
 

 

 

 

 

Deconstructing the ŭ15N Paleodietary Proxy  

Implications of Culturally-Mediated Food Behavior for Trophic Position Reconstruction 

 

 

 

by Kimberly Kjaisa Foecke 

 

 

 

B.Sc. in Archaeological Sciences, The Pennsylvania State University 

M.Sc. in Geosciences, The Pennsylvania State University 

 

 

A Dissertation submitted to 

 

 

 

The Faculty of 

The Columbian College of Arts and Sciences 

of The George Washington University 

in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

 

 

 

May 15, 2022 

 

 

 

Dissertation directed by 

 

Alison S. Brooks 

Professor of Anthropology 

 

 

 

 

 

  



 ii 

The Columbian College of Arts and Sciences of The George Washington University 

certifies that Kimberly Kjaisa Foecke has passed the Final Examination for the degree 

of Doctor of Philosophy as of March 29th, 2022. This is the final and approved form of 

the dissertation. 

 

 

Deconstructing the ŭ15N Paleodietary Proxy 

Implications of Culturally-Mediated Food Behavior for Trophic Position Reconstruction 

 

Kimberly Kjaisa Foecke 

 

 

 

Dissertation Research Committee: 

 

Alison S. Brooks, Professor of Anthropology, Dissertation Director 

 

Christine A. M. France, Research Scientist, Smithsonian Institution Museum 

Conservation Institute, Committee Member 

 

W. Andrew Barr, Professor of Anthropology, Committee Member 

  



 iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Kimberly Kjaisa Foecke 

All  rights reserved 

  



 iv 

Dedication 

 

 

This dissertation is dedicated to Dr. Timothy J. Foecke, my dad, my inspiration, and 

my hero. His truly limitless support of my academic journey means more than words can 

convey. He worked hard so that I could have this life and be free to chase whatever dreams 

I had. Thank you dad, for being the absolute best. I am incredibly lucky to have you, and 

none of this would have been possible without you.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

Acknowledgments 

 

 

The author wishes to acknowledge funding sources for this dissertation, 

including the National Science Foundation Doctoral Dissertation Improvement Grant 

CCLS29563F, the Wenner-Gren Foundation Dissertation Fieldwork Grant, the 

Leakey Foundation Research Grant, the George Washington University Columbian 

College of Arts and Sciences, and the Smithsonian Museum Conservation Institute 

Federal and Trust Funds. Thank you to GWU Biology for allowing access to the 

Wilbur V. Harlan Greenhouse. Thank you to the Smithsonian MCI Stable Isotope 

Laboratory and the University of Maryland Geochemistry Laboratory for hosting 

laboratory analyses. Thank you to Wagnerôs Meats for assistance in sample 

acquisition, and many thanks to Druonna Collier and Nicole Schabot for laboratory 

assistance.  

Thank you to my advisor Alison, my committee, my mentors, and academic 

support system. Finally, thank you to family and friends ï especially my mom and 

dad, sister Karen, amazing fiancé Dan, and puppy Max. My success is as much yours 

as mine. 

 

 

 

 

 

 

 



 vi 

Abstract of Dissertation 

 

 

Deconstructing the ŭ15N Paleodietary Proxy 

Implications of Culturally-Mediated Food Behavior for Trophic Position Reconstruction 

 

 

 Dietary strategies are often key drivers of biological evolution. Understanding 

past diet is critical to understanding environment, behavior, and ecological relationships 

of both hominins and modern humans. Chemistry is useful to examine microscopic 

dietary traces inside organisms to reconstruct their origins. This project focuses on 

isotopic mass effects in processes involving nitrogen, an element commonly used in 

paleodietary reconstruction. The ratio of nitrogen isotopes in organisms (ŭ15N) is 

reflective of trophic position, but nitrogen isotope fractionation is complex and subject to 

many sources of variation. This dissertation explores how human behavior might 

influence this variation. Our overarching aim is to investigate the impact of food-related 

behaviors on the ŭ15N dietary proxy. The dissertation is broken down into four chapters. 

Chapter 1 deals with an experimental approach to assessing the impact of food processing 

and prey selection. For Chapter 2, we take a foray into plant foods and examine the impact 

of physiology and nitrogen partitioning. By Chapter 3, the COVID-19 pandemic 

necessitated a pivot to a data mining approach to this question using the modern food 

science literature. Finally, we bring it all together with Chapter 4 in a case study related to 

Neanderthal diet at the site of Saint-Césaire.  
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Foreword 

 

 

Dietary strategies are often key drivers of biological evolution. Charles Darwin 

saw this connection in finches with specialized beaks, and scientists have continued to 

see it throughout the wide organismal variation on Earth. The information obtained from 

studying diet is not limited to only what an organism eats. Diet can also provide 

information about the environment an organism lives in, behaviors it might exhibit, and 

its larger ecological framework - how it relates to other organisms in its environment. In 

studying dietary adaptations in the past, direct observation is not available. Instead, we 

rely on proxies to infer the diet of organisms. When looking at hominins, these proxies 

fall roughly into three categories ï archaeology, morphology, and chemistry. 

Archaeology and morphology rely on largely macroscopic analyses. Chemistry is also 

useful to examine the microscopic dietary traces on materials or inside organisms to 

reconstruct their origins. This dissertation falls into this category, specifically through the 

use of stable isotopes.  

 

This project focuses on isotopic mass effects in processes involving nitrogen, an 

element commonly used in paleodietary reconstruction. Nitrogen has two stable isotopes, 

14N and 15N. Most organisms need nitrogen to survive, but their bodies are unable to 

produce certain essential compounds - this means that nitrogen must be consumed. All  

nitrogen in the biosphere originally comes from the air. Bacteria extract nitrogen from the 

air and transform it into bioavailable compounds able to be taken up by plants. 15N then 

becomes concentrated in animals as it moves up the food chain, because it is retained in 

the body while lighter 14N is preferentially expelled as waste. By measuring the ratio of 
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nitrogen isotopes (notated d15N, units ă) in an organism, we can predict which trophic 

level it belongs to. However, real systems are extremely complex and subject to many 

factors that impact nitrogen, including variation in plants in different environments and 

animal feeding behavior. This dissertation explores how human behavior might influence 

this variation.  

 

In paleobiology, we typically have skeletal remains to work with. Collagen, which 

is the organic fraction of bones, can be extracted and its d15N values measured. It is from 

these values that an organismôs trophic position can be predicted. The routing of nitrogen 

into collagen is a very specific process, only incorporating the proteinaceous fraction of 

nitrogen in the diet of the organism. This means that all of the nitrogen in herbivore 

collagen comes from plants, in omnivores it comes from both plants and animal tissue, 

and only animal tissue in carnivores. The nitrogen in plants is only ~10-25% 

proteinaceous nitrogen. In animal tissue it represents a much higher fraction, between 85 

and 90% of the total nitrogen. So, in omnivores eating both, the d15N signal is dominated 

by the animal protein signal and the plant signal is overwhelmed. Most of this 

dissertation is focused on the animal protein portion of the diet of hominins, who are 

omnivores.  

 

Specifically, we focus here on human dietary behaviors that may be 

archaeologically invisible. Food processing can occur using entirely materials that are 

unlikely to make it into the archaeological record. Perishable materials like wood and 

skins degrade, meaning that dietary behaviors could be happening that we are unable to 
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see through archaeology. In fact, some dietary behaviors involve no extra materials at all 

and merely involve some sort of decision making. We question here whether these types 

of behaviors are isotopically visible.  

 

The overarching goal of this dissertation is to investigate the impact of 

archaeologically invisible food-related behaviors on the d15N dietary proxy. The project 

is broken down into 4 chapters. Chapter 1 deals with an experimental approach to 

assessing the impact of food processing and prey selection. For Chapter 2, we take a 

foray into plant foods and examine the impact of physiology and nitrogen partitioning. 

By Chapter 3, the COVID-19 pandemic necessitated a pivot to a data mining approach to 

this question using the modern food science literature. Finally, we bring it all together 

with Chapter 4 in a case study related to Neanderthal diet at the site of Saint-Césaire.  
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Chapter 1 

Experimental Assessment of the Impact of Food Processing on d15N Values in  

Dietary Meat ï Implications for Paleodietary Reconstruction 

 

 

Introduction 

 

Paleodietary reconstruction is an important line of evidence in the study of 

hominin evolution. The unique dietary adaptations of modern humans and their recent 

relatives reflect adaptability and cultural complexity, keys to the evolutionary success of 

the hominin lineage. Understanding a speciesô diet is critical to understanding its mobility 

patterns, societal organization, and many other factors. Not all dietary practices are well-

reflected in preserved remains within archaeological sites ï practices such as food 

storage, dairying, food preservation, and cooking may have relied on perishable materials 

(Speth 2015). The application of chemical paleodietary proxies like stable isotope 

analysis to modern human and hominin skeletal remains has not generally considered the 

impact of these types of dietary practices on the chemical proxies themselves or their 

interpretations.  

 

Stable isotope research using bone collagen has become a key tool for 

paleodietary reconstruction, with seminal work in the late 1970ôs demonstrating that 

nitrogen isotope ratios (notated d15N = [(Rsample/Rstandard) ī1] Ĭ1000, where R is the ratio 

15N/14N) roughly track the trophic position of an organism (DeNiro and Epstein 1981, 

Minagawa and Wada 1984, Schoeninger and DeNiro 1984). In the last 50 years, the 

nitrogen isotope system has been extensively applied to the human archaeological and 

fossil record (recent work see Heinrich et al. 2021, Yoneda et al. 2019, Mahajan and 
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Sathe 2020, Romanova et al. 2019) to predict trophic position and magnitude of 

carnivory. This type of work has largely focused on placing individuals or populations 

into discrete subsistence groups like aquatic resource exploitation (e.g. Richards and 

Hedges 1999), C3/C4 plant consumption (e.g. Pechenkina et al. 2005), terrestrial 

herbivore consumption (e.g. Ambrose et al. 2003), etc. Investigations into other 

mechanisms affecting dietary d15N values have focused largely on agricultural societies 

where behaviors like manuring have large effects (Fraser et al. 2011). Studies focused on 

weaning (Fogel et al. 1989) and starvation (Mekota et al. 2006) in humans have also 

demonstrated that these conditions strongly influence human d15N values. However, little 

attention has been given to alteration mechanisms in the form of food selection, 

preparation, preservation, or cooking, which could play a significant role (Royer et al. 

2017). Human dietary ecology is complex, and there is ethnographic and archaeological 

evidence for a wide variety of selection and processing behaviors related to food items. 

The nitrogen cycle is also complex, and its response in biological systems may be 

influenced by these behaviors.  

 

Nitrogen is essential for all plants and animals. Nitrogen-bearing amine groups (-

NH2) are building blocks of amino acids, which in turn form proteins - primary 

components of body tissues (Anfinsen 1972). Nitrogen is incorporated by a variety of 

mechanisms into living organisms, which process it in diverse ways. Most animals cannot 

synthesize certain essential nitrogen compounds within their bodies, and therefore must 

obtain them by consumption either of primary producing plants or of other animals 

(Aristoy and Toldrá 2012). In the metabolization of nitrogen, some processes are mass 
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sensitive and result in a fractionation of isotopes. This is fairly well understood for the 

nitrogen cycle as a whole (Gruber and Galloway 2008) and somewhat well within animal 

metabolic systems (DeNiro and Epstein 1981). 14N (the lighter stable isotope of nitrogen) 

is preferentially excreted by animals in their urine, leaving body tissues enriched in 15N 

(heavier isotope) (Sponheimer et al. 2003b, Minagawa and Wada 1984, Steele and Daniel 

1978). This process results in a fairly predictable step-wise enrichment in 15N of 

consumer body tissues (including bone collagen) with increasing trophic level 

(Minagawa and Wada 1984). Early measurements of bulk nitrogen isotopes in body 

tissue appeared to accurately reflect trophic level under controlled conditions, and 

generated the long-used assumption of a 3-5ă offset between an animal and its diet 

(DeNiro and Epstein 1981, Minagawa and Wada 1984).  

 

This paradigm has been applied heavily within anthropology to estimate the 

dietary composition of both recent human individuals (e.g. Yoneda et al. 2019, 

Bernardini et al. 2021, Craig-Atkins et al. 2020) and one hominin species (Neanderthals ï 

e.g. Drucker and Bocherens 2004). However, the behavior of nitrogen isotopes in 

biological systems and processes is complex. Baseline ŭ15N values in ecosystems are 

influenced by many variables (including aridity (Heaton 1987), salinity (Karamanos et al. 

1981), elevation (Shearer et al. 1978), vegetation structure (Koerner et al. 1999), 

agricultural history (Fraser et al. 2011), and fire prevalence (Grogan et al. 2000)), and this 

complexity is visible in studies of modern systems (reviewed in Hardy 2010). 

Additionally, a number of factors have been shown to affect ŭ15N within organisms in the 

way that they metabolize and excrete nitrogen-bearing compounds. Animals of different 
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species eating identical diets have been shown to vary in ŭ15N values by up to ~ 4ă 

(Sponheimer et al. 2003a)  ï this suggests that physiological differences play a large role 

in body tissue ŭ15N values. This observation is especially apparent in drought-adapted 

herbivores, which display greater ŭ15N enrichment than their water-dependent 

counterparts in the same ecosystems (Ambrose 1991). Animals under physiological stress 

(excreting more depleted urea, eating less food) show more enriched ŭ15N values 

(Ambrose 1991). While these studies underscore the importance of placing human ŭ15N 

values in an ecosystem context, they also demonstrate the need to better understand the 

mechanisms driving nitrogen isotope fractionation in systems and processes related to 

diet. Physiological mechanisms are fairly widely considered, but an area that remains 

chronically understudied is the effect of food selection and processing behaviors on the 

pre-consumption ŭ15N values of dietary items themselves.   

 

Food selection and processing behaviors introduce numerous potential sources of 

complication in applying the nitrogen isotope dietary proxy in the past. Problematically, 

we understand very little about the mechanisms that underlie nitrogen isotope 

fractionation in these processes, and thus it is currently impossible to accurately predict 

their effects on paleodietary reconstruction. This study refines our understanding of 

nitrogen isotope fractionation mechanisms in behaviorally-mediated biological processes 

(i.e. food selection, cooking) by generating a large experimental dataset with which to 

produce testable predictions for paleodietary reconstruction in anthropology and 

archaeology using this system. This paper focuses on two categories of experimental data 

for animal tissue, outlined below. 
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Experimental Putrefaction 

While numerous ethnographic accounts describe food practices that involve 

deliberate putrefaction (reviewed in Speth 2017), this experimental condition is focused 

on natural putrefaction in the context of opportunistic scavenging. One hypothesis in the 

study of human evolution postulates the possible importance of carcass scavenging early 

in the hominin lineage (Martínez-Navarro 2018, Pobiner 2020), persisting even when 

there is clear archaeological evidence for hunting behavior (see Thompson et al. 2019 for 

a review of early hunting transition). Some researchers also assert that scavenging may 

have supplemented the diet of later hominin species like Homo neanderthalensis during 

difficult environmental conditions (e.g. Stiner 1994), though the material evidence for 

this has been largely overturned (see Power 2019). With respect to modern humans, 

ethnographic data from hunter-gatherer populations shows that some groups engage in 

opportunistic scavenging under certain conditions or for certain purposes (for example, 

power scavenging), despite having hunting capabilities (Hawkes et al. 2018, OôConnell et 

al. 1988, Bunn 2001). In addition, other animals regularly engage in scavenging at 

various intervals post-mortem (e.g. Zhou et al. 2020, Hill et al. 2018), so an 

understanding of nitrogen isotopes in putrefaction could assist in wider ecological studies 

as well. Carcass scavenging is thus a relevant experimental condition for the purposes of 

this study in order to make predictions about its isotopic visibility in consumer collagen. 

 

Decomposition studies of plants have demonstrated that microbial protein 

breakdown early in the process can lead to enrichment in ŭ15N values (DeNiro and 
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Hastorf 1985, Fogel and Tuross 1999, Hyodo et al. 2008). Potential enrichment 

mechanisms for this process include ammonia volatilization (Högberg 1990), 

denitrification (Mariotti et al. 1981), and preferential incorporation of 14N by microbes 

(Macko et al. 1987, Natelhoffer and Fry 1988, Schwarcz and Schoeninger 1991, Kramer 

et al. 2003). Presumably, these processes also occur in animal tissue, though few 

experimental studies have been conducted. Most recently, an experimental study using 

marine fish, crustacean, and mollusk tissue demonstrated significant ŭ15N enrichment 

over 5 days (Perkins et al. 2018). This result is in direct contrast to a similar study testing 

controlled decomposition of ringed seal, lake trout and Greenland shark tissue ï these 

putrefaction experiments showed no change in ŭ15N over the first 8 days but did note 

significant enrichment over 256 days (Yurkowski et al. 2017). Given the differing results 

even among these aquatic species, it is unwise to equate the tissues of any of these 

animals with those of terrestrial mammals. Therefore, in this study we experimentally 

putrefied muscle tissues from 2 terrestrial species (Bos taurus and Sus scrofa) with 

differing physiologies (i.e. fat content, muscle fiber structure, water retention, etc.) to 

capture variation in the way that these physiologies respond to decomposition in terms of 

ŭ15N. Importantly, these species choices are not intended to replicate the archaeological 

record. Rather, they provide a proof-of-concept, allowing us to examine in detail the 

fractionation mechanisms involved in any species-specific differences in order to provide 

a framework from which to consider the isotopic visibility of scavenging behavior in 

consumers (perhaps not even limited to humans/hominins). We also incorporated other 

tissue types (kidney, liver) for one species. Human consumption of animal tissue is often 

generalized as muscle, but in fact many body tissues are edible. Of particular interest are 
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organs (brain, liver, kidney, etc.) that are known ethnographically to be important nutrient 

sources (OôDea et al. 1991) and have been proposed as targets for earlier hominin species 

(Gemonpré et al. 2012).  

 

Experimental Cooking 

Cooking was a large milestone in human evolution. Cooking causes complex 

biochemical changes to food items, which at a basic level increase their digestibility and 

energy yield while lowering toxicity risk and extending the pre-spoilage period (Carmody 

and Wrangham 2009, Groopman et al. 2015, Goldfield et al. 2018, Magargal 2022). The 

development of cooking has been linked to various morphological and social changes in 

hominins, including increased brain size, reduced dentition, and even the development of 

language (reviewed in Wrangham 2017). There exist many methods for cooking food, 

and all of them have different biological reactions and processes that alter their structure 

and chemistry. At a basic level, cooking causes loss or transformation of biochemical 

components and breakdown of structural components (Wandsnider 1997, Goñi and 

Salvadori 2010, Fraser et al. 2013). There have been several experimental studies 

involving cooking with specific reference to paleodiet, but they have produced 

inconsistent results with regard to ŭ15N. In terms of plant cooking, studies have shown 

either consistent shifts in ŭ15N with cooking (DeNiro and Hastorf 1985, Fraser et al. 

2013, Fibiger and Hastings 2016, Hastorf 2012, Kanstrup et al. 2012) or no shifts at all 

(Aguilera et al. 2008, An et al. 2015, Bostic et al. 2015). Several of these studies used the 

same plant taxa. Nearly all studies, even those observing shifts, declared the magnitude of 

change to be negligible (even in cases of up to 2ă shift). For animal tissue, there are 
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fewer studies and less consistent results. Those who observe shifts in ŭ15N with cooking 

(Fernandes et al. 2014, Royer et al. 2017) have not confirmed the fractionation 

mechanisms responsible and declare the shifts largely inconsequential. Those who 

observe no change (DeNiro et al. 1985, Doering 2017, Drucker and Bocherens 2004) use 

similar taxa yet see drastically different results.  

 

There is a biochemical basis for shifts in ŭ15N occurring during cooking. Foods 

lose macronutrients and mass during cooking processes (Wandsnider 1997, Goñi and 

Salvadori 2010). Protein denaturation occurs under heating, causing structural changes 

and sometimes protein loss (Wandsnider 1997). At higher temperatures, certain amino 

acids like cytosine are destroyed. Collagen becomes hydrolyzed to gelatin if water is 

involved (Wandsnider 1997). Experimental data show consistent changes in moisture and 

protein content with cooking (Adeyeye et al. 2016, ¡gren and Hªnninen 1993, Gandotra 

et al. 2015, Godsalve et al. 1977, Goñi and Salvadori 2010, Koubaa et al. 2012) as well as 

lipid loss (Gandotra et al. 2015), changes in fatty acid profile (¡gren and Hªnninen 1993, 

Koubaa et al. 2012) and bulk loss of nitrogen (Church and Lyman 2003). All of these 

processes should have isotopic correlates, and should result in enrichment of ŭ15N in the 

remaining tissue.  

 

To provide a foundation from which to understand drivers of fractionation during 

cooking, we produced an experimental dataset covering 3 species and 5 cooking 

conditions (Table 1). The rationale for the species and tissue choices is the same as 

described for experimental putrefaction. Cooking conditions were selected as a set of 
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very common, simple ways to process food that likely apply to many archaeological 

populations (boiling in two water types, radiant heating, open wood fire cooking, and 

wood smoking).  

 

Materials and Methods 

 

Experimental Putrefaction 

Fresh animal tissue from organically fed, antibiotic-free, vaccine-free animals was 

purchased from Wagnerôs Meats, a butcher in Mount Airy, Maryland. KF established a 

relationship with the farmer and personally observed and modified the butchery process 

to ensure the control of as many variables as possible. All butchery implements and 

surfaces were sterilized with 10% ethanol solution, the butcher wore nitrile gloves, and 

experimental tissue pieces were immediately bagged and transported to the study 

location. Tissue samples were systematically decomposed under set environmental 

conditions (68 °F, 70% humidity, consistent light levels) in the Wilbur V. Harlan 

Greenhouse facility at The George Washington University. Sampling occurred over 16 

days for each sample type, with collection time points every 24 hours. The total 

decomposition time of 16 days is based roughly on the maximum time elapsed between 

death and mammalian scavenging by carnivores for a carcass observed in a wild setting 

(B. Pobiner, personal communication). Total sample size was 50. Once collected, tissue 

samples were frozen. Freezing has been shown to cause negligible alteration to nitrogen 

isotope ratios over a span of several weeks (Perkins et al. 2018). When enough samples 

were generated for an analysis session, samples were thawed and prepared for analysis 



 13 

according to standard methods (Ambrose 1990). In all cases, enrichment or depletion was 

calculated as offset from a fresh, unaltered control sample (ȹ15N = ŭ15Ncondition - 

ŭ15Ncontrol).  

 

Experimental Cooking  

Animal tissue was subjected to the 5 cooking conditions outlined in Table 1. The 

total sample size was 208. Both ambient and internal temperatures were monitored with 

electronic temperature probes. Temperature guidelines were based on the scales defined 

in the American Meat Science Association research protocols (American Meat Science 

Association 2015). As above, samples were frozen until enough were produced, then 

thawed and prepared for analysis according to standard methods (Ambrose 1990). Again, 

enrichment or depletion was calculated as offset from a fresh, unaltered control sample.  

Fire Cooking. Wood from 7 tree species (Table 2) was used to build individual 

fires (unsupplemented, lit by propane torch) inside of a sterilized steel basin grill (Weber) 

with steel racks. Animal tissue was placed on the steel racks and cooked (flipping every 5 

minutes) until the internal temperature reached 170 °F and 300 °F (each temperature 

sampled). The basin grill was sterilized between wood species and animal tissue samples.  

Boiling. Distilled and natural river water were used for boiling experiments. River 

water (collected from the Potomac River from a coastline point in Alexandria, VA) was 

included to assess whether any differential response occurs to ñcontaminatedò water more 

similar to that which would be found in nature, even though modern contaminants do not 

replicate the archaeological record. 500 mL of water was heated to boiling point in a 

sterilized beaker on a hot plate. Once boiling, an animal tissue section (Table 1) was 
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added. An electric thermocouple was used to monitor the internal tissue temperature. 

Samples were collected from the tissue section when internal tissue temperature reached 

170 °F. The tissue section was then left to boil for 120 minutes, at which point another 

sample was collected.  

Smoking. The same 7 tree species used for the fire cooking experiments were used 

in chip form for the smoking experiments. An electric smoker (Masterbuilt) was used for 

this series of conditions. The smoker was set to an ambient internal temperature of 225 °F 

and chips were replenished every 90 minutes. Animal tissue sections (Table 2) were 

placed in sterilized aluminum trays and placed on racks inside the smoker box. An 

electric thermocouple was inserted into the center of each tissue section and monitored 

throughout the experiment. Samples were collected from each tissue section when the 

internal tissue temperature reached 170 °F. The ambient internal temperature of the 

smoker was then increased to 400 °F, and additional tissue samples were collected when 

the internal tissue temperature reached 300 °F. The interior of the smoker was sterilized 

between wood species, and aluminum trays were single-use.  

Oven Cooking. A portion of some tissue sections subjected to the conditions 

described above (see Table 1) was separated raw and placed in an electric radiant heat 

oven at the same temperature and for the same duration as the remainder of that tissue 

section in the other condition. This functions as an extra layer of internal control, 

allowing for the isolation of heat only as a variable from other factors such as water, 

smoke, etc.  

 

Isotope Ratio Mass Spectrometry (IRMS) 
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Samples were analyzed for bulk ŭ15N at the Stable Isotope Mass Spectrometry 

Laboratory located at the Smithsonian Museum Conservation Institute (MCI - Museum 

Support Center, Suitland, MD) and the Stable Isotope Laboratory in the Department of 

Geology at the University of Maryland (UMD - College Park, MD). Samples were run on 

a Thermo Delta V Advantage mass spectrometer in continuous flow mode coupled to an 

Elementar vario ISOTOPE Cube Elemental Analyzer (EA) via a Thermo Conflo IV 

(MCI). All calculations of raw isotope values were performed with Isodat 3.0 software. 

Approximately 0.5 mg of animal tissue was weighed and packed into tin capsules. 

Samples were introduced to the EA via built in autosampler. All runs included a set of 

standards for every 10-12 samples. MCI standards included Costech acetanilide and a 

urea (Urea-UIN3) or USGS66 glycine standard, all of which are calibrated to USGS40 

(L-glutamic acid) and USGS41 (L-glutamic acid). UMD standards included urea (Urea-

UIN3). All standards were analyzed with the same parameters and procedures as samples. 

Raw isotope values were corrected using a 2-point linear correction on the calibrated 

standards. Reproducibility of standards is Ò0.2ă (1ů) for ŭ15N. Raw data are presented in 

Table S1.  

 

Statistical Analyses 

Due to non-normality across all datasets (established by multiple tests ï see 

Figure S1), non-parametric statistics were applied throughout this study. Spearmanôs 

Rank analysis was performed on all experimental putrefaction data (ȹ15N as a function of 

collection time point). The relationship between ȹ15N and group membership in two 

categorical variables was assessed using Mann-Whitney-U tests. The relationship 
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between ȹ15N and group membership across 3 or more categorical variables was assessed 

using Kruskal-Wallis tests. Following Kruskal-Wallis tests, Pairwise Wilcoxon Rank 

Sum tests were performed with a Benjamini-Hochberg p-value adjustment to break down 

the significance of paired comparisons. All statistical analyses were performed using R 

Version 3.6 (R Core Team, 2021).  

 

Results 

Complete isotope data is presented in Table S1. Summary data and tables are 

presented in the following sections. 

 

Experimental Putrefaction 

Results of the experimental putrefaction were split into two time intervals for 

analysis due to differences in species composition. Interval A encompasses collection 

time points 1-6 (days, Figure 1a) and Interval B time points 9-16 (days, Figure 1b). 

Samples from time points 7 and 8 were not included due to sample contamination. 

Spearmanôs Rank Correlation analysis produced statistically significant correlation in Bos 

taurus for both Interval A (positive correlation, p=0.0001, ɟ=0.740) and Interval B 

(negative correlation, p=0.0003, ɟ=-0.674), but no significance in Sus scrofa (p=0.229, 

ɟ=0.523). Total positive ȹ15N shift from time point 1 to time point 6 is ~0.8ă in Bos 

taurus and ~0.6ă in Sus scrofa. Total negative ȹ15N shift from time point 9 to time point 

16 is ~0.7ă in Bos taurus, ending time point 16 at approximately the value of the control 

sample taken at time point 0. Rank plots for Spearmanôs tests are shown in Figures 1c, d.  
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Boiling 

Boiling experiments were assessed in two categories ï animal tissue of all species 

in distilled water and Bos taurus / Sus scrofa tissue in distilled vs. natural river water.  

 

Figure 2 shows data for the three animal speciesô muscle tissue boiled in distilled 

water. Sample sizes were 20 (Bos taurus), 16 (Gallus gallus domesticus), and 8 (Sus 

scrofa). A Kruskal-Wallis test showed a significant difference between species 

membership and ȹ15N (p=0.007). A further Pairwise Wilcoxon Rank Sum test with 

Benjamini-Hochberg p-value adjustment showed a significant difference between Bos 

taurus / Gallus gallus domesticus (p=0.017) and Sus scrofa / Gallus gallus domesticus 

(p=0.017), but not between Bos taurus / Sus scrofa (p=0.346). The mean ȹ15N of both 

Bos taurus and Sus scrofa is near 0, close to the value of the control samples, while the 

mean ȹ15N of Gallus gallus domesticus is depleted by approximately 0.5ă. 

 

Figure 3a shows data for Bos taurus and Sus scrofa tissue boiled in both distilled 

and natural river water. Sample sizes were 6 for both species in each condition, and 

multiple time points were included in the data for each condition (5, 15, and 30 minutes). 

Mann-Whitney-U tests between species within each condition and between conditions 

within each species revealed no significant differences (see Table S2). Figure 3b shows 

this same data split by time point. No appreciable difference is observed relating either 

species or water type to time point.  

 

Fire Cooking 
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Figure 4 shows the results of wood fire cooking experiments using different fuel 

woods for Bos taurus (a), Sus scrofa (b), and Gallus gallus domesticus (c). Multiple 

temperatures were included in these analyses. Kruskal-Wallis tests between fuel species 

within (a), (b), and (c) revealed no statistically significant differences. Pairwise Wilcoxon 

Rank Sum tests with Benjamini-Hochberg p-value adjustments between pairs of fuel 

species within (a), (b), and (c) also produced no statistically significant differences (see 

Table S2). When split out by temperature ((d), (e), (f)), again Kruskal-Wallis tests and 

Mann-Whitney-U tests between temperatures revealed no significant differences. 

Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-value adjustments 

between fuel species within a temperature also revealed no statistically significant 

differences (see Table S2). 

 

Figure 5 shows aggregated species data for the most abundantly sampled fuel 

wood species (Apple, Hickory, and Oak). Three discrete Kruskal-Wallis tests within each 

fuel species reveal no statistically significant differences between prey species (Apple 

(p=0.172), Hickory (p=0.850), Oak (p=0.215)).  

 

Smoking 

Figure 6 shows the results of wood smoking experiments using different fuel 

woods for Bos taurus (a), Sus scrofa (b), and Gallus gallus domesticus (c). As with wood 

fire cooking, multiple temperatures are included in these analyses. Kruskal-Wallis tests 

again show no statistically significant differences amongst fuel species in (a), (b), and (c). 

Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-value adjustments 
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between pairs of fuel species within (a), (b), and (c) also produced no statistically 

significant differences (see Table S2). When split out by temperature ((d), (e), (f)), again 

Kruskal-Wallis tests and Mann-Whitney-U tests between temperatures revealed no 

significant differences. Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-

value adjustments between fuel species within a temperature also revealed no statistically 

significant differences (see Table S2). 

 

Figure 7 shows aggregated species data for the most abundantly sampled fuel 

wood species (Alder, Apple, and Hickory). Kruskal-Wallis tests between fuel species 

reveal no statistically significant differences in Alder (p=0.3422) or Apple (p=0.4083). 

Hickory (p=0.05) did show statistically significant differences between species, but 

Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-value adjustments 

showed no significance (see Table S2). 

 

Discussion 

 

Experimental Putrefaction 

The difference in trend directionality between Interval A and Interval B is an 

unexpected result from this study. During Interval A, encompassing approximately the 

first week of decay, both speciesô tissues undergo a roughly linear positive shift in ŭ15N 

values relative to the raw control. The final magnitude of this shift is between ~0.6ă and 

~0.8ă increase by the sixth day of decay. The Bos taurus tissues were sampled further 

over Interval B, roughly the second week of decay. During this period, the tissue 
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undergoes a linear negative shift of ~0.7ă, returning to approximately the value of the 

raw control by day 16 of decay. These trends indicate that there is a distinctly different 

set of processes acting on nitrogen isotopes between these two intervals. It is established 

that decay is a biochemically complex process, including multiple stacked 

transformations in nitrogen-bearing compounds. Processes occur at multiple compound 

scales. Degradation of muscle fragments proteins, which can be further degraded to 

smaller peptides and ultimately release individual amino acids and nitrogen-bearing ions 

(Bauchart et al. 2006). Preferential decay or loss of specific components through various 

processes are associated with isotope fractionation, favoring one isotope through the 

reactions resulting in shifts in bulk ŭ15N values (Fogel and Tuross 1999).  

 

Decomposition of any organic matter produces ammonia (NH3), which is 15N-

depleted relative to the fresh material (Feigin et al. 1974, Freyer and Aly 1975). 

Volatilization of ammonia discriminates against 15N (Högberg 1990), potentially 

contributing to enrichment in remaining tissues. Other processes known to discriminate 

against 15N include denitrification (Mariotti et al. 1981) and microbial mineralization of 

organic nitrogen (Natelhoffer and Fry 1988, Macko et al. 1987). One or a combination of 

these processes may contribute to the ŭ15N enrichment over Interval A in this study.  

 

Proteins in muscle tissue have been shown to decay via proteolytic damage in a 

specific order associated with post-mortem interval ï for example, titin and nebulin decay 

over the first few days of putrefaction (Anderson and Parrish 1989, Fritz and Greaser 

1991, Huff-Lonergan et al. 1995) while Z-disk proteins do not begin decaying until days 



 21 

7-10 (Robson et al. 1984, Taylor et al. 1995). It is likely that the order of protein 

degradation contributes to the different trajectory of ŭ15N shifts during Interval B. In 

addition, bacterial/microbial activity is known to produce nitrogen isotopic shifts in both 

directions by preferential targeting of certain compounds or amino acids, depending upon 

microbial/bacterial/fungal species composition (Fogel and Tuross 1999). These processes 

are not well studied beyond the initial period of organic matter decomposition, but are 

also likely to contribute to the trends observed in Interval B.  

 

Ethnographic work from modern human populations reports that scavenging can 

provide between 9% (Yellen 1991) and 20% (OôConnell et al. 1988a,b) of total dietary 

meat in more open environments, but only 0.3% (Lupo and Schmidt 2005) in more 

forested environments. Some authors have also suggested a substantial contribution of 

scavenged meat to the diets of other hominin species (reviewed in Speth 2017). In 

reconstruction of paleodiet using nitrogen isotopes in consumer collagen, a shift in ŭ15N 

in these proportions of dietary protein could be meaningful. Importantly, the data 

presented here demonstrate that the post-mortem timing of meat scavenging would 

determine the magnitude of the effect on ŭ15N ï for example, under the environmental 

conditions of this study, maximum impact would be seen in a scavenging interval of 

approximately 6 days but almost no impact would be visible after 14-16 days.  

 

Experimental Cooking 

The data from all of the experimental cooking conditions offers some interesting 

insights, and is summarized in Figure 8.  
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First, across all of the experimental conditions there are indications that poultry 

tissue responds somewhat differently to cooking than does the tissue of terrestrial 

herbivorous mammals. Overall, a larger proportion of Gallus gallus domesticus 

datapoints are depleted in ȹ15N space relative to Bos taurus and Sus scrofa. This 

relationship is particularly pronounced in the boiling experiments, where both Bos taurus 

and Sus scrofa tissue showed little change from the control, while Gallus gallus 

domesticus tissue was depleted by an average of 0.5ă (Figure 2). This could mean that 

boiling may slightly deplete nitrogen isotopic values in populations where much of the 

animal protein comes from birds or domestic poultry. On the other hand, this result could 

also indicate that boiling would be an isotopically invisible practice in consumers 

subsisting mostly on terrestrial herbivorous mammals. There are also slight differences in 

response to the experimental conditions between the two terrestrial herbivorous mammals 

in this study (Bos taurus and Sus scrofa). Sus scrofa tissue responds less strongly overall 

to cooking than does Bos taurus tissue, with the majority of the mean ȹ15N shifts close to 

the controls. Bos taurus tissue shows a wider range in ȹ15N shifts, and a larger proportion 

of datapoints fall into enriched ȹ15N space. This implies that prey selection, even within 

communities of terrestrial herbivores, could play a role in the isotopic visibility of 

cooking behavior in consumers.  

 

The two conditions that elicited the most extreme ȹ15N shifts in the animal tissue 

were wood fire cooking and wood smoking. This is potentially a result of reactions 

occurring with nitrogen-bearing volatiles generated by the combustion of the fuel wood 
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(Turekian et al. 1998, Fibiger and Hastings 2016). If this is the case, it would follow 

logically that higher concentrations of those volatiles interacting with the tissue over the 

cooking period would result in more extreme ȹ15N shifts ï a trend subtly noticeable in 

our data. This could be one of the driving mechanisms resulting in wood smoking 

generating larger shifts than wood fire cooking, due to the containment of the volatiles 

within the smoking chamber and the higher volume of smoke produced. Temperature 

stability may also impact the observed differences between wood fire cooking and wood 

smoking ï the open wood fire likely heats unevenly and is subject to temperature 

fluctuations from ambient airflow and air temperature on the different days when 

experiments were conducted.  

 

The final variable of interest influencing ȹ15N in these experiments is fuel wood 

species, which was included in both the wood fire cooking and wood smoking conditions. 

There appear to be subtle differences between fuel species in their effect on the bulk ŭ15N 

values in muscle tissue. These differences are clearer in the wood smoking experiments 

than in the wood fire cooking experiments. While smoking seems to generate a slightly 

wider range in ȹ15N values than fire cooking, the trends in relative magnitude and 

directionality of each fuel species are maintained between the two (exemplified by the 

most comprehensive Bos taurus dataset ï see Figure 8a). These differences generated by 

fuel species are likely the result of differences in the nitrogenous structure of the different 

tree species creating differences in volatile fractionation upon combustion, which is 

experimentally noted (Turekian et al. 1998, Fibiger and Hastings 2016). This result 

implies that the available fuel wood may influence overall isotopic shifts in these types of 
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cooking practices.  

 

It should be noted that on average, the magnitude of most offsets observed in 

these experiments is less than 1ă. While there are trends in this data (some of which are 

statistically significant), they may not be biologically or ecologically meaningful in terms 

of bulk ŭ15N values used in paleodietary reconstruction. However, bulk ŭ15N values 

represent an average of many nitrogen-bearing biomolecules within a sample. The 

species-specific trends revealed in this study likely reflect systematic fractionation 

patterns at a smaller scale, such as single amino acid responses to heat. These processes, 

while swamped within bulk ŭ15N values, could become extremely relevant within trophic 

position reconstruction by compound specific analysis of amino acids (TPR by CSIA-

AA). If the changes contributing to the small shifts in bulk ŭ15N values are isolated to 

large shifts within specific amino acids used in TPR by CSIA-AA (e.g. glutamic acid or 

phenylalanine), this could impact the use of this method. We explore this idea in Chapter 

3.  

 

Conclusions 

 

Dietary adaptations have been crucial throughout the evolutionary history of 

humans ï shifts to the consumption of meat, the advent of complex processing, and the 

ability to cultivate food products all represent milestones that supported morphological, 

demographic, and social changes. Dietary composition also reflects resource availability 

and can be an indicator of environmental change through time (Hardy 2010). Modern 



 25 

humans and their recent relatives are unique in their extreme application of culturally-

mediated food selection and processing behaviors. To understand past dietary adaptations 

accurately, it is imperative that the proxies used are well-understood. This study expands 

the range of contributing factors considered when utilizing the nitrogen isotope dietary 

proxy. The nitrogen isotopic system is heavily applied to dietary studies involving 

modern humans across time and space, studies of animals both past and present, and 

studies of the impact of intensive agriculture on climate and ecosystems. This study 

offers all of these areas new biological sinks and sources of nitrogen isotopic variation to 

consider when evaluating data. By utilizing experimental study frameworks in this way, 

we gain further insight into the workings of this isotopic system and open new testable 

questions about the use of this method.  
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Figures 

 

Figure 1. Experimental putrefaction results for Interval A (a) and Interval B (b). ȹ15N = 

ŭ15Ncondition - ŭ15Ncontrol. All tissues are muscle, gluteus medius for Bos taurus and external 

oblique for Sus scrofa. Interval A total sample sizes are 6 (Sus scrofa) and 18 (Bos 

taurus). Interval B total sample size is 24 (Bos taurus). Spearmanôs Rank Correlation 

analysis is significant in Bos taurus for both Interval A and Interval B, and not significant 

in Sus scrofa (see Table S2). (c) and (d) display biplots of Ranks for Intervals A and B. 

Error bars are +/- 0.2ă. 
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Figure 2. Aggregated results for all boiling (distilled water) samples. All tissue samples 

are muscle ï biceptis femoris / gluteus medius / abdominal oblique (Bos taurus), 

pectoralis / iliotibialis (Gallus gallus domesticus), and latissimus dorsi (Sus scrofa). ȹ15N 

= ŭ15Ncondition - ŭ15Ncontrol. The overall Kruskal-Wallis test p-value relating species to ȹ15N 

is significant, as are Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-

value adjustment between Gallus gallus domesticus and each of the two herbivore species 

(see Table S2).  
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Figure 3. a) Results of Bos taurus and Sus scrofa muscle boiled comparatively in distilled 

and natural river water. Data encompasses multiple time points (5, 15, and 30 minutes). 

ȹ15N = ŭ15Ncondition - ŭ15Ncontrol. Mann-Whitney-U tests between species within conditions 

and between conditions within species were not significant (see Table S2). b) Data from 

(a) broken out by time point. Each point represents an average of two data points. Error 

bars are +/- 0.2ă. 
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Figure 4. Results from open wood fire cooking. ȹ15N = ŭ15Ncondition - ŭ15Ncontrol. a) Bos 

taurus b) Sus scrofa and c) Gallus gallus domesticus results, temperature aggregated. 

Overall Kruskal-Wallis and Mann-Whitney-U test p-values are not significant (see Table 

S2). (d) Bos taurus e) Sus scrofa and f) Gallus gallus domesticus results, temperature 

sorted. Kruskal-Wallis and Mann-Whitney-U tests throughout produced no statistically 

significant differences. No Pairwise Wilcoxon Rank Sum test p-values were significant in 

(a), (b), (c), (d), (e), or (f) (see Table S2). 
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Figure 5. Aggregated species data for the most abundantly sampled fuel wood species 

(Apple, Hickory, and Oak). Three discrete Kruskal-Wallis tests within each fuel species 

reveal no statistically significant differences between prey species (see Table S2).  
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Figure 6. Results from wood smoking. ȹ15N = ŭ15Ncondition - ŭ15Ncontrol a) Bos taurus b) Sus 

scrofa and c) Gallus gallus domesticus results, temperature aggregated. Overall Kruskal-

Wallis and Mann-Whitney-U test p-values are not significant (see Table S2). (d) Bos 

taurus e) Sus scrofa and f) Gallus gallus domesticus results, temperature sorted. Kruskal-

Wallis and Mann-Whitney-U tests throughout produced no statistically significant 

differences. No Pairwise Wilcoxon Rank Sum test p-values were significant in (a), (b), 

(c), (d), (e), or (f) (see Table S2). 
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Figure 7. Aggregated species data for the most abundantly sampled fuel wood species 

(Alder, Apple, and Hickory). Kruskal-Wallis tests between fuel species reveal no 

statistically significant differences in Alder or Apple. Hickory (p=0.054) showed near-

statistically significant differences between species but no Pairwise Wilcoxon Rank Sum 

test was significant within hickory.   
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Figure 8. Summary of all data collected across experimental conditions for (a) Bos 

taurus, (b) Sus scrofa, and (c) Gallus gallus domesticus. 
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Tables 

 
Boiling (distilled water) Boiling (river water) Wood fire cooking Wood smoking Oven

Bos taurus n = 20 n = 6 n = 28 n = 16 n = 13

Sus scrofa n = 8 n = 6 n = 14 n = 13 n = 8

Gallus gallus domesticus n = 16 NA n = 24 n = 19 n = 17  
Table 1. Distribution of animal tissue samples amongst 5 cooking methods over 3 

species. 

 
Alder Apple Birch Hickory Mesquite Oak Pecan

Fire, Bos taurus n = 7 n = 4 n = 2 n = 11 n = 1 n = 2 n = 1

Fire, Sus scrofa NA n = 2 n = 1 n = 7 NA n = 2 n = 2

Fire, Gallus gallus domesticus NA n = 7 n = 1 n = 10 n = 1 n = 4 n = 1

Smoking, Bos taurus n = 3 n = 2 n = 2 n = 3 n = 3 n = 1 n = 2

Smoking, Sus scrofa n = 2 n = 2 n = 1 n = 4 n = 1 n = 1 n = 2

Smoking, Gallus gallus domesticus n = 4 n = 4 n = 1 n = 2 n = 6 n = 1 n = 1  
Table 2. Distribution of animal tissue samples in fire cooking and wood smoking between 

7 fuel wood species. 
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Chapter 2 

Exploring Plant Tissue ŭ15N Variability from a Physiological Perspective: A Controlled 

Growth Study with Implications for Paleodietary Analysis in Ecology and Archaeology 

 

 

Introduction 

 

An essential aspect of anthropological, archaeological, paleoanthropological, and 

ethnographic research is the ability to situate humans within ecosystems. Dietary 

reconstruction is foundational to understanding both modern and ancient ecosystem 

structure and change, and encapsulates a wealth of ecological, environmental, and 

behavioral data. Stable isotope research using the nitrogen isotope system has become 

one of several core tools in the reconstruction and analysis of diet in the past. 

Measurement of the bulk nitrogen isotope ratio (ŭ15N) in the bone collagen of an 

organism can indicate its trophic position in a predator-prey food web when the 

ecosystem baseline is appropriately characterized. Routing of nitrogen to bone collagen 

occurs exclusively through dietary protein (Ambrose et al. 2003). In humans, 

measurement of ŭ15N is nearly exclusively focused on elucidating the proportion of 

animal-derived dietary components due to their higher proportion of proteinaceous 

nitrogen (85-90% of total nitrogen) compared to plant-based foods (10-25% of total 

nitrogen) (Ambrose et al. 2003). In populations where significant amounts of animal 

protein are consumed, the impact of plant food sources on collagen ŭ15N is often 

considered negligible. However, there are many populations (both modern and past) in 

which plant-based foods constitute a significant percentage of the total diet, especially 

seasonally but also throughout the year (e.g. Lösch et al. 2014, Alsdorf 2010, Ruby 2012, 

Longo 2001 for more extreme examples; Hawkes et al. 2018 for seasonal examples). 
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There is increasing interest in characterizing the heterogeneity of relevant isotopic drivers 

in plant dietary components, particularly with reference to cultivated species (reviewed in 

Szpak 2014). The majority of studies to this effect have been carried out in natural 

systems, conflating multiple variables and limiting the ability to isolate effects. Nitrogen 

isotopic data from rarely-studied edible plants grown under controlled conditions could 

be meaningful to dietary reconstruction in many human populations, with potential 

further implications for dietary analysis in other hominin species as well as non-human 

animal ecology.  

 

Background 

 

Plants are partitioned into two categories with relation to acquisition of nitrogen; 

nitrogen-fixing and non nitrogen-fixing plants. Nitrogen-fixing species extract nitrogen 

from air via symbiotic bacteria, which involves minimal isotopic impact. As a result, 

nitrogen-fixing plants display ŭ15N values very similar to the atmosphere at around 0ă, 

largely regardless of extraneous variables (van Klinken et al. 2000, Bateman et al. 2005, 

Craine et al. 2009, Fraser et al. 2011). Non nitrogen-fixing plants absorb nitrogen from 

soils primarily in the form of nitrates and ammonium, and display variability in ŭ15N 

values based on environmental variables including geography, substrate, biome, and 

rainfall (Sealy et al. 1987, Ambrose 1991, Hedges et al. 2004, Hardy 2010). Modern 

comparative ŭ15N data for this category of plants exists for a number of broad biomes, 

mostly encompassing environmental extremes (arid (Heaton 1987), saline (Karamanos et 

al. 1981), high elevation (Shearer et al. 1978), tundric (Handley et al. 1999), etc.). The 
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naturally-occurring baseline variation in non nitrogen-fixing plants is a result of many 

interrelated biotic and abiotic factors, most of which impact the nitrogen pool from which 

the plant species draw. Climatic conditions drive net soil inorganic nitrogen 

mineralization and mineralization rate (Aerts et al. 2009), net soil nitrogen losses, and 

organic/inorganic nitrogen recycling (Amundson et al. 2003). Processes within soil 

organic matter and symbiotic relationships between mycorrhizal fungi and plant roots 

also affect nitrogen availability (Adams and Grierson 2001, Aerts et al. 2009, Craine et 

al. 2009, Evans 2001). However, it is a relatively small proportion of the total soil 

nitrogen pool that is bound in compounds that are bioavailable to plants (under 5% - 

Bateman et al. 2005). Nitrates (NO3
-) and ammonium (NH4+) are the major classes of 

compounds providing nitrogen for the growth of plant tissue (Bogaard et al. 2007, 

Hedges et al. 2004), and have been a strong focus in recent research. The movement of 

nitrogen through these processes and cycles involves many fractionating (mass sensitive) 

steps, which discriminate systematically against one isotope. Nitrification and 

denitrification discriminate strongly against 15N, which results in enrichment of the NH4
+ 

pool and depletion of the NO3- pool (Mariotti et al. 1981, Shearer and Kohl 1986, 

Johannisson and Högberg 1994, Adams and Grierson 2001, Clément et al. 2003, Craine 

et al. 2009, Hedges et al. 2004). Volatilization of ammonia (NH3) also discriminates quite 

strongly against 15N (Létolle 1980, Högberg 1990, Craine et al. 2009, Hedges et al. 

2004). In addition, virtually all enzymes that interact with nitrogen-bearing compounds 

(with the notable exception of nitrogenase) discriminate against 15N (Handley and Raven 

1992, Koerner et al. 1999), which impacts ŭ15N in both soil systems and within plants. In 

transformations of inorganic nitrogen, enrichment occurs within the mineralization of 
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nitrogen by microbial activity (Natelhoffer and Fry 1988). ŭ15N within individual plant 

species and tissues in natural systems is also variable, resulting from different 

physiological preferences for the uptake of nitrogen compounds (Marshall et al. 2007), 

growth stage of the plant (Yoneyama et al. 1997, Kolb and Evans 2002, Aerts et al. 

2009), input of nitrogen from symbiotic mycorrhizal fungi (Kohzu et al. 2000), 

physiological allocation of nitrogen to different tissues (Leavitt and Long 1986, Handley 

and Raven 1992, Yoneyama et al. 1997, Hedges et al. 2004, An et al. 2015), rate of 

photosynthesis (Evans 1989), and loss of nitrogen from external plant structures (Adams 

and Grierson 2001, Evans 2001).  

 

The vast majority of the data informing the above research was collected from 

natural environments or a modified attempt to exert controls on a natural environment. 

Given the many potential sources of influence on plant ŭ15N at all scales, it has been 

challenging to isolate and eliminate variables in order to study these effects in a 

systematic manner. There remains a relative lack of comprehensive and relevant data 

from controlled growth environments that could assist in isolating the effects of plant 

physiology from other variables. This study presents data from a seed-to-death growth 

experiment aimed toward expanding our understanding of physiological ŭ15N partitioning 

in a set of archaeologically-relevant plant species with the goal of assisting paleodietary 

reconstruction across temporal and spatial environmental variation. 

 

Materials and Methods 
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The plant growth experiment was conducted in the Wilbur V. Harlan Greenhouse, 

a fully climate-controllable experimental facility operated by the Department of Biology 

at The George Washington University in Washington, D.C. Due to the constraints of 

other research occurring in the facility, three environmental variables were pre-

determined: light level (natural daylight, 100 lux at night), relative humidity (70%), and 

air temperature (74°F). A large set of archaeologically-relevant plant species was 

assembled. These include plants that are/have been consumed by humans, important 

classes of domesticated plants, known cover crops, and some wild species (or analogues) 

hypothesized to be available or consumed in certain hominin environments in Europe 

(see Table S3). Not all of these plants were chosen because they are edible ï some were 

chosen as physiological endmembers to identify maximum effects (i.e. nitrogen fixing 

cover crops, cotton). These plants were purchased in seed form from various heirloom 

seed companies and garden centers, and a trial planting was completed to determine 

which subset of species would grow adequately under the pre-determined environmental 

conditions. 18 species (encompassing 22 total subspecies/varieties) were successful in the 

trial planting and were selected for the growth experiment (Table 1).  

 

Environmental and plant care variables were held constant across all species. All 

plants were grown simultaneously with identical ambient environment (light level, 

relative humidity, and air temperature as previously stated). Each plant received an 

identical quantity of water twice daily and was grown in soil that was fully homogenized 

(bulk organic topsoil, hand-tiller homogenized immediately before planting), meaning 

that the soil nitrogen pool for each plant was identical. Importantly, though several 
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conditions varied day to day (nitrogen composition of the water, level of day sunlight, air 

CO2 levels, etc.), these variations were identical across all plants grown - thus these 

experimental variables are still constants with reference to the research conditions.  

 

Plants were sampled for isotopic analysis at the 6 week growth time point (all 

species had reached maturity). Where possible, multiple tissues from the same plant were 

collected. Stems, leaves, and fruits/vegetables were sampled with ethanol-sterilized 

scissors. Roots were cut and all soil was removed using de-ionized water. Samples were 

frozen and stored until analysis. To prepare for analysis, samples were thawed and 

freeze-dried before being ground, weighed, and packed for isotope ratio mass 

spectrometry (IRMS).  

 

IRMS was conducted in collaboration with the Stable Isotope Laboratory at the 

Smithsonian Institution Museum Conservation Institute. All samples were analyzed for 

bulk ŭ15N. All samples were run on Thermo Delta V Advantage mass spectrometer in 

continuous flow mode coupled to an Elementar vario ISOTOPE Cube Elemental 

Analyzer (EA) via a Thermo Conflo IV. All calculations of raw isotope values were 

performed with Isodat 3.0 software. Between 4 and 8 mg of plant tissue was weighed and 

packed into tin capsules. Samples were introduced to the EA via the built in Elementar 

autosampler. All runs included a set of standards for every 10-12 samples. Standards 

include Costech acetanilide and a urea (Urea-UIN3) or USGS66 glycine standard, all of 

which are calibrated to USGS40 (L-glutamic acid) and USGS41 (L-glutamic acid). All 

standards were analyzed with the same parameters and procedures as the samples. Raw 
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isotope values were corrected using a 2-point linear correction on the calibrated 

standards. The weight %N values were calculated using a peak area calibration based on 

the homogeneous Costech Acetanilide standard. Reproducibility of standards is Ò0.2ă 

(1ů) for ŭ15N. 

 

Statistical analysis was conducted to assess the correlation of group membership 

to ŭ15N. Because the data are not normally distributed (determined for each dataset with 

Shapiro-Wilk tests), Kruskal-Wallis tests were performed followed by Pairwise Wilcoxon 

Rank Sum tests with Benjamini-Hochberg p-value adjustments where the number of 

groups compared was greater than two. Mann-Whitney-U tests were performed where a 

pair of groups were compared. All statistical analyses were performed using R Version 

3.6 (R Core Team 2021).  

 

Results 

 

All data is available in Table S1. All ŭ15N measurements from the growth 

experiment are presented in Figure 1a. There is considerable variation between species, 

but also variation amongst varieties/subspecies of the same plant category. This 

variability ranges from ŭ15N values of -3.8ă to +4.7ă, a spread of 8.5ă. There is no 

significant systematic pattern (Kruskal-Wallis) between plant tissues across all species 

(Figure 2a, Table S2; p = 0.21), but within non-fixing species p=0.055 (Figure 2b, Table 

S2). Separating nitrogen-fixing species versus non-fixing species, no significant 

difference (Mann-Whitney-U) in ŭ15N values exists when all plant parts are aggregated 
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(Figure 1b, Table S2). We further subdivided by plant part within fixing versus non-

fixing. This analysis yielded a significant (Mann-Whitney-U p=0.015) difference 

between the leaves of fixing versus non-fixing species, but no difference between roots or 

stems. Kruskal-Wallis tests within the fixing and non-fixing groups did not reveal any 

significant differences amongst plant parts, though p-values were less than 0.1 (Figure 

1c). Pairwise Wilcoxon Rank Sum tests with Benjamini-Hochberg p-value adjustments 

yielded no significant pairwise comparisons (see Table S2).  

 

Within species, there is significant variability amongst bred domestic varieties 

(Figure 3). Three varieties of the domesticated onion species Allium cepa were analyzed. 

Stem ŭ15N values display a nearly 3ă range between varieties, and the maximum 

difference between two plant tissues in a single variety is more than 5ă (Figure 3a). 

Similar trends are present in another domesticated species, radishes (Raphanus 

raphanistrum sativus). The maximum within-tissue variation occurs in roots, which show 

an ~5ă range in ŭ15N values between varieties. The maximum difference between two 

plant tissues in a single variety is just over 2ă (Figure 3b). 

 

Even within a single plant, there is variability between tissues of up to ~4ă 

(Pisum sativum, Figure 4). Five tissues were measured from a single plant ï root, stem, 

leaf, pod sheath, and pea. The leaf ŭ15N value was depleted, while the remainder of the 

tissues were enriched to varying degrees.  

 

Discussion 
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This study demonstrates that in a controlled environment with a controlled 

nitrogen pool there is substantial variation in nitrogen isotope fractionation during uptake 

between plant species. While the collection of plant species assembled in this study does 

not represent the natural composition of a single archaeological site or ecological 

community, it demonstrates empirically that physiological variation and environmental 

variation are likely large compounded effects acting on ŭ15N values within an ecosystem 

baseline. This supports conclusions previously made with data from natural environment 

studies (Marshall et al. 2007, An et al. 2015). Environmental effects, as noted above, 

strongly influence the available nitrogen pool within the soil at any given location. The 

physiological fractionation effects on nitrogen uptake and metabolization responsible for 

the variation seen in this study would likely be exaggerated by many of the 

environmental impacts noted in previous research. From season to season or year to year 

at a site, the ŭ15N vegetation baseline could shift substantially. The range of ŭ15N values 

across plant species in a given location could constrict or widen by multiple permil. This 

introduces a complicating factor and noise into paleodietary reconstruction in food webs 

of terrestrial species (including humans) due to the effects of time averaging within the 

stratigraphic record. This also underscores the importance of accurately characterizing 

the ecosystem baseline spatiotemporally for precise interpretation of ŭ15N values within 

food webs, by incorporating complementary methods such as compound-specific isotope 

analysis of amino acids.  

 

Contrary to suggestions by other authors (see above), the data presented here do 
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not indicate any systematic pattern of nitrogen isotope fractionation between plant tissues 

of different species (i.e. all roots, all leaves, or all stems ï Figure 2a). Because nitrogen-

fixing plants usually display ŭ15N values close to zero, the nitrogen-fixing species (see 

Table 1) were excluded and the two statistical analyses re-run to isolate any pattern in 

plant part across non nitrogen-fixing species (Figure 2b). The Kruskal-Wallis test 

produced a p-value of 0.055, a result driven by the leaf-root pair (Wilcoxon p-value 

0.058). This indicates that non nitrogen-fixing plants may possibly be more likely to 

display some pattern in nitrogen isotope fractionation between tissues than nitrogen-

fixing plants. It should be noted that nitrogen fixation as a biological adaptation becomes 

most relevant in soil environments which necessitate it. In this experimental framework, 

we may see little indication of these differences due to the extremely controlled 

conditions of the soil environment that would become pronounced upon the re-

introduction of natural environmental variables.  

 

At the species and variety level, even more striking variation is demonstrated 

(Figure 3a,b). The maximum variability between two tissues within a single variety and 

also between the same tissue in two varieties is more than 5ă. This result calls into 

question the use of modern analogue species in characterizing ecosystem baselines. 

Varieties of modern domesticated plant species are even more closely genetically related 

than subspecies (Clausen 1941). If even varieties display such extreme physiological 

fractionation differences, it may not be advisable to assume the same physiological 

behavior between modern plant species and their ancient counterparts in paleodietary 

reconstruction. These equivalencies (for example between modern and ancient 



 54 

domesticated maize) are employed for many reasons, including predictions of food web 

baselines and also as a proxy for things like fractionation factors and nutrient 

composition.  

 

Finally, within a single plant there is notable variation as well. The species that 

produced a plant with the largest number of analyzable discrete tissues was the 

domesticated pea, Pisum sativum. The variation amongst all five tissues in this one plant 

spanned a ~4ă range (Figure 4). From this example, it is clear that dietary selectivity by 

consumers for which tissue is eaten from a given plant (i.e. eating pea pods) could 

dramatically impact reconstruction of the plant-based diet. This is particularly relevant to 

populations which cultivate domestic plants, especially those for which a single cultivar 

represents a majority fraction of the plant diet. Not only would this range impact 

consumer values themselves, but may impact dietary reconstruction from a larger 

perspective. In excavating archaeological sites, especially within more recent time 

periods, macroscopic plant remains can be recovered. These remains can be measured for 

their isotopic signatures. However, it is not always the part of the plant that is consumed 

that is recovered ï in the case of the pea plant presented here, an isotope measurement 

from a recovered stem would yield a very different reconstruction from the tissue actually 

consumed (the pea pod). It is thus perhaps worth considering how we equate tissues from 

a preserved plant species to reconstruct source values. This would be especially relevant 

in considering the placement of herbivorous animals within food webs using the nitrogen 

isotope system, as their proteinaceous nitrogen is entirely derived from plants. For certain 

archaeological populations in which plants constitute a significant dietary protein 
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fraction, dietary selectivity for certain plant tissues by species could be an important 

consideration in interpreting ŭ15N values.  

 

Conclusions 

 

The results of this controlled growth study support conclusions from natural 

environment studies that there exist physiological mechanisms within plant species that 

cause significant variability in nitrogen isotope fractionation, regardless of the growth 

environment. The degree of variability between species, varieties, and tissues suggests 

that caution is warranted when considering plant input to the diet of animals, humans or 

otherwise. Dietary selectivity by consumers in terms of plant tissue type within a single 

plant species has the potential to result in ŭ15N skew of several per mil in the consumer 

collagen relative to bulk plant values. We recommend controlled growth studies with 

sub-sampling of this nature in conjunction with isotopic analyses of paleodiet in which 

likely consumed plant species can be identified. Anthropologically, the results of this 

study are most relevant to archaeological populations consuming large quantities of 

certain domesticated plants for which a single tissue type is eaten ï i.e. vegetables, grains, 

underground storage organs, etc. No strong cross-species part patterning was evident in 

our data, but the influence of environmental variables within a natural setting is likely a 

factor in the real-world presentation of these metrics. Therefore, on a case-by-case basis, 

plants should be evaluated for inter-part variability that may impact dietary 

reconstruction for a particular site. These results may similarly impact dietary 

reconstruction in herbivore ecology, in both wild and domestic settings where there exists 
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species and part selectivity in dietary composition. For domesticates preferentially fed 

certain species of plant or certain plant parts, the effects outlined for humans would 

become magnified due to the entirety of the nitrogen signal in herbivores originating 

from the plant diet. This effect would be less pronounced in wild species who may have a 

wider dietary range more greatly influenced by seasonality, migration, or ecological 

niche partitioning. Still, these results contribute to broad herbivore ecological studies by 

adding increased nuance to dietary data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




