanding of stomatal physiology. 

Another potential reason for the lack of G. biloba stomatal density and index 

value response to elevated carbon dioxide and oxygen proposed was the lack of certainty 

about the timing of stomatal initiation. The stomatal frequency of modern G. biloba 

leaves could have been determined prior to experimental acclimation (Lake et al. 2001), 

but this hypothesis was not tested in the current research. If the timing of the stomatal 

response in Ginkgo could be determined with some certainty, it would elucidate G. biloba 

stomatal physiology and would determine how future stomatal frequency experiments 

should be performed. A simple experiment that could resolve this question would be to 

expose a seedling to elevated carbon dioxide and oxygen atmospheres during a single 

growing season and throughout budset, and then measure the stomatal frequency of the 

leaves the following spring.  

Additionally, stomatal density and index are not the only potential 

paleoecological proxies for ancient plant physiology. Stable carbon isotope ratios (δ13C) 

and isotopic discrimination (Δ13C) are also influenced by plant physiology parameters 
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such as photosynthetic rate and conductance.  As such, these values have been used to 

estimate growth rate, water-use-efficiency (Beerling and Woodward 1995, Ellsworth et 

al. 1994, Marshall and Zhang 1994, McDowell et al. 2003, Zhang et al. 1994, Zhang and 

Marshall 1995), and gas exchange rates of plants of diverse taxonomy (Evans et al. 1986, 

Farquhar et al. 1989). Isotopic parameters have also been used as proxies for 

paleoclimate reconstruction based on fossil evidence (Beerling 1997, Bettarini et al. 

1995, Lockheart et al. 1998, Poole et al. 2000, Poole et al. 1996). Stable carbon isotope 

ratios from extant and fossil plants may be a fruitful area for future searches for 

parameters that can be used to determine photosynthetic rate and other physiological 

parameters from shed G. biloba and fossil Ginkgo affinity leaves. 

 

Broader Ecological Questions 

Experimental studies that examine the response of extant relatives of fossil plants 

to elevated levels of atmospheric carbon dioxide and oxygen could also be used to 

address more complex paleoecological questions. If the enclosed growth chamber used in 

the current study were removed and replaced with Free-Air Enrichment technology in a 

common garden set-up, questions of inter-species competition, forest structure, 

decomposition rates, and plant-soil interactions in the mid-Mesozoic and other ancient 

terrestrial ecosystems could be addressed experimentally. In experiments using Free-Air 

Enrichment technology, a common garden or existing forest ecosystem is encircled by 

upright gas-emitting pipes (Gielen and Ceulemans 2001, Hamerlynck et al. 2000, Rogers 

and Ellsworth 2002). These pipes are as tall as the plants that they essentially fence off, 
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and emit gas (commonly carbon dioxide (FACE), but could also include oxygen or 

pollutants (e.g. Liu et al. 2005)) at various levels throughout the canopy.  The power of 

this technology is that the plants are not enclosed in chambers of any kind, precluding 

complicating factors due to chambers, constricted roots due to small pots, or the 

exclusive use of seedlings.    

Free-Air Enrichment technology also allows studies to be performed on intact and 

natural ecosystems (e.g. Bryant et al. 1998, e.g. Cotrufo et al. 2005) or common gardens 

planted in natural soils instead of potting mixtures.  In these studies, the entire system is 

exposed to elevated gaseous levels at the same time. A common garden of living relatives 

of Mesozoic flora exposed to Free-Air Enrichment would facilitate statistically robust 

research into decomposition, nutrient cycling, competition among species, and many 

other dynamic, inter-related processes that could have occurred in Mesozoic ecosystems.  

Free-Air Enrichment studies in which both carbon dioxide and oxygen are elevated 

around a Mesozoic common garden would greatly enrich out understanding of past 

environments, and allow very complex and interesting questions to be examined in a 

statistically robust manner. 

 The changing atmospheric composition over Phanerozoic time (Chapter 1, Fig. 1) 

suggests that experimental studies that are focused on different time ranges, including 

narrowed in time specifically within the Mesozoic and focused on times before and after 

this Era, may yield large amounts of ecological, physiological, and evolutionary 

information.  The use of experimental techniques to study mid-Mesozoic paleoecology 

affords researchers the ability to create empirical data based on responses to 
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environmental conditions that may not currently exist in the natural world.  Gas exchange 

studies examining the responses of plants to the Permian oxygen spike (Berner et al. 

2003), for instance, would be illuminating, and might help to explain the taxonomic 

changes observed for that time period.  

 

References Cited 

Allen, L., K. Boote, J. Jones, P. Jones, R. Valle, B. Acock, H. Rogers, and R. Dahlman. 
1987. Response of vegetation to rising carbon dioxide: photosynthesis, biomass, 
and seed yield of soybean. Global Biogeochemical Cycles 1(1):1-14. 

Ash, S. 1999. An Upper Triassic upland flora from north-central New Mexico, U.S.A. 
Review of Palaeobotany and Palynology 105:183-199. 

Beerling, D. 1997. Interpreting environmental and biological signals from the stable 
carbon isotope composition of fossilized organic and inorganic carbon. Journal of 
the Geological Society, London 154:303-309. 

Beerling, D., and F. Woodward. 1995. Leaf stable carbon isotope composition records 
increased water-use efficiency of C3 plants in response to atmospheric CO2 
enrichment. Functional Ecology 9:394-401. 

Berner, R., D. Beerling, R. Dudley, J. Robinson, and R. Wildman. 2003. Phanerozoic 
Atmospheric Oxygen. Annual Review of Earth and Planetary Sciences 31:105-34. 

Bettarini, J., G. Calderoni, F. Miglietta, A. Raschi, and J. Ehleringer. 1995. Isotopic 
carbon discrimination and leaf nitrogen content of Erica arborea L. along a CO2 
concentration gradient in a CO2 spring in Italy. Tree Physiology 15:327-332. 

Boyce, C., A. Knoll, G. Cody, M. Fogel, and R. Hazen. 2001. Evolution of tracheids and 
lignification in early land plants. Eos. Transactions of the American Geophysical 
Union 82(20):Abstract B21B-03. 

Bryant, J., G. Taylor, and M. Frehner. 1998. Photosynthetic acclimation to elevated CO2 
is modified by source:sink balance in three component species of chalk grassland 
swards grown in a free air carbon dioxide enrichment (FACE) experiment. Plant, 
Cell and Environment 21(2):159-168. 

Centritto, M., H. Lee, and P. Jarvis. 1999. Increased growth in elevated [CO2]: an early, 
short-term response? Global Change Biology 5:623-633. 

Cotrufo, M., P. De Angelis, and A. Polle. 2005. Leaf litter production and decomposition 
in a poplar short-rotation coppice exposed to free air CO2 enrichment 
(POPFACE). Global Change Biology 11:971-982. 

Demment, M. W., and P. J. Van Soest. 1985. A nutritional explanation for body-size 
patterns of ruminant and nonruminant herbivores. The American Naturalist 
125(5):641-672. 



145 

Ellsworth, D., M. Tyree, B. Parker, and M. Skinner. 1994. Photosynthesis and water-use 
efficiency of sugar maple (Acer saccharum) in relation to pear thrips defoliation. 
Tree Physiology 14:619-632. 

Evans, J., T. Sharkey, J. Berry, and G. Farquhar. 1986. Carbon isotope discrimination 
measured concurrently with gas exchange to investigate CO2 diffusion in leaves 
of higher plants. Australian Journal of Plant Physiology 13:281-292. 

Farquhar, G., J. Ehleringer, and K. Hubick. 1989. Carbon isotope discrimination and 
photosynthesis. Annual Review of Plant Physiology 40:503-537. 

Farquhar, G., S. von Caemmerer, and J. Berry. 1980. A biochemical model of 
photosynthetic CO2 assimilation in leaves of C3 species. Planta 149:78-90. 

Geluso, K., and J. Hayes. 1999. Effects of dietary quality on basal metabolic rate and 
internal morphology of European Starlings (Sturnus vulgaris). Physiological and 
Biochemical Zoology 72(2):189-197. 

Gielen, B., and R. Ceulemans. 2001. The likely impact of rising atmospheric CO2 on 
natural and managed Populus: a literature review. Environmental Pollution 
115:335-358. 

Hamerlynck, E., T. Huxman, R. Nowak, S. Redar, M. Loik, D. Jordan, S. Zitzer, J. 
Coleman, J. Seemann, and S. Smith. 2000. Photosynthetic responses of Larrea 
tridentata to a step-increase in atmospheric CO2 at the Nevada Desert FACE 
Facility. Journal of Arid Environments 44:425-436. 

Jarvis, A., T. Mansfield, and W. Davies. 1999. Stomatal behavior, photosynthesis and 
transpiration under rising CO2. Plant, Cell and Environment 22:639-648. 

Kilpelainen, A., H. Peltola, A. Ryyppo, and S. Kellomaki. 2005. Scots pine responses to 
elevated temperature and carbon dioxide concentration: growth and wood 
properties. Tree Physiology 25:75-83. 

Kilpelainen, A., H. Peltola, A. Ryyppo, K. Sauvala, K. Laitinen, and S. Kellomaki. 2003. 
Wood properties of Scots pines (Pinus sylvestris) grown at elevated temperature 
and carbon dioxide concentration. Tree Physiology 23:889-897. 

Lake, J., W. Quick, D. Beerling, and F. Woodward. 2001. Signals from mature to new 
leaves. Nature 411:154. 

Liu, L., J. King, and C. Giardina. 2005. Effects of elevated concentrations of atmospheric 
CO2 and tropospheric O3 on leaf litter production and chemistry in trembling 
aspen and paper birch communities. Tree Physiology 25:1511-1522. 

Lockheart, M., I. Poole, P. Van Bergen, and R. Evershed. 1998. Leaf carbon isotope 
compositions and stomatal characters: important considerations for palaeoclimate 
reconstructions. Organic Geochemistry 29(4):1003-1008. 

Lundberg, P., and R. T. Palo. 1993. Resource use, plant defenses, and optimal digestion 
in ruminants. Oikos 68:224-228. 

Marshall, J., and J. Zhang. 1994. Carbon isotope discrimination and water-use efficiency 
in native plants of the North-Central Rockies. Ecology 75(7):1887-1895. 

McDowell, N., J. Brooks, S. Fitzgerald, and B. Bond. 2003. Carbon isotope 
discrimination and growth response of old Pinus ponderosa trees to stand density 
reductions. Plant, Cell and Environment 26:631-644. 



146 

Olofsson, J., P. Hulme, L. Oksanen, and O. Suominen. 2004. Importance of large and 
small mammalian herbivores for the plant community structure in the forest 
tundra ecotone. Oikos 106:324-334. 

Parker, L. 1975. The paleoecology of the fluvial coal-forming swamps and associated 
floodplain environments in the Blackhawk Formation (Upper Cretaceous) of 
Central Utah. Brigham Young University Geology Studies 22(3):99-116. 

Pasch, A. 2000. Plant megafossils associated with dinosaur tackways from the Middle 
Cretaceous, North Slope, Alaska. GSA - Abstracts with Programs 32(7):450. 

Poole, I., T. Lawson, D. Weyers, and J. Raven. 2000. Effect of elevated CO2 on the 
stomatal distribution and leaf physiology of Alnus glutinosa. New Phytologist 
145:511-521. 

Poole, I., J. Weyers, T. Lawson, and J. Raven. 1996. Variations in stomatal density and 
index: implications for palaeoclimatic reconstructions. Plant, Cell and 
Environment 19:705-712. 

Rogers, A., and D. Ellsworth. 2002. Photosynthetic acclimation of Pinus taeda (loblolly 
pine) to long-term growth in elevated pCO2 (FACE). Plant, Cell and Environment 
25:851-858. 

Royer, D. 2001. Stomatal density and stomatal index as indicators of paleoatmospheric 
CO2 concentration. Review of Palaeobotany and Palynology 114:1-28. 

Salawu, M., A. Adesogan, M. Fraser, R. Frychan, and R. Jones. 2002. Assessment of the 
nutritive value of whole crop peas and intercropped pea-wheat bi-crop forages 
harvested at different maturity stages for ruminants. Animal Feed Science and 
Technology 96:43-53. 

Smith, L., H. K. Goering, and C. Gordon. 1972. Relationships of forage compositions 
with rates of cell wall digestion and indigestibility of cell walls. Journal of Dairy 
Science 55(8):1140-1147. 

Staudt, M., R. Joffre, S. Rambal, and J. Kesselmeier. 2001. Effect of elevated CO2 on 
monoterpene emission of young Quercus ilex trees and its relation to structural 
and ecophysiological parameters. Tree Physiology 21:437-445. 

Thorn, V. 2001. Vegetation communities of a high palaeolatitude Middle Jurassic forest 
in New Zealand. Palaeogeography, Palaeoclimatology, Palaeoecology 168:273-
289. 

Tidwell, W. 1990. Preliminary report on the megafossil flora of the Upper Jurassic 
Morrison Formation. Hunteria 2(8):1-10. 

Tidwell, W., G. Thayn, and J. Roth. 1975. Cretaceous and Early Tertiary floras of the 
Intermountain area - A summary. Brigham Young University Geology Studies 
22(3):77-98. 

Woodward, F., and F. Bazzaz. 1988. The response of stomatal density to CO2 partial 
pressure. Journal of Experimental Botany 39(209):1771-1781. 

Zhang, J., L. Fins, and J. Marshall. 1994. Stable carbon isotope discrimination, 
photosynthetic gas exchange, and growth differences among Western Larch 
families. Tree Physiology 14:531-539. 



147 

Zhang, J., and J. Marshall. 1995. Variation in carbon isotope discrimination and 
photosynthetic gas exchange among populations of Pseudotsuga menziesii and 
Pinus ponderosa in different environments. Functional Ecology 9:402-412. 

 
 



148 

 

 

CHAPTER 7: 
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Introduction 

During the mid-Mesozoic (Late Jurassic and Early Cretaceous Periods) 

atmospheric carbon dioxide and oxygen levels may have been elevated up to 2000 ppm 

and 30%, respectively, relative to present-day ambient levels of 370 ppm and 20.9% 

(Berner 2004, Berner et al. 2003, Royer et al. 2001). These are large increases of both 

carbon dioxide and oxygen, and can be expected to have had a strong effect on terrestrial 

ecosystems during the mid-Mesozoic. In order to examine the photosynthetic rate, 

primary productivity, and leaf quality responses of Ginkgo biloba, an extant relative of a 

diverse mid-Mesozoic fossil lineage (Royer et al. 2003, Tralau 1968), to these 

atmospheric conditions, G. biloba seedlings were exposed to 2000 ppm carbon dioxide 

and 30% oxygen in a randomized complete block experiment within a hyperbaric 

chamber (Chapter 2). Instantaneous gas exchange parameters, such as photosynthetic and 

conductance rates, were measured during exposure (Chapter 2), and foliage quality was 

assessed after exposure by measuring leaf protein, lignin, non-structural carbohydrates, 

and C:N ratio (Chapter 3).  The stomatal frequency parameters of stomatal density and 

stomatal index were also measured on the experimental G. biloba leaves (Chapter 5) in 

order to provide a framework for comparison with Ginkgo affinity fossils of mid-

Mesozoic age. 

 

Experimental Results 

Effects of 2000 ppm Carbon Dioxide.-  Elevated levels of carbon dioxide had a 

strong effect on G. biloba seedlings.  Elevated carbon dioxide resulted in photosynthetic 
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rate stimulations of 200% in response to carbon dioxide alone, and of 300% in response 

to elevated levels of both carbon dioxide and oxygen (Chapter 2). Additionally, the 

stimulated photosynthetic rate of G. biloba caused a strong accumulation of starch 

molecules within the leaf (Chapter 3).  This abundance of foliar starch decreased the C:N 

ratio of the leaf tissue, reducing its nutritive content by diluting the nitrogen-bearing 

compounds within the leaves.  Elevated levels of starch also increased the digestibility of 

the leaf tissue by increasing the proportion of non-structural, relative to structural, 

carbohydrates. Carbon dioxide did not have an effect on either stomatal density or index, 

however (Chapter 5).  

Effects of 30% Oxygen.- Elevated levels of oxygen had a more subtle effect on G. 

biloba than did elevated levels of carbon dioxide. 30% oxygen did not reduce 

photosynthetic rate (Chapter 2), as previous studies have suggested it would (e.g. Badger 

1985, Gale et al. 2001, Krause 1994).  Additionally, oxygen may have actually had a 

stimulatory effect on photosynthesis, since photosynthetic rate was stimulated 300% in 

response to elevated oxygen and carbon dioxide together, but the stimulation was only 

200% in response to carbon dioxide alone (Chapter 2). Oxygen did not have any 

significant effect on either nutritive content or digestibility (Chapter 3). Lastly, oxygen 

did not have an observable effect on either stomatal density or index (Chapter 5). 
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Relevance of Experimental Results to the  

Fossil Record of Mid-Mesozoic Terrestrial Ecosystems 

The experimental results were applied to the fossil record of the Late Jurassic and 

Early Cretaceous Periods using two separate techniques.  These were a thought 

experiment (Chapter 4), and the use of stomatal density and index values as 

morphological proxies for photosynthetic rate.   

Thought Experiment.- In the first technique (Chapter 4), a thought experiment 

was performed. Certain assumptions were adopted about the potential similarity of 

responses to elevated carbon dioxide and oxygen between G. biloba and Ginkgo fossils, 

and between G. biloba and other members of the mid-Mesozoic flora, based primarily on 

morphological similarities between extant and fossil Ginkgo species (Tralau 1968, 

Watson et al. 1999) and the shared C3 photosynthetic pathway of mid-Mesozoic plants 

(Cerling et al. 1995, Furbank and Taylor 1995, Gale et al. 2001), respectively.  Using 

these assumptions, the experimental results were tentatively and generally applied to mid-

Mesozoic plants, and the potential implications of these responses to the mid-Mesozoic 

terrestrial ecosystem were discussed in terms of food webs, plant physiology, primary 

productivity, and decomposition rates.  

Stomatal Density and Index as Proxies for Photosynthetic Rate.- In the second 

method for application of the responses of G. biloba to elevated carbon dioxide and 

oxygen to the fossil record, stomatal density and index values were assessed as proxies 

for photosynthetic rate and other plant physiological parameters in both extant and fossil 

shed leaves (Chapter 5).  Stomatal density and index values from G. biloba leaves were 
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compared with photosynthetic and conductance rate data from the same leaves (reported 

in Chapter 2). Photosynthetic rate did not correlate well with stomatal frequency, but 

conductance rate correlated with both stomatal density and index.  Stomatal density and 

index values were also qualitatively compared between extant G. biloba leaves and fossil 

Ginkgo affinity leaves in order to assess the value of stomatal characters as plant 

physiological proxies.  However, it was difficult to assess similarity of values between 

extant and fossil Ginkgo specimens since data in each group was collected in different 

ways.  Hence, while stomatal frequency values have been shown to be responsive to 

atmospheric carbon dioxide gas (Beerling and Royer 2002, Woodward 1987) and to 

photosynthetic rate (Igamberdiev et al. 2004), the results of the current study suggest that 

they are not suitable as proxies for photosynthetic rate in shed Ginkgo leaves (Chapter 5).  

 

Conclusions 

 In this dissertation, the experimentally derived physiological responses of G. 

biloba to elevated carbon dioxide and oxygen atmospheric compositions have been 

presented and discussed.  The use of experiments on extant G. biloba as a means to 

understand extinct Ginkgo affinity specimens is an under-utilized technique. By 

examining the effects of atmospheric composition, a parameter that varies only slightly 

throughout terrestrial ecosystems, in a statistically robust manner, the current study has 

set up a framework for the examination of how fossil Ginkgo trees worldwide responded 

to the elevated carbon dioxide and oxygen atmospheres of the Late Jurassic and Early 

Cretaceous Periods. Like a time machine, these experimental techniques bring us closer 
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to being able to explore the ancient world with the ease with which we explore our 

current surroundings.   
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