
 

 

 

 

 

 

 

 

ABSTRACT 

Using Sycamore Leaves to Reconstruct Ancient Light Environments 

 

Desirae E. Thorne, M.S. 

 

Mentor: Daniel J. Peppe, Ph.D. 

 

 

Light environments strongly influence the composition and structure of terrestrial 

ecosystems and climates. Further, light intensity impacts both a plant’s leaf morphologic 

traits and its chemical composition, making it possible to quantify how these variables 

change in response to light intensity. Thus, it is possible to use leaf morphology and 

chemical composition to reconstruct ancient light environments, which can provide critical 

insights into past environments.  Here, we present results focused on the development of a 

proxy for light availability using leaf size and shape (physiognomy) and chemical 

composition from modern Sycamore leaves that were grown under varying degrees of light 

availability in an outdoor light experiment. We found notable differences in leaf 

physiognomic variables, such as leaf area and perimeter, across light environments; and 

results from 13C NMR spectroscopy also indicate differences between light environments, 

with more abundant in lipids and less abundant in lignin found in low light conditions. 

Physiognomic and geochemical data were used to develop three different multivariate 

models for predicting daily light integral (DLI) that can applied to the fossil record. Using 

these models, we analyzed early Paleocene Platanites fossil leaves from the San Juan 



Basin, New Mexico to reconstructed ancient light conditions to help understand light 

availability and its impacts on the ecosystem and plant communities of early Paleocene. 
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CHAPTER ONE 

 

Introduction 

 

 

Light is a critical component to plant life, and different light characters, such as 

wavelength, intensity, direction, and duration, vary and impact plant development in 

numerous ways. In particular, plant morphology and chemical composition are affected by 

light intensity (e.g., Poorter et al., 2019). An important species-specific characteristic of 

juvenile trees is their ability to adapt their morphological and architectural traits based on 

light availability (Messier et al., 1999). Additionally, differences in isotopic composition 

and abundances of specific molecular components with light availability have been 

observed in plants (e.g., Poorter et al., 2006; Milligan et al., 2021; Wang et al., in progress). 

Furthermore, at the ecosystem level in terrestrial environments, light also influences 

structure, composition, and climate (e.g., Betts et al., 1997; Asner et al., 2003). The light-

dependency of certain plant traits has allowed paleobotanists to categorize leaves in the 

fossil record based on their light environment (e.g., Kürschner, 1997; Xiao et al., 2011, 

Milligan et al., 2021) and to reconstruct canopy structure of ancient ecosystems (Dunn et 

al., 2015; Graham et al., 2019). If we can measure and quantify the aforementioned 

developmental changes with varying light intensity in modern plants, we have the potential 

to learn about light regimes in ancient ecosystems, which has important implications for 

understanding ancient plant communities.  

 In modern closed-canopy forests, a pattern in the carbon isotopic composition 

(δ13C) of leaves has been observed, in which these values decline downward from the top 
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of the canopy to the forest floor (e.g., Vogel, 1978; Graham et al., 2014; Graham et al., 

2019). For this reason, the carbon isotopic composition of leaves has been used to 

distinguish environmental conditions (i.e., light conditions and canopy structure) from 

which those leaves are sourced (Farquhar et al., 1989; Graham et al., 2019; Cheesman et 

al., 2020). Generally speaking, leaves that are exposed to less sunlight are depleted in δ13C 

compared to leaves that are exposed to more sunlight. Not only has this phenomenon been 

observed in closed-canopy forest ecosystems, but it has also been observed in light 

experiments (Lynch et al., 2012) and within the crown of a single tree (Le Roux et al., 

2012; Xiao et al., 2013). Leaf δ13C differs because of increased isotopic discrimination at 

low light caused by a reduction in the rate of photosynthesis and an elevated ratio of internal 

to external CO2 concentration (Farquhar et al., 1989). Within a closed-canopy system, other 

factors leading to these isotopic differences include vertical gradients in light, humidity, 

atmospheric CO2 concentration, and δ13C of the atmosphere, which lead to the “canopy 

effect” (e.g., Graham et al., 2014). Graham et al. (2019) used this information to distinguish 

between open and closed canopies in the fossil record. Additionally for fossil leaves, some 

studies have observed differences in δ13C between sun and shade morphotypes (Turney et 

al., 2002; Nguyen Tu et al., 2004; Xiao et al, 2013; Milligan et al., 2021). However, these 

differences are not always statistically significant (e.g., Xiao et al., 2013).  

 Following the classes of molecular components described by Baldock et al. (2004), 

some studies have also found differences in the abundance of different components 

(protein, carbohydrates, lignin, lipids) with changes in the levels of irradiance to which 

leaves are exposed (Waring et al., 1985; Mooney et al., 1995; Niinemets et al., 1999; Evans 

and Poorter, 2001). For example, leaves of plants grown in low light conditions have been 
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found to have lower concentrations of carbohydrates and lignin (Waring et al., 1985; 

Mooney et al., 1995, Niinemets et al., 1999). On the other hand, protein abundances have 

been found to be higher with lower light conditions (Evans and Poorter, 2001). These 

different molecular components within plants are associated with unique biosynthetic 

pathways and construction costs, and there is an observed difference in the biologic costs 

associated with levels of irradiance experienced by the plants (Poorter et al., 2006). 

Additionally, Wang et al. (in progress) found that the average chain length (ACL) of leaf 

wax n-alkanols in Quercus buckleyi were strongly correlated with absorbed 

photosynthetically active radiation (APAR), which is possibly related to genetic regulation 

of biosynthetic responses to seasonal variations in temperature and light stresses.  

 At the leaf cell level, differences in cellular morphology have been observed with 

changes in light level (Watson, 1942; Hectors et al., 2010; Wagner-Cremer et al., 2010; 

Dunn et al., 2015; Carins Murphy et al., 2016; Wang et al., 2018; Cheesman et al., 2020; 

Milligan et al., 2021). Leaves from plants grown in low-light environments, for example, 

have larger epidermal cells (Watson, 1942) and their anticlinal cell walls are more 

undulated compared to leaves from plants grown in higher light environments (Watson, 

1942; Carins Murphy et al., 2016). In general, sun leaves are typically found to have 

smaller cells with less cell wall undulation, and this relationship between cell wall 

undulation and light has been called the undulation index (UI, Kürschner, 1997). Several 

studies have since found utility in using UI to differentiate between sun and shade 

morphotypes for a variety of plant taxa from the fossil record (Kürschner, 1997; Wu et al., 

2009; Xiao et al., 2011; Bush et al., 2017; Wang et al., 2018; Milligan et al., 2021). 
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However, species-specific responses in UI exist, which may lead to discrepancies in the 

inferred degree of canopy closure, and in turn, light environments (Bush et al., 2017).  

 At the leaf level, physiognomy (i.e., size and shape) has been a useful metric in 

developing several different paleoenvironmental and paleoecological proxies (see review 

in Peppe et al., 2018). However, despite there being clear qualitative differences in the 

physiognomy of modern leaves based on the light environment they experienced during 

growth (e.g., Milligan et al., 2021), there have not been many attempts to quantify and use 

these differences in leaf physiognomy to assess light environments in ancient forests.  

 Here we assess the response of leaf physiognomy, stable isotopic composition, and 

molecular component abundances to different light regimes in the modern sycamore 

species Platanus occidentalis. Our study uses modern sycamore leaves grown under 

different light regimes and builds on the work of Milligan et al. (2021), who quantified the 

responses of cuticle morphology (cell wall undulation, cell size) and carbon isotopes in P. 

occidentalis to changes in light conditions. We then used the relationships between 

physiognomic, isotopic, and molecular variables and daily light integral (DLI) to develop 

multivariate models for estimating DLI in the fossil record and apply it to an early 

Paleocene fossil leaf site from the San Juan Basin, New Mexico. 
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CHAPTER TWO 

 

Methods 

 

 

Modern Sycamore Leaves 

 Physiognomic and geochemical data were collected from Platanus occidentalis 

leaves that were grown in a field shade cloth experiment carried out in 2018 at the Lake 

Waco Wetlands in Waco, Texas (Milligan et al., 2021). The field shade cloth experiment 

consisted of six, 3.0ｘ3.0 m plots, with five saplings of P. occidentalis planted within each 

plot. Five of the plots were surrounded by a PVC structure covered by different types of 

shade cloth: 30%, 60%, 90% black neutral-density cloth and 60% and 87% green cloth. 

The final plot remained uncovered, serving as the control for the experiment. One to two 

leaves were collected from each sapling per light treatment at the end of the experiment (N 

= 9-10 per light treatment), making a total of 59 leaves analyzed in this study. 

 

 

Fossil Leaf Collection 

 Fossil Platanites leaves were collected from fossil localities within the early 

Paleocene Nacimiento Formation in the San Juan Basin, New Mexico. We specifically 

targeted previously discovered sites that contained Platanites fossil leaves abundant in 

cuticles (e.g., Flynn, 2020; Milligan, 2022). During our collection we focused on collecting 

mostly complete leaves and leaves with preservation of cuticle allowing us to make both 

physiognomic and geochemical measurements on multiple leaves from the same site. The 

site we focus on here is in the De-Na-Zin Wilderness Area (DP-1304). This sites age was 
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calculated to be 65.33 ± 0.05 Ma using sediment accumulation rates based on the local 

stratigraphic position of magnetostratigraphic boundaries (Flynn, 2020; Flynn et al., 2020). 

 

 

Leaf Physiognomic Measurements 

We measured different foliar characteristics using the digital leaf physiognomy 

(DiLP) outlined by Royer et al. (2005) and Peppe et al. (2011). Briefly, we utilized the 

following protocol. We photographed each leaf, along with a cm scale bar, against a black 

background for maximum contrast and conducted image preparation using Adobe 

Photoshop (Adobe Systems, San Jose, California, USA). First, the leaf was copied as a new 

layer. The petiole was removed from the leaf in this new layer. We then repaired any minor 

portion of the leaf margin that was damaged by reconstructing those segments using 

straight lines. The leaf was then copied again as a third layer, where the teeth were removed 

from sinus to sinus. In some cases where the leaf was fragmentary or the margin was 

damaged, additional steps were necessary, and in those cases, we followed the methods of 

Peppe et al. (2011) for processing and measuring incomplete leaves. For example, if only 

half of a leaf could be reliably reconstructed, and the leaf was symmetrical, measurements 

were doubled based on measurements for one half of the leaf. Additionally, many of the 

leaves had folds in them which could not be unfolded without breakage occurring since 

they had been pressed and dried. In those cases, the folds were repaired digitally allowing 

us to measure the complete leaf. Following image preparation, measurements were made 

using ImageJ (http://rsbweb. nih.gov/ij/).  
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Solid-State 13C Nuclear Magnetic Resonance 

 A total of 30 samples were analyzed using 13C NMR. We combined leaves from 

each tree sampled from the Milligan et al. (2021) field shade cloth experiment. P. 

occidentalis leaves were sub-sampled by cutting out three ~1 in2 pieces from each leaf, 

taking care to cover three distinct areas from the midvein to the margin of the leaf. To 

prevent contamination, samples were collected wearing vinyl gloves and the cutting blade 

was cleaned with alcohol prior to cutting each leaf. Each NMR sample consisted of 6 

subsamples from 1-2 different leaves per tree, which were placed in labeled aluminum 

weighing boats. A small amount of liquid nitrogen was poured into a clean aluminum 

mortar and allowed to dissipate, then a sample was added and crushed using an aluminum 

pestle. Samples were then transferred back into their respective aluminum weighing boats 

and placed in an oven to dry overnight at ~40℃. Once samples were dry, they were packed 

into rotors for analysis. Fossil leaves were sampled by scraping the surface gently with 

dental tools, avoiding the inclusion of matrix material. The organic material scraped off 

was then collected in a labelled glass vial.  

13C NMR analysis was conducted using a standard bore 300 MHz Bruker Avance 

III spectrometer (4 mm magic angle spinning (MAS) and frequency of 12 kHz). Spectra 

were acquired with a variable amplitude cross-polarization (CP) sequence with composite 

pulse decoupling (TPPM15) during signal acquisition. An additional dipolar dephasing 

experiment was conducted for fossil leaves. The functional groups present in the samples 

and their abundances were found by calculating the peak areas. The chemical shift regions 

used were as follows: Alkyl, 0–45 ppm; N-Alkyl + Methoxyl, 45–60 ppm; O-Alkyl, 60–

95 ppm; Di-O-Alkyl or Alkene, 95–110 ppm; Aryl (aromatic), 110–145 ppm; O-Aryl 
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(phenolic), 145–165 ppm; Amide + Carboxyl, 165–190 ppm; and Ketone, 190–215 ppm. 

The specific molecular components and their abundances were found by integrating the 

peak areas into the terrestrial molecular mixing model of Baldock et al. (2004). This model 

uses the integrated peak data acquired via 13C NMR to predict the molecular composition 

of the sample. The molecular components include carbohydrate, protein, lignin, lipid, 

carbonyl, and char (Baldock et al., 2004). For the modern leaves, we assumed there was no 

char component and applied the 5-member model which excludes char. For fossil leaves, 

we applied the 6-member mixing model, which includes char (Baldock et al., 2004).  

 

 

δ13C Stable Isotopic Analysis 

 Prepped samples used for NMR were also used to conduct δ13C stable isotopic 

analysis on modern leaves. 2 mg of each sample was weighed out and placed into tin 

capsules. Capsules were tightly sealed and placed into a holder where their name, mass, 

and slot number were noted. Isotope ratio mass spectrometry (IRMS) was conducted using 

the Delta-V Advantage mass spectrometer (Thermo Fisher Scientific, Waltham, MA, 

USA) in the Stable Isotope Laboratory at Baylor University. A total of 30 modern samples 

were analyzed for their δ13C values. Fossil leaves were sampled by scraping the surface 

gently to collect cuticle material without the inclusion of matrix material. This material 

underwent a sequential HCl/HF treatment, adopted from Gelinas et al. (2001). The cuticle 

was submerged in HCl (36.5-38%) to remove carbonate and rinsed in distilled water, it was 

then treated with HF (48%) to dissolve silicates and rinsed in distilled water again. Finally, 

it was oven dried at 60℃ prior to being place in capsules for analyses. 
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Statistical Analysis 

 Statistical analysis on all physiognomic and geochemical data was performed using 

JMP (SAS Institute, Inc., Cary, NC, USA). We conducted a one-way ANOVA on tree 

means to evaluate the significance of variation of the various physiognomic and 

geochemical variables among treatment groups and used linear regression to assess how 

different characteristics vary depending on light availability.  

 Several multiple linear regression models for reconstructing light availability were 

developed using JMP. Three different models were developed based on the different types 

of data collected: 1) a model with all data, 2) a model with only physiognomic data, and 3) 

a model with physiognomic and isotopic data. These three iterations were developed due 

to the differences in fossil leaf preservation caused by variations in taphonomic processes 

after burial. We used stepwise linear regression to find the best-fit models for each of the 

three different suites of variables. To choose the best models, we excluded variables that 

were collinear from our models. We then used a combination of r2, model standard error, 

goodness of fit (AIC and SSE), and the number of variables present to determine the final 

model.  
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CHAPTER THREE 

 

Results 

 

 

We measured various physiognomic traits, stable isotopes, and molecular 

component abundances for both modern and fossil leaves (Table A.1).  

 

 

Leaf Physiognomic Response to Light Environment 

 We found a strong relationship between leaf physiognomy and light. Several leaf 

physiognomic traits were correlated with daily light integral (Table A.5). In particular, we 

found both negative and positive relationships between DLI and several variables (Figure 

3.1), such as negative correlations with perimeter (r2 = 0.87, P = 0.0067) and leaf area (r2 

= 0.73, P = 0.03) (Figure 3.1A, B), and a positive correlation with number of teeth:internal 

perimeter (r2 = 0.22, P = 0.35) (Figure 3.1F). Further, we found that several leaf 

physiognomic traits were significantly different between light treatments (Figure 3.2). For 

example, in the trait leaf perimeter, the control and the 30% black shade cloth groups were 

significantly different than the other groups, the 90% green shade cloth group was 

significantly different than the 90% black shade cloth group, and both 90% shade groups 

were each indistinguishable from both the 60% black and the 60% green shade cloth groups 

(Figure 3.2A). Similarly, with leaf area, the control and the 30% black shade cloth groups 

were significantly different than the other groups, the 60% black shade cloth group was 

significantly different than the 60% green shade cloth group, and both 60% light treatment 

were significantly different from the 90% green or the 90% black shade cloth groups 
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(Figure 3.2B). However, for some traits, there were no significant differences between light 

treatments (Figure 3.2C, D, F).   
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Figure 3.1. Relationship between light treatment and leaf physiognomic traits. The 

standard deviation of each group mean is plotted. 
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Figure 3.2. Relationship between light treatment and leaf physiognomic traits. Boxplots 

are on the individual leaf level. For multiple comparisons, a significant difference exists 

between treatment types that are not connected by the same letter, at the 0.05 level.  
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Leaf Molecular Structure Response to Light Environment 

 Of the five molecular components of modern leaves that can be estimated by using 

peak areas from 13C NMR, only lignin and lipids can be successfully detected in fossil 

leaves. Thus, we focused our analyses on these two molecular components. We found a 

significant positive correlation between DLI and lignin content of the leaves (r2 = 0.97, P 

= 0.0003) (Figure 3.3A) and a negative correlation between DLI and lipids (r2 = 0.62, P = 

0.06) (Figure 3.3C). We found significant differences in lignin content based on light 

treatment (Figure 3.3B). Three treatment groups were significantly different from all 

others: no shade cloth, 30% black shade cloth, and 90% shade cloth (Figure 3.3B). The 

remaining three treatment groups, 60% black shade cloth, 60% green shade cloth, and 90% 

green shade cloth, were all statistically indistinguishable from one another (Figure 3.3B). 

There were no significant differences in lipid content based on light treatment (Figure 

3.3D).   
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Figure 3.3. Relationship between light treatment and leaf molecular components. For linear 

regression of daily light integral and leaf molecular components (A, C), standard deviation 

of each group mean is plotted. Boxplots (B, D) are on the individual tree level. For multiple 

comparisons, a significant difference exists between treatment types that are not connected 

by the same letter, at the 0.05 level.   
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Figure 3.4. Relationship between light treatment and leaf δ13C. (A) Linear regression of 

daily light integral and δ13C. Standard deviation of each group mean is plotted. Boxplot 

(B) is on the individual tree level. For multiple comparisons, a significant difference exists 

between treatment types that are not connected by the same letter, at the 0.05 level.  
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Leaf δ13C Response to Light Environment 

 We found a significant positive correlation between DLI and leaf δ13C (r2 = 0.72, 

P = 0.03) (Figure 3.4A). Additionally, we found significant differences in leaf δ13C based 

on light treatment for certain treatment groups (Figure 3.4B). The 60% green shade group 

was statistically indistinguishable from both the no shade cloth and the 60% black shade 

cloth groups (Figure 3.4B). The 30% black shade cloth, 90% green shade cloth, and 90% 

black shade cloth groups were all significantly different from one another and from all 

other treatment groups (Figure 3.4B).  

 

 

Predictive DLI Linear Regression 

 Using the suite of physiognomic and geochemical variables and their relationships 

with DLI, we developed three different multiple linear regression models that have the 

potential to be used to estimate DLI (Table 3.1). In our model selection criteria, we defined 

our ‘best model’ as one that had a minimal number of characters and had the lowest AIC, 

highest r2, and lowest SE. First, the best model overall (model 1; AIC = 195.9, r2 = 0.9, SE 

= 5.5 mol m−2 d−1), which considers all potential variables, included lignin, number of 

teeth:blade area, and number of teeth:internal perimeter (Table 3.1). This model is ideal for 

estimating DLI at fossil sites where leaves are preserved almost entirely, with ample cuticle 

and good margins. Second, the best model which only considers physiognomic variables 

(model 2; AIC = 219.6, r2 = 0.7, SE = 7.9 mol m−2 d−1) included leaf area, tooth 

area:internal perimeter, perimeter ratio, and number of teeth:blade area (Table 3.1). This 

model is ideal for estimating DLI at fossil sites where leaves have little to no organic 

material preserved. Last, the best model which considers all variables except those from 
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NMR (model 3; AIC = 209.7, r2 = 0.8, SE = 6.9 mol m−2 d−1) included δ13C, feret’s diameter 

ratio, and number of teeth:perimeter (Table 3.1). This model is ideal for estimating DLI at 

fossil sites where leaves have just enough organic material preserved to successfully 

measure δ13C, but not preserved cuticle for NMR analysis, and have good margins for 

physiognomic measurements.  

 

 

Reconstructed DLI from Fossil Platanites 

We used the three multiple linear regression models constructed to estimate DLI at 

site DP-1304 in the San Juan Basin, New Mexico (Table 3.1). For the purposes of 

estimating DLI, we used data averaged for all specimens at the site. The first model (model 

1; AIC = 195.9, r2 = 0.9, SE = 5.5 mol m−2 d−1) yielded an rDLI value of 111.32±5.9 mol 

m−2 d−1. The second model (model 2; AIC = 219.6, r2 = 0.7, SE = 7.9 mol m−2 d−1) yielded 

an rDLI value of 109.94±7.9 mol m−2 d−1. The last model (model 3; AIC = 209.7, r2 = 0.8, 

SE = 6.9 mol m−2 d−1) yielded an rDLI value of 41.26±6.9 mol m−2 d−1.  
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Table 3.1. Regression models for predicting daily light integral (DLI). Data is based on 59 leaves from Milligan et al. (2021) shade 

cloth experiment. Data used for constructing the models were averages at the tree level. 
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CHAPTER FOUR 

 

Discussion 

 

 

Influences on Leaf Traits: Climate, Light Quantity, Light Quality 

Building on the work of Milligan et al. (2021), we quantified the physiognomic and 

geochemical response of Platanus occidentalis leaves to changes in light intensity. 

Milligan et al. (2021) found significant negative correlations between DLI and both cell 

area and undulation index (UI) for either side of the leaves, abaxial and adaxial. For both 

abaxial and adaxial undulation index, they found significant differences based on light 

quantity (i.e., 0%, 30%, 60%, 90%). The results we present here show similar patterns to 

Milligan et al. (2021). For example, we observed significant negative correlations between 

DLI and both perimeter and leaf area (Figure 3.1A, B). Similar to what Milligan et al. 

(2021) found for both abaxial and adaxial cell area, for perimeter and leaf area we did not 

observe many significant differences based on light treatment – only the no shade cloth 

and 30% black shade cloth groups were significantly different from all other light 

treatments (Figure 3.2A, B). Importantly, this suggests agreement between the response of 

the leaf morphology to variation in light on multiple scales, both the whole leaf and the 

leaf cells. 

Amongst the various physiognomic and geochemical variables measured here, 

there appear to be two main drivers in the patterns observed: 1) climate and 2) light. 

Paleoproxies for temperature and precipitation are based upon the relationships that exist 

between leaf physiognomy and climate (e.g., Peppe et al. 2011; Peppe et al. 2018). Peppe 
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et al. (2011) developed multiple linear regression models for predicting mean annual 

temperature and mean annual precipitation, based on the relationship between leaf 

physiognomy and climate using a method called digital leaf physiognomy (DiLP). Ideally, 

the physiognomic variables used in these models would primarily be responding to climatic 

factors, and not others like differences in light. Our work suggests that the variables used 

in the DILP mean annual temperature model are not strongly influenced by light. For 

example, feret’s diameter ratio and number of teeth:internal perimeter are two of the 

variables in the DiLP mean annual temperature model (Peppe et al., 2011). In our work, 

we found a negative correlation between DLI and feret’s diameter ratio (r2 = 0.60, P = 

0.07) and a positive correlation between DLI and number of teeth:internal perimeter (r2 = 

0.22, P = 0.35) (Figure 3.1E, F). However, neither of these relationships were significant. 

Further, we did not observe any significant differences between light treatments for these 

two traits (Figure 3.2E, F). This suggests that these two physiognomic traits are at most 

only moderately influenced by light availability. However, our molecular and 

physiognomic model (model 1) includes number of teeth:internal perimeter, and our 

isotopic and physiognomic model (model 3) includes feret’s diameter ratio (Table 3.1). 

This suggests that despite the weak relationships between DLI and these traits, 

individually, they provide important predictive power to our regression models. 

Other physiognomic variables, on the other hand, appear to be influenced by both 

climate and light. Leaf size is one of the key traits that changes with climate, and it is used 

in models for precipitation (Peppe et al. 2011). Wright et al. (2017) showed that differences 

in leaf-to-air temperatures between day and night are a key factor influencing the 

geographic gradients observed in leaf size. Further, Baumgartner et al. (2020) found that 
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allometric and heteroblastic changes in leaf shape observed in their study were affected by 

changing temperature and precipitation. With our study, we show that these physiognomic 

traits are not only affected by climatic factors, but also by light availability (Figure 3.1; 

Figure 3.2). Some variables that responded to changes in DLI, for example, include 

perimeter, leaf area, tooth area, and number of teeth (Figure 3.1A, B, C, D). These variables 

exhibited a stronger relationship with DLI compared to the two aforementioned (feret’s 

diameter ratio and number of teeth:internal perimeter). It is unclear, however, the relative 

influence of climate versus light availability that underlies these relationships with leaf 

physiognomy.  

 Finally, some variables appeared to be influenced more by light availability. We 

found that as light availability decreases, P. occidentalis leaves increased in area (Figure 

3.1B). We also found that as light availability decreases, lignin content of P. occidentalis 

leaves decreased (Figure 3.3C). For both of these variables, we found significant 

differences between light treatment groups (Figure 3.2A; Figure 3.3B). This suggests that 

leaves exposed to higher levels of irradiance are both smaller in size and thicker, while 

those exposed to less irradiance would be larger and thinner, which is exactly what we saw 

when we analyzed the leaves qualitatively. We also found that as light availability 

decreases, lipid content of P. occidentalis leaves increased slightly (Figure 3.3C). 

However, this relationship was not statistically significant, and there were no significant 

differences between light treatment groups (Figure 3.3D).  

Lastly, we consider the potential influence of light quality. In Milligan et al’s (2021) 

outdoor shade cloth experiment, they tested the effect of both light quantity and light 

quality on leaf cell morphology and carbon isotopic composition. The different colored 
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shade cloths, black and green, were used to assess variability in light quality, with the green 

shade cloths mimicking low red to far red (R/FR) ratios seen in natural canopies (Smith, 

1982), which can influence plant development (e.g., Griffith and Sultan, 2005). The authors 

reported no significant differences in any of the measured leaf traits based on light quality 

(Milligan et al., 2021). However, in our work, we found a significant difference in δ13C 

between the 90% green and black shade cloth treatments (Figure 3.4B). For lignin, we 

found that the 30% and 90% shade cloth groups were each distinguishable from the 60% 

and 90% green shade cloth groups, but the 60% black shade cloth group was not (Figure 

3.3B). For the various measured physiognomic traits, we did not observe any significant 

differences based on light quality (Figure 3.2). This suggests that light quality influences 

plant biochemistry and leaf chemical structure and composition, but not morphology. Thus, 

the differences found in light quality suggests that leaf position in a tree and within the 

canopy may have an effect on geochemistry. In the future, assessments of the potential 

impact light quality had on specifically the geochemical traits of the leaves measured 

should be assessed as this may provide more insight into canopy structure.  

 

 

Developing Multivariate Models for Predicting Light Intensity using Modern Platanus 

 Using the suite of variables measured, we developed three multivariate models on 

the basis of their responses to different light environments (Table 3.1). The three iterations 

of the models each have their own utility based on how well fossil leaves are preserved at 

a given site. It is important to note that these models are species-specific, meaning they 

only have the capacity to be applied to fossil leaf sites with extinct relatives of P. 

occidentalis (e.g., Platanites). It has long been known that there are certain species-specific 
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responses to light availability (e.g., Messier et al., 1999), and work by Cheesman et al. 

(2020) and Milligan et al. (2021) demonstrates the importance of developing species-

specific models.  

 When developing any proxy for paleoenvironments, it is important to consider 

outside influences that could introduce uncertainties. In a review by Jordan (2011), the 

author asserts that any good proxy should be protected from environmental and genetic 

change. In this case, we are interested in what else, other than light intensity, has an effect 

on a leaf’s δ13C, molecular component abundances, and physiognomy. Many 

environmental factors (e.g., temperature, nutrient availability, water availability, altitude) 

and plant attributes (e.g., age, growth form, phylogeny) have an effect on the carbon 

isotopic composition of leaves (reviewed in Arens et al. [2000]). Additionally, the 

molecular makeup of leaves can be influenced by factors such as water availability (Ansari 

et al., 2019), tree species richness (Weinhold et al., 2022), and phenological stage (Mendez-

Lopez et al., 2023). Finally, different size and shape traits of leaves correlate with different 

climatic variables (e.g., temperature, water availability) on different scales (e.g., global vs. 

local) (reviewed in Peppe et al. [2011, 2018]). Our work attempts to mitigate some of these 

potential confounding factors by utilizing trees grown under similar conditions, except for 

variations in light environments (Milligan et al., 2021). 

 

 

Predicted DLI at Fossil Sites and Interpretation of Light Environment 

 Our estimate for lignin content in fossil Platanites leaves from site DP-1304 was 

43.4%, which most closely matches the lignin content value for the control plot that had 

no shade cloth covering it (Figure 3.3A). Additionally, the average δ13C at this site was -
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26.4‰. If we plot this on the regression line for δ 13C of the P. occidentalis leaves, the 

value would fall closest to that of the control plot (Figure 3.4A). Based on the measured 

values of these geochemical variables for the fossil Platanites at site DP-1304, we would 

likely infer the leaves were exposed to high levels of irradiance. Certain physiognomic 

variables, like inferred leaf area and perimeter, were very low compared to the ranges found 

for the P. occidentalis leaves from the shade cloth experiment (26.9 cm2 and 19.8 cm, 

respectively) (Figure 3.2A, B). When compared to the modern leaves, these values suggest 

a very high rDLI, and thus a very high level of irradiance, potentially even higher that of 

the control plot where no shade cloth covered the trees (Figure 3.1A, B). Milligan et al. 

(2021) found that models using cell area and undulation index (UI) would indicate an open 

environment based on the high values of rDLI output, which is similar to what our 

geochemical and physiognomic data suggest. Interestingly, their model utilizing the carbon 

isotope discrimination in plant leaves (Δleaf) indicated a closed canopy as evidenced by 

low and negative values of rDLI output (Milligan et al., 2021). Here, our isotopic data 

seems to be in general agreement with both our molecular makeup and physiognomic data, 

all suggesting the leaves at site DP-1304 experienced high levels of irradiance. 

It may also be possible, however, that a taphonomic bias toward sun leaves is 

responsible for such results. Leaves from the upper canopy have been found to be the most 

significant contributor to litter (Osada et al., 2001). Those same leaves are also the most 

likely to survive the transport to deposition phase prior to burial and fossilization (Spicer, 

1981). Due to their exposure to high levels of irradiance, these upper canopy leaves are 

also known to have higher leaf mass per area (Koch et al., 2004; Sack et al., 2006) and 

thicker cuticles (Osborn and Taylor, 1990) compared to leaves from the middle and lower 
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canopy where irradiance levels are much lower. Both of these factors may increase the 

preservation potential of such leaves. It is therefore important to keep in mind the potential 

of taphonomic biases that could be introduced in our results when applying such models to 

fossil leaf sites.  

 Our third model, which uses δ13C, feret’s diameter ratio, and number of 

teeth:perimeter, produced the most reasonable prediction of DLI for Platanites fossil leaves 

at site DP-1304: 41.3 mol m−2 d−1 (Table 3.1). This rDLI value falls within the range of 

DLI values for the United States (Faust and Logan, 2018) and globally (Poorter et al., 

2019). These values range from ~0-65 mol m−2 d−1, depending on several factors (e.g., 

season, latitude, cloudiness) (Faust and Logan, 2018; Poorter et al., 2019). Additionally, 

our value falls within the range of rDLI of 32.94 and 52.65 mol m−2 d−1 estimated by 

Milligan et al. (2021) for site DP-1304. These results demonstrate that models for light 

availability using 1) cell morphology and 2) carbon isotopic composition along with 

physiognomic traits agree. Based on the range of DLI values predicted using the three 

models developed here, our results are in agreement with those of Milligan et al. (2021), 

and suggest either 1) we sampled leaves that came mostly from the upper canopy or 2) we 

sampled leaves that mostly came from the forest edge within a riparian environment, where 

fossil Platanaceae are commonly found (Royer et al., 2003). 
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CHAPTER FIVE 

 

Conclusions 

 

  

 This study quantified the response of various leaf traits (physiognomic, isotopic, 

molecular) in P. occidentalis to changes in level of irradiance. We found some traits had a 

significant relationship with DLI: perimeter, leaf area, lignin, and δ13C. Other traits, such 

as tooth area, number of teeth, and lipids showed a weaker response to changes in DLI, but 

still appeared to respond to such changes to some degree. Other variables, such as feret’s 

diameter ratio and number of teeth:internal perimeter, seem to be influenced more by 

climatic factors than light availability. Additionally, when comparing treatment groups, 

certain traits showed more significant differences than others. Interestingly, we found that 

light quality, in addition to light quality, may be influence some leaf traits. We developed 

three multivariate linear regression models for predicting DLI based on the relationships 

we observed between DLI and the various leaf traits measured. We applied these models 

to a fossil site (DP-1304) from the San Juan Basin in New Mexico, which preserves 

Platanites leaves from the early Paleocene. Based on the output from the models, we 

interpret that either upper canopy leaves exposed to more sunlight are being preferentially 

preserved or leaves on the outer edge of the forest along a riparian environment exposed to 

more sunlight are being preferentially preserved.  

 

 



28 

 

APPENDIX  

  



29 

 

 

 

 

APPENDIX 

 

 

Supplemental Data 

 

 

 

 This appendix consists of raw physiognomic and isotopic data, as well as 

molecular data sourced from a mixing model, which were all used as input for model 

building. It also includes corrected peak area data from NMR analyses, which was the 

input into the mixing model from which the molecular data is sourced. Lastly, there is a 

correlation matrix between DLI and all variables considered for the purposes of this 

project. 
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Table A.1. Physiognomic data for each individual P. occidentalis leaf. 

 

Treatment DLI Tree Leaf 

Leaf area 

(cm^2)

Perimeter 

(cm)

Internal 

perimeter 

(cm)

# primary 

teeth

# secondary 

teeth # teeth

Tooth area 

(cm^2)

Feret 

diameter 

ratio Tooth area:perimeter

Tooth 

area:internal 

perimeter

Average tooth 

area (cm^2)

Tooth 

area:blade area # teeth:perimeter

# teeth:internal 

perimeter

Perimeter 

ratio

# teeth:blade 

area

a 111.02 66.88 53.79 38.00 8.00 46.00 4.85 0.52 0.07 0.09 0.13 0.04 0.69 0.86 1.24 0.41

b 210.75 96.81 68.39 41.00 32.00 73.00 10.69 0.61 0.11 0.16 0.26 0.05 0.75 1.07 1.42 0.35

a 186.30 92.45 64.09 48.00 19.00 67.00 9.30 0.64 0.10 0.15 0.19 0.05 0.72 1.05 1.44 0.36

b 207.74 99.48 69.75 41.00 22.00 63.00 10.57 0.60 0.11 0.15 0.26 0.05 0.63 0.90 1.43 0.30

a 334.04 109.04 83.97 37.00 18.00 55.00 14.29 0.75 0.13 0.17 0.39 0.04 0.50 0.65 1.30 0.16

b 303.69 111.21 78.87 37.00 18.00 55.00 21.11 0.75 0.19 0.27 0.57 0.07 0.49 0.70 1.41 0.18

a 226.82 82.89 64.39 32.00 20.00 52.00 9.76 0.78 0.12 0.15 0.30 0.04 0.63 0.81 1.29 0.23

b 142.34 64.54 51.84 34.00 14.00 48.00 4.84 0.63 0.07 0.09 0.14 0.03 0.74 0.93 1.24 0.34

a 453.64 122.05 144.50 34.00 48.00 82.00 24.86 0.65 0.20 0.17 0.73 0.05 0.67 0.57 0.84 0.18

b 267.70 103.62 79.61 34.00 24.00 58.00 14.55 0.74 0.14 0.18 0.43 0.05 0.56 0.73 1.30 0.22

a 462.57 124.16 107.05 38.00 18.00 56.00 13.36 0.80 0.11 0.12 0.35 0.03 0.45 0.52 1.16 0.12

b 471.13 130.15 107.91 36.00 25.00 61.00 17.58 0.79 0.14 0.16 0.49 0.04 0.47 0.57 1.21 0.13

a 542.41 141.41 118.95 38.00 40.00 78.00 20.65 0.80 0.15 0.17 0.54 0.04 0.55 0.66 1.19 0.14

b 296.23 113.38 84.64 36.00 42.00 78.00 12.49 0.78 0.11 0.15 0.35 0.04 0.69 0.92 1.34 0.26

a 373.08 110.85 85.32 39.00 78.00 117.00 15.90 0.81 0.14 0.19 0.41 0.04 1.06 1.37 1.30 0.31

b 267.97 98.34 76.63 36.00 28.00 64.00 12.84 0.78 0.13 0.17 0.36 0.05 0.65 0.84 1.28 0.24

a 391.43 123.62 92.07 44.00 75.00 119.00 17.67 0.76 0.14 0.19 0.40 0.05 0.96 1.29 1.34 0.30

b 356.32 116.84 88.28 45.00 66.00 111.00 17.43 0.77 0.15 0.20 0.39 0.05 0.95 1.26 1.32 0.31

a 506.15 156.88 101.50 44.00 135.00 179.00 35.95 0.78 0.23 0.35 0.82 0.07 1.14 1.76 1.55 0.35

b 591.34 170.68 114.40 48.00 127.00 175.00 40.70 0.80 0.24 0.36 0.85 0.07 1.03 1.53 1.49 0.30

a 872.24 161.89 136.07 36.00 27.00 63.00 47.28 0.80 0.29 0.35 1.31 0.05 0.39 0.46 1.19 0.07

b 836.31 164.49 132.28 36.00 35.00 71.00 55.24 0.79 0.34 0.42 1.53 0.07 0.43 0.54 1.24 0.08

a 853.74 155.95 126.14 44.00 86.00 130.00 35.35 0.80 0.23 0.28 0.80 0.04 0.83 1.03 1.24 0.15

b 855.11 159.32 129.46 45.00 80.00 125.00 40.60 0.84 0.25 0.31 0.90 0.05 0.78 0.97 1.23 0.15

a 1126.16 253.74 223.24 40.00 78.00 118.00 52.06 0.89 0.21 0.23 1.30 0.05 0.47 0.53 1.14 0.10

b 365.77 119.30 92.58 34.00 63.00 97.00 20.77 0.76 0.17 0.22 0.61 0.06 0.81 1.05 1.29 0.27

a 1095.72 234.76 152.90 41.00 70.00 111.00 127.92 0.79 0.54 0.84 3.12 0.12 0.47 0.73 1.54 0.10

b 1054.07 235.31 157.41 46.00 93.00 139.00 107.91 0.78 0.46 0.69 2.35 0.10 0.59 0.88 1.49 0.13

a 963.08 152.71 129.13 38.00 65.00 103.00 150.66 0.86 0.99 1.17 3.96 0.16 0.67 0.80 1.18 0.11

b 752.04 141.54 122.07 40.00 63.00 103.00 34.94 0.79 0.25 0.29 0.87 0.05 0.73 0.84 1.16 0.14

a 795.95 240.25 192.16 40.00 110.00 150.00 66.18 0.87 0.28 0.34 1.65 0.08 0.62 0.78 1.25 0.19

b 730.26 171.04 128.14 50.00 98.00 148.00 48.32 0.78 0.28 0.38 0.97 0.07 0.87 1.16 1.33 0.20

a 780.78 225.65 190.16 44.00 96.00 140.00 52.33 0.91 0.23 0.28 1.19 0.07 0.62 0.74 1.19 0.18

b 609.64 151.58 110.18 45.00 100.00 145.00 57.12 0.78 0.38 0.52 1.27 0.09 0.96 1.32 1.38 0.24

a 861.47 232.75 201.07 40.00 96.00 136.00 77.31 0.85 0.33 0.38 1.93 0.09 0.58 0.68 1.16 0.16

b 804.00 179.57 131.60 46.00 72.00 118.00 57.98 0.78 0.32 0.44 1.26 0.07 0.66 0.90 1.36 0.15

a 407.19 118.97 92.70 33.00 11.00 44.00 23.92 0.75 0.20 0.26 0.72 0.06 0.37 0.47 1.28 0.11

b 414.07 123.18 93.14 32.00 17.00 49.00 26.80 0.77 0.22 0.29 0.84 0.06 0.40 0.53 1.32 0.12

a 822.92 171.39 125.46 47.00 146.00 193.00 45.04 0.78 0.26 0.36 0.96 0.05 1.13 1.54 1.37 0.23

b 813.94 226.13 181.79 46.00 106.00 152.00 46.65 0.96 0.21 0.26 1.01 0.06 0.67 0.84 1.24 0.19

a 793.36 166.15 193.79 46.00 46.00 92.00 27.69 0.77 0.17 0.14 0.60 0.03 0.55 0.47 0.86 0.12

b 888.55 169.89 139.51 45.00 42.00 87.00 19.45 0.81 0.11 0.14 0.43 0.02 0.51 0.62 1.22 0.10

a 669.07 183.52 133.73 47.00 52.00 99.00 27.39 0.78 0.15 0.20 0.58 0.04 0.54 0.74 1.37 0.15

b 774.12 160.62 131.20 46.00 31.00 77.00 22.76 0.84 0.14 0.17 0.49 0.03 0.48 0.59 1.22 0.10

a 711.04 177.71 131.96 46.00 58.00 104.00 42.19 0.79 0.24 0.32 0.92 0.06 0.59 0.79 1.35 0.15

b 624.07 150.25 150.25 30.00 42.00 72.00 35.59 0.75 0.24 0.24 1.19 0.06 0.48 0.48 1.00 0.12

4 a 605.17 185.75 121.63 44.00 45.00 89.00 32.41 0.77 0.17 0.27 0.74 0.05 0.48 0.73 1.53 0.15

a 721.83 166.08 122.69 33.00 33.00 66.00 42.73 0.78 0.26 0.35 1.29 0.06 0.40 0.54 1.35 0.09

b 847.33 182.19 142.34 36.00 63.00 99.00 29.37 0.78 0.16 0.21 0.82 0.03 0.54 0.70 1.28 0.12

a 983.81 169.40 135.45 31.00 55.00 86.00 64.28 0.77 0.38 0.47 2.07 0.07 0.51 0.63 1.25 0.09

b 989.66 174.32 135.87 39.00 56.00 95.00 52.63 0.79 0.30 0.39 1.35 0.05 0.54 0.70 1.28 0.10

a 679.01 175.00 115.96 43.00 49.00 92.00 39.16 0.77 0.22 0.34 0.91 0.06 0.53 0.79 1.51 0.14

b 751.91 242.14 186.68 32.00 58.00 90.00 48.87 0.90 0.20 0.26 1.53 0.06 0.37 0.48 1.30 0.12

a 365.55 154.07 94.41 27.00 15.00 42.00 35.15 0.69 0.23 0.37 1.30 0.10 0.27 0.44 1.63 0.11

b 471.98 194.07 108.76 47.00 39.00 86.00 51.83 0.71 0.27 0.48 1.10 0.11 0.44 0.79 1.78 0.18

a 1065.70 325.25 220.50 54.00 220.00 274.00 64.45 0.89 0.20 0.29 1.19 0.06 0.84 1.24 1.48 0.26

b 521.27 236.40 158.80 58.00 136.00 194.00 44.90 0.93 0.19 0.28 0.77 0.09 0.82 1.22 1.49 0.37

a 898.71 266.74 198.68 50.00 120.00 170.00 67.38 0.91 0.25 0.34 1.35 0.07 0.64 0.86 1.34 0.19

b 680.66 168.20 120.51 47.00 100.00 147.00 47.39 0.78 0.28 0.39 1.01 0.07 0.87 1.22 1.40 0.22

Control: no 

shade cloth
45.5

1

2

3

4

5

BK30: black 

shade cloth, 

30% density

31.9

1

2

3

4

5

BK60: black 

shade cloth, 

60% density

18.2

1

2

3

4

5

GR60: green 

shade cloth, 

60% density

18.2

1

2

3

4

5

GR90: green 

shade cloth, 

87% density

5.9

1

2

3

5

BK90: black 

shade cloth, 

90% density

4.6

1

2

3

4

5
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Table A.2. Isotopic data for P. occidentalis collected at the tree level.  

 

Treatment DLI Tree

𝛿

13
C (‰ VPDB)

𝛿

15
N (‰ Air N2) C wt % N wt % C:N

1 -26.89 4.80 46.98 1.62 29.00

2 -26.61 3.01 44.26 1.70 26.04

3 -27.49 3.28 46.20 1.45 31.86

4 -27.25 1.25 45.80 1.53 29.93

5 -27.93 2.12 47.54 1.57 30.28

1 -26.22 2.64 45.67 1.96 23.30

2 -27.12 2.86 42.17 1.62 26.03

3 -25.77 2.85 46.91 1.98 23.69

4 -26.35 2.06 47.99 1.72 27.90

5 -26.87 2.91 46.47 1.77 26.25

1 -28.69 4.09 45.50 2.34 19.44

2 -28.40 7.31 43.60 2.00 21.80

3 -28.25 3.86 43.57 2.20 19.80

4 -29.30 6.18 44.41 2.01 22.09

5 -27.68 3.33 44.39 2.04 21.76

1 -27.65 7.03 42.47 2.04 20.82

2 -27.42 3.83 43.60 2.03 21.48

3 -28.66 5.17 43.87 2.38 18.43

4 -27.49 3.66 44.06 2.32 18.99

5 -27.92 3.72 44.05 2.18 20.21

1 -29.18 5.46 43.80 2.33 18.80

2 -29.49 3.90 43.26 2.16 20.03

3 -30.24 3.81 41.24 2.16 19.09

4 -29.04 3.39 41.08 2.11 19.47

5 -29.42 2.57 44.81 2.23 20.09

1 -31.12 2.65 42.54 2.65 16.05

2 -30.41 4.53 44.25 2.49 17.77

3 -30.46 4.93 42.16 2.06 20.47

4 -30.25 3.30 42.21 2.70 15.63

5 -30.91 2.94 43.59 2.96 14.73

Control: no 

shade cloth
45.5

BK30: black 

shade cloth, 

30% density

31.9

BK60: black 

shade cloth, 

60% density

18.2

GR60: green 

shade cloth, 

60% density

18.2

GR90: green 

shade cloth, 

87% density

5.9

BK90: black 

shade cloth, 

90% density

4.6
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Table A.3. Results of terrestrial molecular mixing model based on corrected peak areas from NMR for P. occidentalis at the tree level.  

  

Treatment DLI Tree Carbohydrate (wt%) Protein (wt%) Lignin (wt%) Lipid (wt%) Carbonyl (wt%)

1 37.90 0.00 42.10 14.36 5.64

2 36.44 0.00 44.84 12.57 6.15

3 37.01 0.00 43.40 10.96 8.63

4 35.76 0.00 44.51 13.17 6.56

5 38.90 0.00 42.81 12.81 5.49

1 38.85 0.00 40.21 14.22 6.71

2 39.43 0.00 39.56 13.67 7.35

3 32.87 0.00 45.73 12.10 9.31

4 39.68 0.00 40.23 13.48 6.62

5 41.94 0.00 39.15 13.11 5.80

1 38.74 2.46 36.26 15.60 6.94

2 38.20 0.21 38.17 14.94 8.48

3 39.75 3.92 35.80 13.49 7.03

4 42.08 0.58 35.36 13.42 8.56

5 37.41 0.00 40.40 14.22 7.97

1 39.03 0.00 37.37 13.44 10.16

2 44.40 4.07 34.66 13.05 3.82

3 35.66 1.51 38.20 15.43 9.20

4 37.34 2.28 38.07 13.99 8.32

5 39.65 0.00 38.86 13.17 8.32

1 40.80 9.22 30.94 14.04 4.99

2 40.08 4.49 35.34 13.21 6.87

3 37.89 7.03 35.69 13.11 6.28

4 36.55 7.31 33.09 13.05 10.00

5 41.83 3.97 34.47 12.88 6.84

1 37.92 8.45 32.69 13.85 7.09

2 37.03 6.54 34.55 13.98 7.90

3 40.21 9.05 29.70 15.59 5.45

4 40.07 11.54 28.19 13.59 6.61

5 38.43 10.11 31.05 14.53 5.88

Control: no 

shade cloth
45.5

BK30: black 

shade cloth, 

30% density

31.9

BK60: black 

shade cloth, 

60% density

18.2

GR60: green 

shade cloth, 

60% density

18.2

GR90: green 

shade cloth, 

87% density

5.9

BK90: black 

shade cloth, 

90% density

4.6
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Table A.4. Corrected peak areas from raw NMR data for P. occidentalis at the tree level.  

Treatment DLI Tree 0-45; Alkyl 45-60; N-Alkyl/Methoxyl 60-95; O-Alkyl 95-110; Di-O-Alkyl 110-145; Aromatic 145-165; Phenolic 165-215; Amide/Carboxyl

1 18.76 6.04 33.10 12.58 15.66 7.80 6.06

2 17.42 6.09 32.28 12.88 16.72 8.28 6.33

3 16.08 5.20 33.00 12.96 16.49 8.72 7.55

4 17.96 5.67 31.75 12.97 16.34 8.77 6.54

5 17.41 6.01 33.79 13.01 15.71 8.17 5.89

1 18.52 6.56 33.86 12.22 14.86 7.45 6.53

2 18.02 6.37 34.36 12.14 14.47 7.82 6.81

3 17.23 6.04 30.08 12.79 16.76 9.15 7.96

4 17.94 5.76 34.53 12.31 15.06 7.92 6.49

5 17.46 5.94 36.06 12.30 14.65 7.60 6.00

1 20.40 6.98 33.71 10.80 13.95 6.73 7.43

2 19.25 6.69 33.79 11.00 14.63 7.04 7.60

3 19.04 7.17 34.42 10.93 14.23 6.36 7.84

4 17.78 6.39 36.32 11.85 13.36 6.78 7.52

5 18.69 6.38 33.23 11.49 15.48 7.43 7.30

1 17.84 6.39 34.40 11.84 14.09 7.18 8.27

2 18.39 7.01 37.17 11.60 13.36 6.39 6.07

3 20.23 7.02 32.07 10.35 14.98 6.90 8.45

4 19.10 7.15 32.95 11.12 14.60 7.01 8.07

5 17.59 6.63 34.75 11.79 14.58 7.33 7.32

1 21.00 7.74 34.57 9.78 13.35 5.23 8.34

2 18.99 7.19 34.67 10.78 14.46 5.97 7.94

3 19.84 7.82 33.18 9.60 15.11 5.96 8.50

4 19.95 7.65 32.45 9.51 14.34 5.61 10.50

5 18.47 7.02 36.11 10.28 14.01 6.35 7.76

1 20.89 7.80 33.17 8.94 14.49 5.36 9.36

2 20.52 7.59 32.88 8.99 15.15 5.59 9.29

3 22.30 7.67 34.44 8.44 12.99 5.52 8.65

4 21.44 7.94 34.28 8.62 13.25 4.56 9.92

5 21.87 7.95 33.19 8.78 14.06 4.94 9.20

Control: no 

shade cloth
45.5

BK30: black 

shade cloth, 

30% density

31.9

BK60: black 

shade cloth, 

60% density

18.2

GR60: green 

shade cloth, 

60% density

18.2

GR90: green 

shade cloth, 

87% density

5.9

BK90: black 

shade cloth, 

90% density

4.6
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Table A.5. Correlation matrix between DLI and all variables used to build predictive 

models. Bold values indicate a significant correlation exists between variables.  

 

 

 

Daily light 

integral 

(mol m
-2

 d
-1

)

Leaf area (cm²) 0.75

Perimeter (cm) 0.77

Internal 

perimeter (cm)
0.75

Number of 

primary teeth
0.28

Number of 

secondary teeth
0.35

Number of  teeth 0.35

Tooth area 

(cm²)
0.50

Feret's 

diameter ratio
0.60

Tooth 

area:perimeter
0.37

Tooth 

area:internal 

perimeter

0.39

Average tooth 

area (cm²)
0.49

Tooth 

area:blade area
0.27

Number of 

teeth:perimeter
0.30

Number of 

teeth:internal 

perimeter

0.23

Perimeter ratio 0.15

Number of 

teeth:blade 

area

0.59

Lignin (wt%) 0.89

Lipids (wt%) 0.38

𝛿

13
C (‰ VPDB) 0.81

correlation matrix
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