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ABSTRACT 

 

Wildfire and erosion are major perturbations to the global carbon cycle in dynamic, fire-

affected ecosystems around the world, including temperate forest ecosystems in the Sierra 

Nevada. As a byproduct of fires, pyrogenic carbon (PyC) is formed due to incomplete 

combustion of biomass. PyC constitutes an important component of the soil carbon pool 

and has been noted for its long residence time in soil and its susceptibility to erosion. As 

part of my dissertation research, I determined the rate of PyC, bulk soil carbon, and other 

soil constituents erosion after two wildfires: the Gondola Fire that occurred in South Lake 

Tahoe in 2002, and the Rim Fire that affected parts of Yosemite National Park in 2013. I 

found significant and preferential erosion of PyC, and vertical mobilization of PyC down 

into the soil profile after the fires. The preferential erosion of PyC, and overall quality of 

the soil and eroded sediments were controlled by burn severity, with PyC from higher burn 

severity sites being more preferentially eroded. To assess the fate of PyC post-fire in 

dynamic landscapes, I incubated chars formed at different temperatures in soils from 

eroding and depositional landform positions. Both charring temperature and landform 

position played significant roles in controlling soil respiration, with the lower temperature 

chars and the soil from the depositional landform position having much higher respiration 

than higher temperature chars and the soil from the eroding landform position. The 

difference in breakdown rates of PyC in soil from different landform positions 

demonstrates the importance of considering landform position as a control on PyC 

persistence in soil and that the interaction between charring temperature and landform 

position plays a significant role in the persistence of PyC. The post-fire erosional transport 

of PyC may act in a feedback to enhance or decrease overall PyC and bulk carbon stocks 

in soil. In a modeling exercise, I showed that explicit consideration for erosional loss (from 

eroding slope positions) and depositional gain (in lower-lying depositional landform 

positions) of PyC in soil can have its mean residence time in soil. I found that ignoring the 

role of erosional lateral distribution on PyC dynamics can introduce error in estimated 

turnover times of up to 150 years. Among the major accomplishments of my dissertation 

project include the realistic integration of biogeochemical and geomorphological 

approaches to derive improved representation of mechanisms that regulate soil carbon 

persistence in dynamic landscapes that routinely experience more than one perturbation. 

Findings from my dissertation research will have far reaching implications for improving 

our understanding of fate of terrestrial carbon after it enters streams and other aquatic 

systems. Furthermore, results of this project will play important role in establishing how 

the interaction of fire and erosion will play out under anticipated climate change scenarios, 

and the implications of these interactions on biogeochemical cycling of essential elements 

in a warmer world with intensified hydrologic cycle.  
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CHAPTER 1:  INTRODUCTION  

Globally, the soil system stores more carbon (C) than the atmosphere and the terrestrial 

biosphere combined and serves as an important sink for atmospheric carbon dioxide (Lal 

2003, Lal 2004, Post & Kwon 2000). Soil C storage can contribute to mitigation of 

anthropogenic climate change, if the C is stabilized in the soil faster than the rate at which 

it is released back into the atmosphere (Powlson et al. 2011). A range of natural and 

anthropogenic perturbations can stabilize or destabilize this soil C, leading to further 

storage or release of soil C to the atmosphere, respectively.  Fire and erosion are two 

important perturbations that can have both independent and interactive effects on organic 

matter (OM) persistence and stabilization in soil (Boot et al. 2015, Liang et al. 2010, 

Rumpel et al. 2009). Furthermore, fire and erosion are important controls on numerous 

environmental processes and ecosystem services that human beings depend on, including 

food production and provision of adequate and good-quality water (Beadle 1940, Worley 

1933).  

BACKGROUND 

Fire  

Fire is a common, widespread phenomenon in many ecosystems around the world. In the 

United States alone, over 150,000 fires were reported in 2016, burning over nine million 

acres of land (National Interagency Fire Center 2016). Globally, wildfires lead to the 

release of up to 4.1 Pg C yr-1 to the atmosphere in the form of CO2, with an additional 0.05 

to 0.2 Pg C yr-1 added to the soil as pyrogenic carbon (Sing et al. 2011). Pyrogenic carbon 

(PyC) is an important byproduct of fire that includes a spectrum of combustion and 

pyrolysis products, which have a wide range of chemical and physical properties (ranging 

from slightly charred biomass to ash or soot) largely depending on the conditions of 

combustion (Masiello 2004, Massman et al. 2010). The amount and nature of PyC 

produced by fires is controlled by the combustion temperature, duration, oxygen 

availability, soil moisture, and intensity of the fire (Bird et al. 2015). Together, these 

factors, along with available fuel load, control the depth at which heat can penetrate the 

soil (Certini 2005, Neary et al. 1999), which further controls the quality and quantity of 

SOM left behind (González-Pérez et al. 2004). Fire also alters SOM in several ways, 

including: increase in soil pH and volatization and breakdown of inorganic nutrients (e.g., 

P, N, S, and K) that are important for primary production (Czimczik et al. 2003, Massman 

et al. 2010), decrease in solubility of SOM (Abiven et al. 2011), increase in cation 

exchange capacity and specific surface area (Liang et al. 2006), and changes in chemical 

structures, such as higher aromaticity of sugars and lipids and reduced chain lengths of 

fatty acids, alcohols, and other alkyl compounds (González-Pérez et al. 2004).   

The heating of soil, combustion loss of SOM, and input of PyC to can lead to major changes 

in soil nutrient cycling and other soil properties (Johnson et al. 1998, Johnson et al. 2007). 

Input of PyC in the soil can lead to important changes in soil physical and chemical 

conditions, as PyC tends to be reactive and has decades to centuries longer mean residence 

times in soil than non-pyrogenic forms of C, making it significant for C sequestration 

(Hammes et al. 2008, Kuzyakov et al. 2009). In addition, depending on the intensity of 

fire, there could be important effects on cycling of other essential elements (Cleveland & 
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Liptzin 2007, McGroddy et al. 2004, Schlesinger 2004). For example, high intensity 

wildfires can result in loss of more nitrogen (N) compared to C, leading to changes in 

nutrient availability in soil (Johnson et al. 2007). At lower fire temperatures (<150°C), 

pyrogenic compounds tend to be enriched in N, although this pyrogenic N is more 

susceptible to oxidative losses than PyC (Knicker 2010). The ability of the soil system to 

retain both C and N post-fire in part determines ecosystem productivity and services, 

including C sequestration. Much of the current understanding of the long-term implications 

of fire and addition of PyC to soil is derived from examining the Terra Preta soils of the 

Amazon, which received historical anthropogenic inputs of charred material and nutrients 

and are now among the most fertile and productive anthropogenic soils globally (Lehmann 

et al. 2003, Novotny et al. 2009). Our understanding of PyC dynamics in systems that are 

very different than the Brazilian Amazon (such as upland temperate forest ecosystems in 

the Sierra Nevada) is critical to determine how and why fires, and the associated input of 

PyC, are likely to affect persistence of C in the global soil system.  

Erosion and sediment transport 

Erosion is a widespread, global phenomenon that redistributes on the order of 75 Gt of soil 

and 1-5 Gt soil organic carbon (SOC) annually (Battin et al. 2009, Berhe et al. 2007, 

Regnier et al. 2013, Stallard 1998). It plays an important role in the development (or lack 

thereof) of soil (Jenny 1941), since soil thickness at any landform position is a balance 

between production of soil from bedrock and loss and input of soil through the processes 

of erosion and deposition, respectively. In upland eroding landform positions, such as crest 

or backslope positions), erosion leads to a loss of SOM through direct removal of topsoil. 

However, about 70-90% of this eroded topsoil material is redistributed downhill or 

downstream and is not exported out of the source watershed (Gregorich et al. 1998, Lal 

2003, Rumpel et al. 2006). In bulk, this eroded material, or sediment, is often reflective of 

the drivers of the erosion processes mobilizing that material, such as runoff, snowmelt, or 

wind. Both the source of eroded material, such as upland soil compared with litter, and the 

type of erosion process, such as rill vs. interrill, act as controls of the quality of material 

and OM transported (Kattelmann 1997, Schiettecatte et al. 2008). Currently, there is some 

evidence indicating that PyC is preferentially transported via erosion (Rumpel et al. 2009, 

Rumpel et al. 2006) and accumulates in depositional positions such as alluvial or colluvial 

plains (Chaopricha & Marín-Spiotta 2014, Marin-Spiotta et al. 2014). Once in these 

downslope depositional landform positions, the original topsoil becomes buried by 

successive mass movement events, which can further promote long-term SOM (or PyC) 

stability (Berhe & Kleber 2013). Also, this eroded and buried SOM can enter into new and 

reconfigured physical and/or chemical associations with soil minerals that may enhance its 

stability through SOM protection mechanisms that may include aggregation and chemical 

bonding, including electrostatic attraction or complexation reactions (Berhe et al. 2012, 

Sharpley 1985).   

Globally, the processes of soil erosion and terrestrial sedimentation can lead to a net 

terrestrial sink of atmospheric carbon dioxide. The magnitude of the erosion induced 

terrestrial C sink is estimated to be 0.12 – 1.5 Gt C yr-1 (Berhe et al. 2007, Berhe et al. 
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2008, Harden et al. 1999, Stallard 1998, Van Oost et al. 2007). Soil erosion can lead to 

terrestrial sequestration due to at least partial replacement of eroded OM by production of 

new photosynthate and the stabilization of at least some of the eroded OM in depositional 

landform positions (Berhe et al. 2007). However, there is limited understanding of the role 

that fire plays in controlling the effect of erosion on soil carbon dynamics and 

sequestration.  

Interactive effects of fire and erosion  

Many fire-prone temperate forest ecosystems exist on sloping lands that experience 

enhanced rates of soil erosion, especially post-fire. In these ecosystems, fire contributes to 

increased rates of soil erosion due to increased soil hydrophobicity, which causes reduced 

rates of infiltration in near-surface soil layers (Carroll et al. 2007, Larsen et al. 2009). These 

increased rates of post-fire erosion are also attributed to losses of vegetation and leaf litter, 

which stabilize the soil and slow erosion losses (Johnson et al. 2007). The increase in 

erosion rates is also connected with increased runoff (2-5 times higher after the Rim Fire, 

in Yosemite National Park and Stanislaus National Forest), which will likely lead to 

increased sediment transport to streams, rivers, and nearby water bodies (Hill & Region 

2013). 

The timing of the interaction of these fire and erosion events is particularly important in 

the Sierra Nevada, where large and intense precipitation events, such as thunderstorms and 

hailstorms (e.g., thunderstorms and hailstorms) are somewhat regular (50% chance at the 

Rim Fire to occur within the first year, and 97% chance to occur within the five years post-

fire) at the end of the summer dry season, when most fires occur (Hill & Region 2013). 

When thunderstorms do follow forest fires, these storms can result in large erosion events, 

including ash flows. These events mobilize a great deal of the charred material and topsoil 

to downslope depositional environments, like in the Gondola Fire, South Lake Tahoe 

(Carroll et al. 2007). The role of elevation in controlling precipitation type, e.g. rainfall or 

snow, is also a major control on the overall driving force for erosion (Renard et al. 1997).  

Even though PyC may be preferentially transported (Rumpel et al. 2009, Rumpel et al. 

2006), it is still unclear what the fate of the transported PyC will be in the depositional 

environments compared to the hillslope locations from where it originated. Understanding 

the interaction of these processes is critical for watershed and broader levels of accounting 

of C and the overall biogeochemical cycling of essential elements in post-fire ecosystems.  

Persistence/stabilization and destabilization of SOM and PyC 

Both bulk SOM and PyC are stabilized in soil through a combination of various 

environmental factors that control accessibility of the C to decomposer communities, their 

extracellular enzymes, oxygen, and water flow (Schmidt et al. 2011). Organic matter and 

PyC can be physically protected from loss through occlusion within soil aggregates, burial, 

sorption, or microclimatic conditions that are suboptimal for microbial communities 

(Brodowski et al. 2006). Chemical protection of both OM and PyC involves formation of 

bonds between OM (or PyC) with soil minerals via a number of different chemical 

processes such as adsorption, which can stabilize PyC over extended time scales (Czimczik 

& Masiello 2007, Torn et al. 1997). These stabilization mechanisms of PyC are 
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counteracted by a number of different loss processes, including decomposition (Kuzyakov 

et al. 2009), erosion (Rumpel et al. 2006), and leaching (Major et al. 2010). Erosion and 

fire very likely act as important fluxes for SOM and PyC in upland forests ecosystems 

(Johnson et al. 2007). The relative magnitude of bulk SOM and PyC losses versus inputs 

is likely to vary in different ecosystems based on climate, nature of vegetation cover, and 

nature of soil, among other environmental factors.  

RESEARCH OBJECTIVES AND HYPOTHESES  

The overall objectives of my dissertation work were to determine:  

1. How erosion controls the quality of SOM and concentration of PyC in different types 

of geomorphic landform positions, slope gradations, and burn severities in fire-

adapted ecosystems; and if PyC enrichment in eroded sediment impacts stability of 

SOM and PyC; 

2. How OM and PyC in sediment and source soil change through post-fire recovery; 

and 

3. How rates of oxidative decomposition of PyC in fire-adapted upland temperate 

forest ecosystems compare with erosion-driven losses. 

The overarching hypothesis for this dissertation was:  

The stability and transport of PyC and SOM in fire-prone temperate forests is a function of 

its erosional transport, location within a landscape, and its formation conditions. 

This overarching hypothesis was divided into three hypotheses: 

a. Soil organic matter is less decomposable when PyC is present, particularly where 

PyC concentration is high (depositional areas), because post-fire SOM will consist 

of more decomposition resistant compounds (e.g., aromatic, PyC compounds); 

b. Pyrogenic C is preferentially enriched in eroded sediments, and will be found in 

higher concentrations at depositional landform positions compared to eroding 

slopes; and  

c. Charring temperature of PyC controls its rate of microbial decomposition. 

DISSERTATION CHAPTERS 

This dissertation is split into the following four chapters:  

Chapter 1: Pyrogenic carbon erosion: implications for persistence of pyrogenic carbon 

in the soil system 

The first chapter is a review and synthesis of the PyC cycle in soil, with a focus on 

processes that lead to storage and stabilization of PyC in soil. Rates of PyC decay in field 

and laboratory studies are compared to assess how erosional distribution of topsoil post-

fire affects turnover time of PyC. Additionally, I used a first-order decay model to examine 

the difference in PyC turnover time and stock in soil of eroding and depositional landform 

positions. The synthesis quantifies the magnitude of the error introduced into 
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determinations of PyC turnover rate by not accounting for the variability in erosion as a 

loss or gain process for PyC in soil. 

Chapter 2: Wildfire and post-fire erosion in mountainous terrain leads to rapid and major 

redistribution of soil organic carbon fractions 

The second chapter investigates the transport of soil organic C fractions after the Gondola 

Fire, South Lake Tahoe, California. Soil samples were collected form a burned eroding 

hillslope and a downslope depositional landform position before the fire, one-year post-

fire, and ten-years post-fire. These soil samples were analyzed for distribution of organic 

C fractions, including PyC, to test the short- and long-term effects of fire and post-fire 

erosion on transport and storage of PyC and soil C. Additionally, this study investigates 

the transport of PyC and soil organic C fractions down into the soil profile due to leaching 

and vertical colloid mobilization.  

Chapter 3: Soil erosion controls pyrogenic carbon dynamics: the effect of fire severity and 

slope on pyrogenic carbon transport after the Rim Fire, Yosemite National Park 

The third chapter follows patterns of soil and PyC erosion after the Rim Fire, Yosemite 

National Park, California. Eroded sediments were collected in sediment fences after major 

precipitation events from immediately following the fire through the first spring, along 

with representative source soils. These samples were analyzed to investigate chemical 

differences between the eroded material and source soil. These analyses were also used to 

assess erosion rates of PyC and to investigate if C, N or PyC were preferentially eroded 

throughout the initial post-fire recovery. 

Chapter 4: Landform position and combustion temperature control decomposition of 

pyrogenic organic matter 

The fourth chapter examines the role of landform position and charring temperature on the 

breakdown of PyC. The PyC was made from charring bark at three different temperatures 

to simulate differing levels of combustion intensity. Soils were collected from eroding and 

depositional landform positions, and bark and soil were combined in a factorial design of 

bark and soil, and soil-only combinations. Microbial respiration from these treatment 

groups was monitored over a six-month incubation to determine decay rates of PyC. 

Microbial biomass was measured at four time points during the incubation to determine 

the role of microbial biomass in the breakdown of PyC. Additionally, concentrations of 

PyC were measured at the beginning and end of the incubation to confirm PyC decay rates. 

Respiration was fitted with one- and two-pool exponential models to determine the relative 

sizes, numbers, and decay constants of soil C pools.  

SIGNIFICANCE  

The data and knowledge generated from my dissertation research illustrates how fire, 

geomorphology of the landscape, and erosion control fate of PyC in soil over different 

timescales, from monthly to decadal, in temperate forest ecosystems. This work provides 

critical fills critical knowledge gaps on the persistence of PyC in the terrestrial ecosystem 

and how erosion can act as a control on the redistribution and long-term fate of PyC. 

Additionally, by assessing the role of burn severity on post-fire erosion of PyC, this work 
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will provide useful evidence for how fire conditions affect post-fire biogeochemical 

cycling of essential elements. This is particularly critical as fire regimes in the western US 

are projected to experience increasingly large and severe wildfires, such as the Gondola 

and Rim Fires (Westerling et al. 2006). Furthermore, the approaches and data from my 

dissertation research will provide more accurate C accounting for fire-prone landscapes. 

Improved C accounting is critical for understanding of the short- and long-term processes 

of C stabilization and may contribute to development of soil C models that more accurately 

represent the interactive effects of fire and erosion as important perturbations on the global 

C cycle. 
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CHAPTER 2:  PYROGENIC CARBON EROSION: IMPLICATION FOR 

PERSISTENCE OF PYROGENIC CARBON IN SOIL 

ABSTRACT  

Fire altered or pyrogenic carbon (PyC) constitutes an important pool of soil organic matter, 

particularly for its reactivity and long residence times in soil. Over the past several decades, 

research on the dynamics of PyC in the earth system has focused on quantifying stock and 

mean residence time of PyC in soil, as well as determining both PyC stabilization 

mechanisms and loss pathways. Much of the past research has focused on decomposition 

as the most important loss pathway for PyC from soil, and relatively little attention has 

been devoted to the role erosional redistribution and export play on persistence of PyC in 

a soil profile or catchment. Based on the density of PyC and its location on the soil surface 

after production, a significant proportion of the PyC that enters the soil system is likely 

laterally transported away from the site of production by wind and water erosion. However, 

so far, the role of erosional redistribution of PyC in controlling its dynamics in soil has not 

been fully explored. Here, we present a synthesis of available data and literature to compare 

the magnitude of erosional PyC flux with other important loss pathways of PyC from soil. 

Furthermore, we use a simple first-order model of soil PyC dynamics to determine the 

effect of erosion and deposition on residence time of PyC in eroding landscapes. The 

current estimates of PyC mean residence time (MRT) range from 250 to 660 years, and we 

find that ignoring the role of erosion can under- or over-estimate PyC MRT estimates by 

150 years, depending on the specific landform positions and timescales considered. Erosion 

is an important PyC flux that should be considered in assessments of PyC residence time, 

stock, and cycling in the soil system.  
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INTRODUCTION 

Fires and production of pyrogenic carbon 

Fire is a major environmental perturbation and driver of biogeochemical processes across 

a diversity of landscapes worldwide. In the US alone, wildfires consume over 2.6 million 

hectares per year in over 74,000 wildfires (National Interagency Fire Center 2015). The 

amount and properties of organic matter (OM) left behind in soil post-fire are controlled 

by amount and composition of fuel, and duration and temperature of the fire (i.e., fire 

severity) (Pyle et al. 2015). Depending on burn severity, or the impact of the fire on the 

ecosystem, fires also control nutrient availability, water infiltration, soil pH (Certini 2005; 

Czimczik et al. 2003), and OM stocks and fluxes in soil (González-Pérez et al. 2004; 

Keeley 2009). Moreover, fires lead to formation of pyrogenic carbon (PyC) from the 

incomplete combustion of biomass and soil organic matter (SOM) (Masiello 2004; Preston 

& Schmidt 2006; Schmidt & Noack 2000).  

A growing body of literature now demonstrates that PyC is a major component of the global 

C cycle (Bird et al. 2015; Lehmann et al. 2008; Preston 2009).  PyC makes up 2.5-5% of 

global soil C (Bird et al. 2015; IPCC 2013) and up to 30% of soil C in some soils 

(Skjemstad et al. 1999; Skjemstad 1996), making it important not just for accounting of 

global soil C stocks but also for how the soil system plays important role in regulation of 

global climate (Lehmann et al. 2008).  In soil, PyC has an overall longer mean residence 

time (MRT, centuries to millennia) compared with non-pyrogenically altered OM (decades 

to centuries) (Hammes et al. 2008; Lehmann et al. 2008). Current estimates of the MRT of 

PyC in the soil are considerably shorter than previously reported (on the order of 

millennia), as several studies have demonstrated that some PyC is degraded on shorter 

(months to years) time scales (Nguyen et al. 2009; Soucémarianadin et al. 2015b; Whitman 

et al. 2014). Recent observations have indicated that current estimates of PyC residence 

times may be inaccurate due to failures in accurately quantifying lateral redistribution of 

PyC in the terrestrial ecosystem and its riverine transfer to the ocean (Jaffé et al. 2013; 

Masiello & Louchouarn 2013; Rumpel et al. 2006). 

Properties of pyrogenic carbon and its effect on burned soil 

Fire properties and prevailing environmental conditions in the burned area dictate the effect 

of fires on soil, and its implications for post-fire soil erosion. During a fire, typically only 

the top few (2-5) centimeters of soil are directly and significantly impacted by the high 

temperatures (DeBano 2000). Combustion intensity (maximum temperature and duration 

of the combustion) at the soil surface plays an important role in determining what 

aboveground vegetation burns and the properties of the PyC formed during the fire (Pyle 

et al. 2015), where PyC formed at higher temperatures (above 350 ºC) can be more 

persistent in soil (DeBano et al. 1977; González-Pérez et al. 2004). Generally, high 

temperature PyC is smaller, lighter, and hence lower in density and potentially more 

susceptible to erosional transport than low temperature PyC.  
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Fire also changes the physical properties of soil with implications for lateral movement of 

water and PyC. Albalasmeh et al. (2013), for example, showed that low severity fires can 

have lasting impact on soil aggregate stability, potentially leading to destabilization of 

topsoil, loss of aggregate protected carbon (C), and increased erodibility of soil post-fires 

(Al‐Hamdan et al. 2012; Johnson et al. 2007; Shakesby & Doerr 2006). Moreover, low to 

moderate temperature fires can lead to the formation of a hydrophobic layer, or increases 

in overall soil hydrophobicity, resulting in decreases in infiltration rates (DeBano 2000; 

Mataix-Solera et al. 2011; Shakesby & Doerr 2006). This decrease in infiltration and 

altered hydrologic flow paths though the soil matrix can lead to increases in overland flow 

(Hortonian flow, see Figure 1) and (Shakesby & Doerr 2006), along with loss of soil 

stabilizing vegetation, drive increased erosion rates and sediment export in fire-affected 

landscapes (Shakesby et al. 1993). 

Uncertainties in the role of pyrogenic carbon in the global carbon cycle 

One of the major challenges in quantifying PyC fluxes within the environment is that no 

single analytical technique can measure the entire PyC spectrum. Many different 

techniques (e.g., physical separation, nuclear magnetic resonance spectroscopy, mid-

infrared spectroscopy, benzene polycarboxylic acid, mid-infrared spectroscopy and partial 

least squares regression) are currently being used to measure PyC concentration and 

composition (Cotrufo et al. 2016; De la Rosa et al. 2008; Gustafsson et al. 2001; Hammes 

et al. 2007; Masiello 2004; Preston & Schmidt 2006; Schmidt & Noack 2000; Wiedemeier 

et al. 2015; Wiedemeier et al. 2013), with varying degrees of accuracy for quantifying 

different types of compounds in the PyC spectrum (Hammes et al. 2007; Masiello 2004). 

Due to the variety of techniques currently used, and a lack of meaningful standardization 

methods for the different techniques, direct comparison of published results is extremely 

difficult. Many PyC-like, aromatic materials can be confounded with PyC in some of these 

techniques, further adding error to these analyses, along with some of them having varying 

degrees of sensitivity to aromatic condensation (Skjemstad et al. 1999). Hence, the data 

and arguments presented below are based on the most conservative results and least 

contradictory conclusions that we could draw from published literature. 

Of the many techniques, available to determine concentration and quality of PyC in soil, 
13C Nuclear Magnetic Resonance (NMR) spectroscopy and benzene polycarboxylic acids 

(BPCA) have so far been among the most commonly used. Using these and other 

approaches, MRTs of PyC are derived by comparing changes in PyC concentrations 

through fire chronosequences or from long-term incubations. This approach of determining 

MRT of PyC is sensitive to source of PyC, environmental conditions under consideration, 

for example laboratory compared with field setting, climate variations, soil type, and water 

availability (Cheng et al. 2008; Nguyen et al. 2010). In other cases, PyC MRT is determined 

via radiocarbon dating in older samples to determine mean age of PyC within the soil C 

pool (Marín-Spiotta et al. 2014). The radiocarbon-based approach is expected to have less 

variability; but the accuracy of the data is highly dependent on the purity of the source of 

PyC, which depends on it not being mixed with modern C inputs or fossil fuel derived PyC. 

Furthermore, some of the variation in residence time estimates is likely caused by the 

heterogeneity of different materials in the combustion continuum, which may partition the 
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overall PyC pool into different pools cycling at different rates (Bird et al. 2015; Foereid et 

al. 2011).  

PYC PERSISTENCE IN SOIL  

Over the last couple of decades, our understanding of how PyC becomes stabilized in, or 

is lost from, the soil system has advanced considerably. In the following sections, we 

discuss historical and modern ideas about PyC persistence within soil, important 

mechanisms for stabilization and loss of PyC from the soil, and briefly cover methods used 

to calculate PyC MRT. 

Historical perspective  

Historically, PyC was thought to be a highly recalcitrant form of soil C that is inherently 

resistant to microbial decomposition. PyC's presumed 'chemical recalcitrance' was 

attributed to its chemical structure including large linkages of condensed aromatic 

structures (Skjemstad et al. 1999), as well as its apparent resistance to forming chemical 

associations with soil (Masiello 2004; Preston & Schmidt 2006; Schmidt & Noack 2000). 

This idea of chemical recalcitrance prevailed for decades, even though there was evidence 

for the breakdown of PyC from the beginning of the twentieth century (Potter 1908). This 

presumed inherent 'recalcitrance' of PyC was even used to support arguments that PyC 

storage in soil might be part of the ‘missing C sink’ because it seemed so environmentally 

stable (Lehmann 2007). At the same time, the ability of PyC to persist in the soil longer 

than non-PyC OM, has also contributed to the widespread research on the potential of PyC 

to serve as an agricultural amendment (i.e., biochar). The use of PyC as biochar has been 

demonstrated to have numerous beneficial effects including: increasing soil C stocks (i.e., 

improving a soil’s potential to sequester atmospheric CO2) and improving soil productivity 

(Lehmann et al. 2008). However, recent works showed PyC can become decomposed or 

lost from soil rather quickly, over months to years (Nguyen et al. 2010; Zimmermann et al. 

2012).  There is now a major paradigm shift occurring in our understanding of PyC 

dynamics in the earth system. Figure 2 shows how published estimates of PyC MRT have 

changed over the last few decades. 

Environmental controls on stability and stabilization mechanisms of PyC  

PyC can become stabilized or lost from soil through similar processes that control the fate 

of bulk or non-PyC. Current estimates of PyC MRT range from weeks to months to 

millennia (Bird et al. 2015). Lehmann et al. (2008) suggested that PyC MRT in soil could 

range between 700-9000 years.  However, other studies have argued that PyC has 

considerably shorter MRT in soil. For example, Hammes et al. (2008) found a PyC turnover 

time of 239 years in a Russian steppe site, and similarly, Boot et al. (2015) found a similar 

MRT for PyC of 300 years. Overall, laboratory incubation derived estimates of loss of PyC 

are typically higher (1.5-20% PyC mass loss per year) than field studies (0.08-15% PyC 

mass loss per year), even though field studies include other forms of loss other than 

microbial decomposition (e.g., erosion and leaching, Table 1). Much of the variation in 

field and laboratory studies is due to the range of different processes that control PyC 

persistence in soil. Below, we present discussion on the major physical and chemical 

stabilization mechanisms that are important for the persistence of PyC in the soil. 
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Chemical stabilization mechanisms 

Charring of biomass has been associated with increasing pH, specific surface area (SSA), 

cation exchange capacity (CEC), and hydrophobicity, depending on fire temperature and 

duration (Certini 2005). In soil, similar increases occur in pH, SSA, and hydrophobicity 

with charring, however CEC of soil decreases due to OM losses and hydrophobic 

compounds breakdown at charring temperatures above approximately 250C (Araya et al. 

2016; Araya et al. 2017; Shakesby & Doerr 2006). These changes control the reactivity of 

PyC and its ability to be stabilized within the soil system (Certini 2005; Doerr & Cerdá 

2005). PyC interacts with soil minerals in several ways that can potentially lead to its 

stabilization in soil, including sorption reactions as both the sorbent and sorbate, 

hydrophobic interactions with water, and redox reactions, but these reactions depend on 

the chemical structure of the PyC (Chia et al. 2012; Kupryianchyk et al. 2016).  

The hydrophobic nature of PyC can make it more resistant to reacting with constituents in 

the soil-water solution, and the hydrophobic nature of PyC is controlled by both 

combustion intensity and fuel characteristics, with moderate combustion intensities having 

higher hydrophobicity (Kinney et al. 2012). With more hydrophobicity, sorption and 

electrostatic reactions are less favored, limiting the potential of soil minerals to provide 

stabilizing interactions with PyC that would increase its persistence in the soil.  

Much of the prior research on the breakdown of PyC focused on the role of chemical 

changes (such as increased aromatization) in OM that can serve to inhibit microbial 

processing (Alexis et al. 2010; González-Pérez et al. 2004; Knicker et al. 2006; Preston & 

Schmidt 2006). This aromatization is controlled by charring temperature and duration, with 

higher temperatures and longer durations having more aromatization (Alexis et al. 2010). 

Physical stabilization mechanisms 

Aggregation and burial are major physical mechanisms for protection of OM and PyC, as 

the OM and PyC not only becomes entrapped, but also physically inaccessible for 

decomposition by microbes and other physical breakdown processes (Buurman & Roscoe 

2011; Cusack et al. 2012; Nguyen et al. 2009). Several studies have found that PyC is 

preferentially stored in the aggregate protected soil C pool (Brodowski et al. 2006; Liang 

et al. 2008). Although there is evidence that prior to incorporation into aggregates, PyC is 

at least partially broken down (Mastrolonardo et al. 2015).   

The stabilization of PyC can also occur through post-erosion burial of a fraction of the 

eroded PyC in depositional landform positions, similar to non-pyrogenic C (Berhe et al. 

2007; Berhe & Kleber 2013; Doetterl et al. 2016). PyC-rich material eroded from hillslopes 

can get stabilized in deep soil layers of downhill or downstream depositional landform 

positions with repeated erosion/deposition events, especially if it is buried at >1 m depths, 

as was observed in char-rich Paleosols in Nebraska (Chaopricha & Marín-Spiotta 2014; 

Marín-Spiotta et al. 2014) and the sub-tropics of Brazil (Velasco-Molina et al. 2016). This 

deep-soil stabilization can also be driven by aeolian-derived deposits burying an existing 

soil (Chaopricha & Marín-Spiotta 2014; Marín-Spiotta et al. 2014), via anthropogenic 

burial (e.g., Terra Preta soils of the Amazon; (Glaser 2002; Glaser et al. 2000), or via 

charring of roots at depth during high intensity fires (Kyuma et al. 1985). The burial of 
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PyC reduces PyC exposure to microbes, air, and extracellular enzymes, which are major 

drivers of decomposition.  

Loss pathways  

Below, we discuss the major effluxes of PyC from soil and the interaction of erosion with 

these fluxes, including decomposition, chemical breakdown, erosion, leaching and vertical 

colloid mobilization, consumption in subsequent fires, and medium to long-range 

atmospheric transport (see Figure 3). Decomposition is a major loss pathway and is 

currently assumed to be responsible for most PyC loss from soil (Kuzyakov et al. 2009; 

Whitman et al. 2014). Erosion-driven loss of PyC has received less attention, but erosion 

plays a major role in the loss of PyC, especially immediately after fires or after application 

of biochar on soil (Rumpel et al. 2006). Leaching and transport within the soil matrix also 

play roles in the loss of PyC from soil, especially over decadal and longer timescales. There 

is evidence for bioturbation of PyC, where earthworms and small mammals can play a 

significant role in redistributing PyC laterally and vertically on the local scale (Eckmeier 

et al. 2007). Biomass burning leads to loss of pre-existing PyC, and non-consumed 

particulate PyC is deposited elsewhere via wind erosion (Bird et al. 2015; Gustafsson et al. 

2009). Consumption of PyC in subsequent fires is generally a relatively small loss flux of 

PyC, as a high intensity repeat fire is not likely to occur within short time span in the same 

area, whereas the other loss processes begin immediately after a fire event or intentional 

addition of PyC/biochar to soil (Tinkham et al. 2016).  

Decomposition, mineralization, and associated transformations 

The decomposition and breakdown of PyC follows the same general mechanisms as non-

pyrogenic C. This breakdown includes physical, microbial, and chemical processes 

(Ascough et al. 2011; Cheng et al. 2006; Major et al. 2010). Complex interactions of 

environmental factors lead to predictable relationships between PyC decay rate with 

climate. Notably, Cheng et al. (2008) found that decomposition of non-PyC typically 

increases with increasing soil temperatures, but with addition of PyC, the amount respired 

related to total carbon was much less than from soils without PyC additions, which they 

attribute to the environmental stability of PyC. Jauss et al. (2015) also found higher 

concentrations of PyC and non-pyrogenic C in sites that have wetter and cooler climate 

conditions. Generally, studies have reported higher decomposition rates of PyC in warmer 

climates (see Table 1 for summary).  

The effect of nutrient availability on microbial community abundance and composition 

also influences the rate of PyC decomposition (Baumann et al. 2009). Variation in 

environmental (or laboratory) conditions controlling PyC decomposition leads to a large 

range in the measured decomposition rate – with several orders of magnitude of difference 

in decomposition rates in laboratory experiments alone (see Table 1). This difference is 

related to the type of PyC precursor material (woody vs. non-woody), incubation 

temperature, and soil moisture, among other conditions. Laboratory experiments also 

generally have near optimal conditions for microbial decomposition, whereas field 

conditions are suboptimal for microbial decomposition due to fluctuations in temperature 
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and moisture, which drives the much lower decomposition rates reported from these 

studies.  

Microbial processes  

Incubation studies using 14C-labeled PyC and CO2 evolution have provided evidence of 

microbial utilization and mineralization of PyC (Kuzyakov et al. 2009; Santos et al. 2012; 

Whitman et al. 2014; Zimmermann et al. 2012). The rate of PyC decomposition reported 

in laboratory studies ranges from <1% to over 20% of PyC decomposed per year (Hatten 

& Zabowski 2009; Zimmerman 2010). 

While the majority of studies have focused on aerobic decomposition, Knoblauch et al. 

(2011) showed that PyC decomposition was approximately twice as fast under anaerobic 

conditions compared with aerobic conditions, potentially due to low oxygen availability. 

In contrast, Nguyen and Lehmann (2009) found that PyC produced from oak and corn had 

consistently lower rates of decomposition under saturated conditions compared with 

unsaturated (but not water limited) or alternating saturated and unsaturated conditions, 

which was related to oxygen availability and birch effects in the alternating saturated and 

unsaturated condition (Birch 1958). In eroding landscapes, different landform positions 

(e.g., depositional or eroding) can have widely varying soil water conditions, including 

water content and hydraulic conductivity, with significant implications for rate of microbial 

decomposition of PyC. 

Chemical breakdown 

Numerous chemical processes are capable of breaking down PyC, including oxidation 

reactions (Shneour 1966), surface reactions mediated by dominant functional groups of the 

PyC (Adams et al. 1988; Cheng et al. 2006; Hockaday et al. 2006; Smith & Chughtai 1996), 

intra-surface breakdown (Zimmerman 2010), and dissolution (Abiven et al. 2011; 

Czimczik & Masiello 2007). The major oxidation reactions in PyC occur at its surface and 

involve the loss of CO2 and H2O, but these reactions can also include losses of O2 or CO 

(Shneour 1966; Smith & Chughtai 1996). The surface or edges of PyC may have charged 

species that can react with chemical species in the outer zone of the PyC’s surface to form 

oxidized functional groups (Shneour 1966). Over time, chemical reactions can cause the 

breakdown of inter-surface sites in PyC (Zimmerman 2010). If this breakdown process 

continues, PyC can take up and retain more water, even from humid air (Adams et al. 

1988), which may further increase decomposition. An incubation by Cheng et al. (2006) 

that compared decomposition of PyC with and without microbial inoculation demonstrated 

the significant role of abiotic reactions in the breakdown of PyC, although the rates of 

abiotic breakdown are generally more than half that of microbially driven decomposition 

(Zimmerman 2010). Such findings suggest that decomposition rates are controlled by 

environmental and hydrological conditions, which are likely controlled by landform 

position in dynamic eroding landscapes.  

Photooxidation  

In addition to reacting with chemical constituents of the soil, PyC is also decomposed via 

photooxidation, or the breakdown of SOM and PyC under ultraviolet (UV) light with the 



20 

 

 

presence of oxygen (Goldberg 1985). Photooxidation plays an important role in the 

breakdown of polycyclic aromatic hydrocarbons (PAHs), which are byproducts of 

combustion and an important part of the PyC continuum, in addition to the breakdown of 

litter and bulk soil C (Kamens et al. 1989; Lin & King 2014; Schmidt et al. 2002). When 

OM is dissolved, photooxidation can play a more important role in its breakdown than 

microbial processes (Amon & Benner 1996). 

Photooxidation is limited by the exposure to light and the properties of the chemical species 

present (Brandt et al. 2007). However, photooxidation is likely an important process in the 

breakdown of PyC for several reasons. Firstly, char is mainly produced on the surface of a 

soil, which experiences a high level of light exposure, particularly after a high intensity fire 

that consumed much of the aboveground biomass. Secondly, erosion deposits PyC in rivers 

(Jaffé et al. 2013) and oceans (Masiello & Louchouarn 2013), where the low density of 

PyC may cause it to float, leaving it more susceptible to photooxidation due to higher levels 

of UV light at the surface of water bodies. 

Erosion  

Interest in the role of erosion on soil C dynamics and biogeochemical cycling of essential 

elements has increased over the last two decades, in particular the potential for erosion to 

constitute a net sink for atmospheric CO2, on the order of 0.12 - 1.5 GtC y-1 (Battin et al. 

2009; Berhe et al. 2007; Doetterl et al. 2016; Lal 2003; Regnier et al. 2013; Stallard 1998). 

In upland, eroding landform positions (shoulder positions), erosion leads to losses of soil 

organic matter (SOM) through direct removal of soil mass (Berhe 2012; Berhe et al. 2008; 

Harden et al. 2008; McCorkle et al. 2016; Nadeu et al. 2012; Stacy et al. 2015). About 70-

90% of the eroded topsoil material is redistributed downhill or downstream, and this 

material is not exported out of the source watersheds but instead is deposited in toeslope 

and footslope landform positions (Gregorich et al. 1998; Lal 2003; Stallard 1998). Erosion 

leads to stabilization of at least some of the eroded SOM in depositional landforms through 

new and reconfigured associations of the eroded SOM with soil minerals (Berhe 2012; 

Berhe & Kleber 2013; Lal 2003; Lal 2004; Sharpley 1985).  

Eroding material is exposed to breakdown mechanisms during the transport phase of 

erosion, and for non-pyrogenic C, over 20% of the OM transported from eroding landform 

positions is assumed to be lost via oxidative decomposition during or after transport 

(Jacinthe & Lal 2001). Erosion is a particularly important flux for PyC in soil when it stays 

on surface layers (Rumpel et al. 2006) at least on the order of months, if not longer (Boot 

et al. 2015; Faria et al. 2015), because this leaves PyC vulnerable to weathering forces of 

wind and water.  

Fire increases the susceptibility of soils, particularly surface soils, to erosion by changing 

soil physical and chemical properties (Bowman et al. 2009). For example, the development 

of hydrophobicity of soil reduces potential for water infiltration post-fire, increasing topsoil 

susceptibility to runoff (DeBano 2000). The presence of PyC in litter and surface soil can 

also increase the rates of erosion, as fire-affected biomass tends to have lower density, 

compared to uncharred biomass and litter, making it easier to transport by both water and 

wind erosion processes (Rumpel et al. 2006).  In many ecosystems, erosion preferentially 
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transports carbonaceous topsoil material, compared to mineral constituents of soil, leading 

to C enrichment in eroded sediments compared to soil in source slopes (Avnimelech & 

McHenry 1984; Stacy et al. 2015). Similarly, Rumpel et al. (2006) found evidence for 

selective transport of PyC during interrill erosion due to its lower density and concentration 

on the soil surface.  One study found that interrill sediment erosion was doubled in a burned 

watershed compared to a neighboring unburned watershed, along with increases in runoff 

velocity due to increased bare ground coverage (Pierson et al. 2008; Pierson et al. 2013). 

The relative extent of interrill compared with rill erosion depends upon local landscape and 

precipitation conditions (Moody et al. 2013).  

Leaching and vertical colloid mobilization  

PyC is vertically redistributed throughout the soil profile in both dissolved and particulate 

form, by both water flow and bioturbation, eventually accumulating in subsurface soil 

horizons (Glaser et al. 2000; Rumpel et al. 2015). In a recent study, Boot et al. (2015) found 

that 17% of PyC in litter layers was vertically mobilized into deeper layers in the soil 

profile. The same study also found that the PyC in deeper soil horizons tended to be the 

oldest, and most processed PyC, compared to PyC in surface of soil (Boot et al. 2015). 

Similarly, Glaser et al. (2000) reported an accumulation of particulate PyC in deeper 

horizons (below 30 cm), but reported that within aggregate and mineral-associated 

fractions of the soil C did not have elevated PyC concentrations at deeper soil horizons. 

Relatively few studies have reported a direct measurement of PyC leaching from soil. One 

of the available studies concluded that less than 1% PyC loss per year can be attributed to 

leaching of dissolved PyC (Major et al. 2010). However, another study conducted in 

forested Siberian Arctic river watersheds estimated the PyC leaching rate to be 

considerably higher, at over 40% per year (Myers‐Pigg et al. 2015). The differences in 

these estimates likely reflect variations in PyC concentration and properties, ecosystem 

types, climate, fire regimes, and hydrologic conductivity (Leifeld et al. 2007). Even when 

accounting for the variability within the estimates of loss rates, it remains clear that some 

PyC in soil is dissolved or transported in particulate form and is transported out of soil into 

rivers (Wagner et al. 2015). Indirect evidence for this can be found in studies from river 

systems that estimate that about 10% of dissolved organic matter in rivers globally is likely 

composed of dissolved PyC that was laterally transported from burned catchments 

(Hockaday et al. 2006; Jaffé et al. 2013). The vertical transport of PyC is an important 

control on the amount of surficial PyC available for erosion. 

Atmospheric and aeolian transport  

The atmospheric component of the global PyC cycle has received considerably more 

research attention than soil PyC, largely due to the interest in air pollution associated with 

soot and other aerosol releases to the atmosphere (Campbell et al. 2007; Seiler 1980), and 

their implications for global climate change and public health (Bond et al. 2013; Highwood 

& Kinnersley 2006). Fossil fuel combustion and biomass burning produce the majority of 

atmospheric PyC, which has a relatively short residence time (up to months) in the 

atmosphere (Chapin et al. 2006; Preston & Schmidt 2006). However, in the lower 

atmosphere, the residence time is typically less than a week (Parungo et al. 1994). 
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Dry and wet deposition of PyC from the atmosphere is a global process and transports 

between 2 and 10 Tg PyC per year globally, to both land and ocean depositional settings 

over regional and continental scales spanning thousands of km (Bond et al. 2013; Jurado 

et al. 2008; Parungo et al. 1994).  From the soil surface, ash and smaller PyC constituents 

can be rapidly transported post-fire, depending on local wind and precipitation conditions, 

such that dry climates are more susceptible to post-fire wind erosion (Pereira et al. 2015; 

Shakesby 2011). Few studies have focused on wind-driven erosion, atmospheric transport, 

and terrestrial deposition of PyC post-fire, due to both methodological difficulties and 

widespread assumptions that it is a very small flux or only a site-specific phenomenon 

(Shakesby 2011; Wondzell & King 2003). 

Consumption in subsequent fires  

In ecosystems with short fire return intervals, PyC is lost through subsequent combustion 

(Santín et al. 2013; Tinkham et al. 2016).  Czimczik et al. (2005) proposed that most of the 

PyC in the surface layer of a Siberian scots pine forest soil (Podzol) had been consumed in 

a high intensity fire, with no accumulation of PyC within the soil, particularly at depth. A 

more recent study found that relatively low proportion (median of 15% mass loss) of soil 

PyC was consumed during fire (Santín et al. 2013). These conflicting results likely reflect 

the role that fire return interval and combustion intensity play in controlling combustion of 

PyC. 

Significance of erosional redistribution of PyC in the terrestrial ecosystem 

Accurate quantification of the rates of PyC loss through biological versus physical 

processes is necessary for fully understanding its role in the soil C pool for a number of 

reasons, including its potential role as a C sink (Hammes et al. 2008). Understanding the 

controls on the fate of PyC in soil is needed for generating more accurate and representative 

models of dynamics of the soil C pool and how the soil system controls global climate. 

Current evidence suggests that PyC interacts with the soil minerals and microbial 

community differently than non-pyrogenic C (Kuzyakov et al. 2009). Thus, improved 

understanding of PyC interactions in soil and its loss mechanisms are currently needed to 

elucidate the role of PyC in soil total C stabilization. 

Erosion and soil PyC dynamics 

The role of erosion in controlling the fate of PyC is likely more important than for non-

pyrogenic SOM, as fire can significantly increase the rate of soil erosion, and prior research 

has demonstrated that PyC is highly erosive (Rumpel et al. 2006; Yao et al. 2014). The 

increase in rate of soil erosion post-fire results from a combination of environmental 

changes, including: loss of the protective litter layer, exposure of surface soil to erosive 

forces (precipitation, wind), increased hydrophobicity of the subsoil (Benavides‐Solorio & 

MacDonald 2001; DeBano 2000; DeBano et al. 1998; MacDonald et al. 2001), and a 

reduction in water infiltration and water holding capacity of the surface soil  (Carroll et al. 

2007; DeBano 2000; Doerr & Thomas 2000; Robichaud 1997). Furthermore, how long 

elevated rates of soil erosion are sustained is at least partially controlled by the extent of 

vegetation recovery post-fire, but is typically around a year (Baker 1988).  
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 Erosion, in turn, can indirectly affect vegetation and soil water status. Both fire and erosion 

are controlled by climate to various extents (Imeson & Lavee 1998; Neary et al. 1999; 

Riebe et al. 2001). Watershed size and topography (Iniguez et al. 2008; Liu et al. 2003), in 

addition to the amount, intensity, and temporal distribution of precipitation can influence 

the rate of bulk SOM and PyC loss from or redistribution within an eroding watershed 

(Cain et al. 1999; Nearing 1998).  These relationships have been documented by many 

erosion prediction models, such as the Universal Soil Loss Equation (Wischmeier & Smith. 

1965; Wischmeier & Smith. 1978) and the Water Erosion Prediction Project (WEPP) 

model (Laflen et al. 1991). 

Important inferences can be drawn on factors that control PyC erosion based on available 

data and by extrapolation of what we know about erosion of non-PyC or bulk C. Below we 

briefly discuss how specific variables (i.e., the amount and nature of PyC available for 

transport, climate, geomorphology of the landscape) control how strongly erosion can 

regulate soil PyC dynamics.  

The erodible nature of PyC 

The magnitude and composition of PyC that is laterally distributed over the soil surface by 

erosion, at least in part, depends on the concentration, placement, chemical composition, 

and physical size of the PyC. These variables are all products of complex interactions 

among the type and density of vegetation available to be combusted (i.e., fuel load), 

combustion conditions (e.g., temperature, duration, oxygen availability), and frequency of 

fire events (Czimczik & Masiello 2007; Hockaday et al. 2006; Knicker 2007; Masiello 

2004; Schmidt & Noack 2000). 

As of yet, the relative rates of PyC compared with bulk SOM erosion at the plot, hillslope 

or even watershed scale remain relatively unexplored, so the amount of PyC transported 

via erosion processes is generally unknown. Transport of PyC is assumed to occur in 

erosion events immediately after fire when the land surface is covered by a layer of PyC, 

which can become quickly mobilized through the landscape (Carroll et al. 2007) either via 

wind- or water-driven erosion. The PyC on the soil surface is likely to be eroded before, 

and more preferentially, than mineral soil or mineral-associated PyC, except in the cases 

of landslides and other major mass wasting events. Additionally, the recently formed PyC 

would not have had enough time to break down and enter into stabilizing physical and 

chemical interactions with soil minerals prior to preferential transport, as these breakdown 

process can take years to decades in natural settings (Faria et al. 2015). Over time, the PyC 

that is not transported by erosion is mobilized downward into the profile via dissolution 

and leaching processes that render it more susceptible for in-solution transport with flowing 

water (Güereña et al. 2015), in additional to mobilization down the soil profile via 

biological processes, such as earthworm bioturbation.  

Among the most important physical and chemical properties of PyC that make it 

susceptible to erosion are its low density compared with soil minerals (Brewer et al. 2014), 

its hydrophobic properties (Certini 2005; Mataix-Solera & Doerr 2004), and its degree of 

charring and condensation (Preston & Schmidt 2006).  Generally, it is assumed that the 

low density (<1 Mg/m3) and hydrophobic properties of PyC allow for flotation and lateral 
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transport of PyC with flowing water. The slow wetting and filling of the pores of PyC with 

water, however, is expected to increase its density to be equivalent to that of water, and 

reducing its potential for floatation and transport with overland flow (personal 

communication, C. Masiello, Rice University), although this also depends on breakdown 

of the PyC and incorporation of SOM into the PyC (Zimmermann et al. 2012).  The 

duration, intensity, and frequency of storm events plays a significant role in controlling the 

wetting of PyC, as the hydrophobic properties of PyC can only delay wetting, not prevent 

it entirely (Kaiser et al. 2015). Even if the PyC stays on the soil surface, being exposed to 

wetting- and drying-cycles is likely to render it more susceptible to leaching losses, 

although some research has indicated that the material left after leaching may be less easily 

decomposed (Naisse et al. 2015). 

Climate and hydrology 

The process of soil erosion occurs though detachment of a soil particle which is transported, 

and deposited away from the source location. During rain-driven erosion, the impact of 

raindrops breaks down aggregates on the soil surface which leads to transport of soil away 

from the point of impact, and gravity leads to the downslope mobilization of detached 

particles across the soil surface (Kinnell 2005). With all other factors held equal, the 

intensity of precipitation is the leading driver of erosion and runoff (Renard et al. 1997). 

Large storms are generally thought to drive the major erosion events within a landscape; 

however, intermediate storms can also mobilize significant amounts of material over the 

course of a year (Wischmeier 1962). In addition to intense storms, rapid rainfall and rain-

on-snow events are important drivers of rapid runoff (Pierson et al. 2001). The loss or 

reduction of vegetation cover due to fires creates the opportunity for raindrops to reach the 

soil surface at high velocity, without being slowed down by aboveground vegetation and 

overlying litter layers. Hence, the same amount or intensity of rainfall can mobilize more 

PyC, and bulk C, from soil post-fire than it would under unburned conditions if there is 

loss of vegetation or litter layers. Generally, low intensity precipitation events drive 

preferential transport of light carbonaceous material (higher enrichment ratios, higher 

concentration of bulk and pyrogenic C). However, during high intensity or longer duration 

rainfall events, a mixture of organic/pyrogenic and mineral material is mobilized from the 

soil surface or even deeper soil horizons (large rainfall events lead to scouring of the 

surface or river banks or creation of deep rills and gullies), as was observed by Stacy et al. 

(2015) and McCorkle et al. (2016). 

Geomorphology of the landscape 

The geomorphology of a landscape can significantly impact the erosion of PyC. In 

particular, the steepness of a hillslope has a non-linear, direct effect on the amount of 

sediment transported by soil erosion, where increased gradient increases the mass of 

transported sediment (Montgomery & Brandon 2002). Slope length and hillslope 

hydrology (Istanbulluoglu et al. 2008; Munro & Huang 1997; Parsons et al. 2006) also play 

important roles on PyC transport, as moderate length slopes allow for the greatest transport 

of material, while shorter slopes are limited in space for runoff to build speed. Longer 

slopes have increased area for water to meet resistance and for particles to settle out, so the 

travel distance of particles is a function of their size.  
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Aspect of a hillslope can impact erosion due to its effects on plant growth, density, OM 

decomposition, and subsequent implications for fuel availability for fires and soil burn 

severity (Cerdà et al. 1995). The impacts of aspect on hillslope erosion can be compounded 

by delays in vegetation recovery, leading to longer-term enhanced erosion rates and 

continued loss of soil nutrients, and weather-related events, which can cause different 

erosion rates on different aspects of the same hillslope (Cerdà et al. 1995). Furthermore, 

the location within a landscape that PyC is formed or deposited can be critical for the long-

term fate of the PyC. If PyC is produced on eroding landform positions (convex or linear 

positions such as summit, shoulder, or back/foot slope positions), then is more likely to be 

transported laterally by wind or water erosion processes, or gravity driven diffusive mass 

transport, compared to PyC produced in depositional landform positions (concave or flat 

positions such as toeslopes, or alluvial and colluvial plains). However, if the PyC is either 

formed or deposited on depositional landform positions, then it is more likely to persist in 

the catchment longer and be stabilized in the depositional landform positions by forming 

physical and/or chemical associations with soil minerals, or if it gets buried by subsequent 

erosion/deposition events that bring sediment to the depositional position (Berhe 2012; 

Stallard 1998). 

Interactions 

The three drivers of PyC erosion also interact with each other to control rates of PyC 

erosion (Figure 5). For example, different combinations of steepness of a hillslope, size of 

watershed, and intensity of precipitation may lead to differing rates of erosion (Pierson et 

al. 2001). Generally, large precipitation events drive the formation of rills or gullies and 

large mass wasting events, and very steep slopes, which could predispose a landscape to 

mass wasting events, could further enhance these large movement events. As another 

example, long-term climate patterns impact the type and amount of vegetation available as 

fuel for fire, which could further impact the quality and quantity of PyC left behind after 

fire. The amount and properties of available fuel play an import role in determining the 

intensity of fire, which controls the resulting PyC properties (Mimmo et al. 2014). 

Implications of including erosion as a PyC flux term 

While the magnitude of PyC transported by soil erosion is unknown, existing evidence 

suggests that erosion is a significant driver of PyC redistribution in hillslopes (i.e., loss 

from soil profiles of eroding landform positions, that may or may not remain in the same 

catchment as input to the soil profiles of depositional landform positions) (Rumpel et al. 

2006). Environmental conditions post-fire and the nature of PyC lead to elevated rates of 

erosion and enrichment of PyC within the resulting eroded sediments. The large flux of 

PyC to oceans (Jaffé et al. 2013) is further indication that there is considerable transport of 

PyC within the terrestrial and to the aquatic system. An approach that considers the 

geomorphic and biogeochemical changes associated with fires is needed to quantify stock 

and erosional fluxes of PyC in fire-affected dynamic landscapes and to determine how and 

why erosional distribution of PyC could affect our understanding of the dynamics of both 

bulk SOM and PyC in the terrestrial biosphere.  
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Calculating loss and MRT of PyC 

One of the most common and simplest approaches to estimating PyC mean residence time 

(MRT) is generally based on calculations of a loss rate from a given reservoir (i.e., soil) 

using simple one-pool box model approaches. Turnover time (T) is assumed to be 

equivalent to the inverse of the loss rate constant (k), with the assumption of steady state. 

Turnover time is imposed on a first-order kinetic model of PyC dynamics as:  

T = 1/k      Equation 1 

where,  

                                   dPyC/dt = IPyC – k*PyC                               Equation 2 

where T is turnover time (years), k is a loss rate constant (as a proportion of the PyC stock, 

yr-1), PyC is stock of PyC in a soil pool (g/m2), IPyC (g m-2 yr-1) is the rate of PyC input to 

the reservoir. This model assumes a single rate of loss of PyC that is solely comprised of 

decomposition. Below we argue for the role of erosion as a significant loss factor for PyC 

and demonstrate the error in MRT calculations when erosion is ignored. 

Estimating MRT of PyC in dynamic landscapes  

Ignoring the contribution of erosion to soil PyC stocks can lead to errors in both the stock 

as well as estimated turnover time of PyC in dynamic landscapes. Many fires occur in areas 

that are prone to erosion, but even if an erosional loss term of PyC is included, the role of 

erosion as a gain term is rarely accounted for within soil PyC budget models. Not 

accounting for this gain of PyC can lead to major errors within our budget models of PyC 

and C within eroding landscapes. We have considered three landform positions or types in 

the following model: 1) flat, where we assumed erosion plays no role (i.e., landform where 

no sediment material is being transported to or from that area); 2) an eroding landform 

position (e.g., shoulder, backslope), where erosion represents a loss term for PyC; and 3) a 

depositional landform position (e.g., toeslope or plain), where deposition of PyC eroded 

from upslope positions leads to input of PyC. Following works of Stallard (1998)  and  

Berhe et al. (2008) on erosional redistribution of bulk SOM, here, a model for first order C 

kinetics was modified to reflect the effect of erosion on PyC dynamics. The first-order loss 

rate constant (k) in the first order model (Equation 2) was replaced with two separate 

constants for decomposition (ko) and erosional redistribution (ke,), where k = ko + ke as: 

dPyC/dt = I – (k0 + ke) *PyC                                                Equation 3 

where PyC = soil PyC stock (g m-2); I = soil pyrogenic carbon inputs (g m-2 yr-1); ko = first-

order loss of PyC by oxidation/decomposition (yr-1); and ke = first-order loss or gain of 

PyC by erosion (positive or negative ke, respectively, yr-1). This ke term describes the 

different trajectories of PyC at eroding or depositional landform positions and accounts for 

additions or losses of PyC via erosional processes.  

For our model calculations, we used published results from Hammes et al. (2008) where 

they measured PyC stock in chernozem soils at a steppe preserve in Russia. The soils were 

sampled twice over about 100 years, first between 1895 and 1903, and then in 1997 and 

2004. The authors then used the difference in PyC stock (measured using the BPCA marker 
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technique) of the soil between the two time periods and radiocarbon measurements of SOM 

to derive MRT of PyC in soil using a one PyC pool, first-order decay (i.e., linear, donor-

controlled) model Hammes et al. (2008).  In our calculations, we assumed the soils had 

initial soil PyC stock of 2.5 kg PyC/m2  (Hammes et al. 2008) and a relatively low 

decomposition constant (ko) for PyC of 0.4%/year (i.e., approximate turnover time of 250 

years; (Hammes et al. 2008). Then, we considered erosion or deposition as loss or gain 

terms, as shown in Equation 3. We calculated the stock of PyC in the flat position by 

assuming that k = k0 and that ke = 0. For the eroding position ke represents a loss term for 

PyC, while for the depositional position it represents a gain to the existing PyC stock. The 

depositional area has erosional inputs of PyC that maintain a higher PyC stock through the 

simulation. The eroding area has both erosion and decomposition acting together to remove 

PyC from the soil, so it has the lowest PyC stock at the end of the 150-year simulation 

(Figure 6).  

This model is an inherently simplified version of PyC dynamics within eroding hillslopes, 

and thus operates under several assumptions. This model assumes a single input of PyC 

and initial even distribution and availability of PyC for erosional transport. After the initial 

time step, the erosional gain of PyC at the depositional landform position is likely no longer 

a function of the stock of PyC in that landform position, but a function of the PyC in the 

source eroding landform position. However, depending on specific fire and environmental 

conditions, this model may still hold as a proximate estimation for the erosion inputs of 

PyC into a depositional landform position. This model assumes only a single fire event to 

input PyC, but in many environments, it is likely that there would be more than a single 

input of PyC over the duration of 150 years. We found that, for the specific conditions we 

considered, not accounting for erosional redistribution of PyC lead to around 200 g m-2 of 

PyC stock difference between the maximum erosion gain and minimum erosion loss 

scenarios over a 150-year simulation. Note that the model presented here is simplistic by 

design, as it is aiming to demonstrate the role of soil erosion under three landform positions. 

In any given hillslope, the actual role of erosional redistribution depends on the nature of 

the landscape, rate of PyC input, and the environmental variables that control rate of PyC 

loss through decomposition, leaching, and/or erosion. For example, future models could be 

designed for specific environments to include additional fluxes of PyC that have yet to be 

well quantified, such as bioturbation, leaching, and subsequent fires, and likely control its 

stock and residence time in the soil.  

The model presented above can also be used to determine the effect of erosion on mean 

residence times or persistence of PyC in soil. The more that erosion contributes to the k 

term as a loss of PyC, the larger the overall k term and the faster the turnover of PyC in a 

soil, since a portion of the PyC stock would be moved laterally to downslope positions. 

Conversely, for depositional landform positions, the ke adds to the soil profile's PyC stock, 

and because ke would be negative in this case, it lowers the effective k term in Equation 1, 

leading to longer turnover times for PyC in soil profiles of depositional landform positions.  

On the local scale, explicitly considering erosion as a loss or gain term (depending on the 

landform positions considered) for PyC in dynamic landscapes leads to considerable 

differences in MRT at different geomorphic landform positions. Across even a single 

hillslope, soil properties and controls on decomposition vary considerably. We calculated 
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turnover times for eroding and depositional landform positions, by assuming a 

decomposition rate (k0 from equation 3 of 0.04%/year and an erosion rate of 0.01%/year 

(1000-year turnover time from erosion processes alone). The erosion rate (ke) was positive 

for the eroding landform position (indicating erosional loss of PyC from eroding landform 

positions, and making net loss of PyC faster) and negative for the depositional landform 

position (indicates an addition of PyC, and decreasing the net loss of PyC).  This erosion 

rate was further divided into different fractions, such that 0% indicates no erosion, or no 

erosion accounted for, and 100% indicates 100% of the 0.01% erosion rate accounted for 

within the model. We found that if 100% of this theoretical erosion rate is accounted for, 

then the difference in calculated turnover time is approximately 150 years (Figure 7). If 

50% of the erosional loss of PyC from a soil is accounted for, then the difference between 

the maximum turnover time with erosion as a gain and the minimum turnover time with 

erosion as a loss is approximately 70 years. If the erosion rate were higher (i.e., the 

theoretical 100% erosion was a higher background erosion rate), then this difference in 

turnover time would be even greater. This difference in erosion indicates that over the scale 

of a landscape, local topographical differences that determine whether PyC is eroded or 

deposited over time can play a major role in the fate of that PyC. 

This model only applies to PyC that remains on the surface soils, which is the fraction that 

is likely to experience erosion. The fraction of soil PyC that is found in deep soil layers or 

gets buried overtime is not likely to experience significant lateral redistribution with 

erosion, and hence is not included in this discussion. Also, the importance of the role of 

erosion as a gain or a loss term is also dependent on the relative role of erosion in each 

landscape (Figure 7), as different landscape geomorphologies can lead to drastically 

different erosional rates and processes (Section 3.1.3). Furthermore, the intensity, type, and 

timing of post-fire precipitation play an important role in erosion of PyC (Hammes et al. 

2008). 

Explicitly considering erosion in modeling global PyC dynamics in soil  

The role of erosion in redistributing PyC can also impact global models of PyC cycling and 

storage. To investigate how an erosion event can affect our estimates of soil PyC dynamics, 

we ran a simple box model with current estimates of PyC pools and flux rates (Figure 3). 

This box model includes pools (or sinks) of PyC and fluxes that are known to impact PyC 

with the assumption that no shifts in flux rates are occurring (i.e., fire is occurring at a 

constant rate, erosion operates at a constant rate). In reality, these rates are constantly 

varying, but this model is useful to probe whether current measurements of loss processes 

of PyC are generally on the correct order of magnitude, assuming steady state and that first-

order loss applies.  

The major global pools of PyC incorporated into this model are soil, buried soil from 

erosional processes, groundwater, oceans, and marine sediments, and the major fluxes 

(input and output processes) of PyC are fire (burning of biomass, input of PyC to soil), 

decomposition (loss of PyC from soil), percolation and leaching to groundwater (loss of 

PyC from soil, gain to groundwater), erosional transport (loss of PyC from original soil 

pool), decomposition of eroded material (loss of PyC from erosional PyC pool), export to 

oceans by rivers (constant rate), and sedimentation of oceanic PyC (loss from ocean and 



29 

 

 

gain to marine sediment). These loss processes and stocks were incorporated into a simple 

box model using Microsoft Excel (Version 15.12.3, see Figure 3) to assess steady state 

assumptions of global PyC stocks and fluxes (see Table 2 for model assumptions and 

parameter inputs). 

This model was initialized with stocks of PyC in the soil, ocean, and marine sediment. 

Since there are no reliable measurements for representative rates of PyC eroded and buried 

or leached into groundwater, these stocks were assumed to initially be 0. However, there 

is evidence for buried PyC being able to persist within an environment for longer periods 

in Paleosols (Marín-Spiotta et al. 2014).  

Fluxes (inputs and outputs of PyC into stocks) were entered into the model as either a 

constant flux rate (e.g., river to ocean flux – 7.4x1012 g/year; Jaffé et al. (2013)), or as a 

stock dependent flux (e.g., decomposition - 5% of soil PyC stock per year). Because no 

terrestrial to aquatic flux rate has been reported to date, this flux was not included in the 

model and was assumed to equal the ocean export flux of PyC.  Each flux process was 

scaled to a year time scale, and the model was integrated to run for 100 years. A sensitivity 

analysis conducted by varying the initial stocks and fluxes found that soil PyC stocks were 

sensitive to initial stocks, but not the magnitude of fluxes. 

The results of this model indicate that the current literature is not fully accounting for PyC 

throughout the global ecosystem, as the stocks and fluxes used in this model did not reach 

steady state by the end of the simulation. The final soil PyC stock was 5.78x1014 g, which 

was considerably lower than the initial ‘steady state’ hypothesis (maintaining an initial 

steady state concentration of 1.05x1015 g). This indicates that the current available flux 

measurements and controls on soil PyC storage are not fully describing the dynamics of 

PyC in soil. However, the buried soil PyC pool, when totaled with the soil PyC pool, 

exceeds the initial total soil PyC pool. This indicates that erosion may is serving as a sink 

or stabilization mechanism of PyC, as it is comprising a significant portion of the long-

term soil PyC pool.   

Additionally, by assuming steady state and a low decomposition rate (5%), erosion must 

not be playing a significant role in the net loss of total soil PyC (on this theoretical global 

scale), even if there is local-scale loss of PyC. These results suggest that erosion is playing 

a role in redistributing PyC and burying it for longer-term storage within the soil system. 

However, this model is a major simplification of the global PyC cycle that does not include 

quantitative inputs such as type of erosion, climate data, topography, and the preexisting 

soil PyC pool, which would usually comprise a global scale model. What can conclusively 

be drawn from this model is the role of erosion of PyC should not be ignored as a factor 

controlling its long-term fate within the soil. 

The connection of soil PyC to rivers and oceans is a critical missing output component of 

this model, and is outside the scope of this synthesis. This terrestrial to aquatic transfer of 

PyC is also a topic that currently has very little data or consensus about the mechanism of 

PyC transport and subsequent dynamics in the aquatic systems. This transfer likely includes 

both erosion and leaching driven processes, but these are not yet well understood, and 

riverine breakdown and storage of PyC may serve as critical missing sinks and fluxes in 

the PyC cycle. However, it is plausible to expect that, if this output (land-river transfer) 
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was included in a model like the one we present here, then the soil PyC may potentially be 

at steady state, since this additional loss of PyC to rivers would decrease the overall soil 

PyC stock.  

Furthermore, the box model presented here does not necessarily represent natural variation 

in timing and magnitude of fire and future climates that may alter the global PyC cycle, 

particularly as large erosion and fire events are strongly controlled by local weather 

conditions (Westerling et al. 2006). The loss of PyC from the soil is likely more episodic 

and variable in nature than this model accounts for, and therefore this loss may be different 

than predicted by constant rate functions used in this model. Also, this model does not 

account for the decomposition or loss of PyC from groundwater or from deep-sea 

sediments, which result in them acting as considerable sinks for PyC within this model.  

In addition to limitations of the knowledge surrounding the loss of PyC in different sinks, 

it is likely that the many laboratory-based incubation studies are over-estimating the rate 

of PyC decomposition due to the disturbance of the soil, along with optimal decomposition 

conditions in the laboratory. Many of these estimates are over 10% PyC loss per year 

(Foereid et al. 2011; Nguyen et al. 2010), which is inconsistent with calculated PyC MRT 

measurements that range from several hundred years to several millennia (Hammes et al. 

2008; Lehmann et al. 2008). It is also possible that erosional deposition and burial of PyC 

is a more significant process for the long-term stabilization of PyC than previously 

considered. If erosion is playing a significant role in the stabilization of PyC and if 

decomposition rates of PyC are consistently over-estimated, this could have major 

implications for global models of PyC cycling and storage. PyC could be serving a major 

role in the unaccounted for C in our global C budgets (Lehmann 2007) and could 

potentially represent a previously unaccounted C sink within the soil system (Santin et al. 

2015). 

Remaining uncertainties in PyC erosion and recommendations for future research 

The variation in the estimates of loss of PyC reflects both the spectrum of methodologies 

used to measure PyC and the lack of inclusion of erosion and other processes as loss 

mechanisms. The dynamics of PyC within the soil system depends on prevalent 

environmental conditions, such as temperature, precipitation, land use, slope, aspect, and 

vegetation. Available data on the magnitude of loss of PyC from the soil by different 

processes is currently incomplete, and has a lot of uncertainty, making model 

parameterization very difficult (see Table 1 for published magnitudes of fluxes and stocks 

of PyC). In particular, the rates of erosion and burial of PyC and the mechanisms and 

magnitude of the transport of PyC from land to water need further investigation. Making 

comparisons between stocks of PyC from different techniques that is also difficult, as each 

technique measures a different portion of the PyC combustion continuum, and the 

assumptions underlying the different techniques vary considerably. As far as we can tell, 

there is no way to convert data derived using the many different approaches into a standard 

unit, making integration of previous research into global and watershed scale models a 

challenge. 
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In the simple box model presented here, in the absence of new input, the soil's PyC stocks 

were declining considerably lower than the current PyC soil stock measurements would 

suggest. It is likely that the inferred or measured rates of PyC loss in soils are 

overestimating the effectiveness of microbial decomposition, especially for the studies 

generated from short-term laboratory experiments conducted under ideal climate and 

environmental conditions. In longer-term laboratory incubations and models, rates of PyC 

decomposition are considerably lower (Foereid et al. 2011; Kuzyakov et al. 2009). 

Furthermore, uncertainties also remain as to the role of erosional transport in physical 

breakdown and decomposition of PyC during erosional transport. In the model presented 

here, the rate of decomposition during erosional transport was assumed the same as non-

pyrogenic carbon. If this assumption proves invalid and PyC decomposition during erosion 

is considerably lower, this would have important implications for the long-term 

stabilization of PyC. Finally, even though erosion of PyC from slopes represents a loss 

process, it serves the opposite role in depositional landform positions. If we assume that 

erosional redistribution, and subsequent burial of eroded PyC in depositional soil profiles 

can effectively reduce its decomposition rate, then the process of soil erosion can 

potentially be a stabilization mechanism for PyC in some eroding landscapes (Berhe et al. 

2007; Berhe & Kleber 2013). 

CONCLUSION  

Interactions of environmental perturbations such as fire and erosion can play significant 

roles in regulating PyC and SOM persistence in dynamic landscapes. The synthesis of 

published results and models presented here illustrates how not accounting for integrated 

biogeochemical and geomorphological processes can lead to significant errors in our 

current understanding of PyC dynamics in the terrestrial ecosystem. Specifically, not 

accounting for post-fire erosion can lead to significant differences in projected stocks and 

turnover times of PyC within the soil. These differences in stock and turnover time vary 

based on landform position, rates and drivers of erosion, among other factors.  

Understanding the long-term fate of terrestrial OM and PyC is critical for generating 

accurate models and to better manage these ecosystems to maximize soil C storage. 

Considering imminent climate change, understanding the controls on the PyC cycle may 

become ever more critical for managing soil C cycle. This is particularly relevant as the 

relative roles of fire and erosion as controlling forces for the soil PyC cycle may act in 

different ways under altered climatic regimes. PyC is an important component of the global 

C cycle that is being assessed for its potential to account for the missing C sink and biochar 

addition to soil is being discussed as one of many approaches that can be used to mitigate 

climate change (Santin et al. 2015). It is critically important to gain better understanding 

of the major loss processes for PyC from the soil, including decomposition, erosion, 

leaching, and further fires. However, currently, the uncertainties in comparing loss rates 

from different ecosystems and measurement techniques make global budget modeling 

difficult. Future research should focus on mechanisms and magnitude of PyC loss from the 

soil system, as well as development of approaches to enable comparisons and conversions 

between different measurement techniques for PyC. 
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FIGURES 

 

Figure 2-1 Even on the hillslope scale, fires alter dominant hydrologic flow regimes in soil, 

reducing infiltration and subsurface flow of water, and increasing surface runoff (Santin et 

al. 2015). 
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Figure 2-2. This timeline of estimated MRTs of PyC and key papers illustrates the changing 

paradigm on controls of PyC persistence in the soil system. Some earlier studies argued 

that PyC persists in soil for over thousands of years mainly due to its perceived inherent 

recalcitrance. Initial estimates were much higher, but around 2008 (marked by a star), a 

gradual shift in viewpoints (large arrow) happened as evidence for rapid decomposition 

and mobilization became apparent. Papers that provide support for the more rapid 

decomposition of PyC are listed above the large arrow, and papers arguing for the inherent 

chemical recalcitrance of PyC are listed below the large arrow. The estimate for char age 

from Cope and Chaloner (1980) was not included in the average of 300 million years, 

because it was not an estimate of turnover time, but it does reflect the view that PyC would 

reside in soil for very extended periods of time.  Also, note that the x-axis is not numeric. 

Some of the most recent research suggests that the rate of PyC decomposition is tightly 

controlled by environmental conditions and its persistence in soil is a property of the 

ecosystem (Schmidt et al. 2011). 
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Figure 2-3 Major fluxes of PyC in the earth system. Grey boxes represent stocks of PyC 

and arrows indicate fluxes of PyC between stocks. 
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Figure 2-4. Erosion in upland temperate forests is dependent upon precipitation and 

topography. This progression of photographs from the Rim Fire (2013, in Yosemite 

National Park and Stanislaus National Forest in California, USA) illustrates the significant 

loss of PyC post-fire in a high-severity burn area and post-fire vegetation regrowth (all 

photos, R. Abney). The Rim Fire began in August of 2013 and was contained in November 

of 2014, with the aid of snowfall. The picture in panel A (from February 2014, three 

months' post-fire) illustrates the significant PyC layer remaining after the first snowmelt. 

The picture in panel B from March 2014 is the remaining PyC after the first major rainfall 

post-fire. The soil color is considerably lighter, which is evidence of loss (erosion) of 

highly charred material (PyC). The pictures in panels C and D have considerably less PyC 

covering the soil surface and illustrate the beginnings of vegetation regrowth. 

 



51 

 

 

 

Figure 2-5. Three main factors interact to control the erosion of PyC in any environment: 

landscape, climate and hydrology, and the amount and nature of PyC produced from fire. 

These three factors interact with each other in both space and time to impact the fate of 

PyC.  
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Figure 2-6. The difference in PyC stock when erosion is considered as a loss (e.g. via 

transport out of a soil) vs. a gain (e.g. in depositional landform positions) in a model of 

PyC loss over 150 years can lead to around a 200 g difference in PyC stock per m2 after 

100 years. The assumed initial stock of PyC was 2.5 kg/m2 (Hammes et al. 2008), and the 

base decomposition rate was derived from a 263-year turnover time (k0 = 0.0038, from 

Equation 1).  The rate of erosion was assumed to be 0.001 (Ke, from Equation 1), which 

equates to a 1000-year turnover time. This model also assumes a single input of PyC into 

the soil. In reality, multiple fires would have occurred during the 150-year run of this 

model, suggesting that soil PyC stocks would not decline at this rate. 

  

1.5

2.0

2.5

0 50 100 150
Years since PyC addition

S
to

ck
 o

f 
P

y
C

 i
n
 s

o
il

 (
k
g

/m
2
)

Treatment groups
Decomposition only
Decomposition with erosion gain
Decomposition with erosion loss



53 

 

 

 

Figure 2-7. The error associated with discounting erosion as either an input (deposition of 

material) or loss (erosion of material) term can lead to an approximately 150-year 

difference error in turnover time. The theoretical percent erosion is the percent of an 

erosion rate (Ke, from Equation 1) that is accounted for within this model from an assumed 

rate of erosion of 0.001 (1000-year turnover time of PyC via erosion, a slow erosion rate). 

This erosion rate is added (deposition of material) or subtracted (erosion of material) from 

a base decomposition rate (k0, from Equation 1) of 0.004, corresponding to a 250-year 

turnover time (Hammes et al. 2008).  A theoretical percent erosion of 0% corresponds to 

no erosion contribution of input or output of PyC from a soil; whereas a theoretical percent 

erosion of 100% would lead to either an input (gain) of PyC into the soil or loss of PyC 

from the soil that would increase or decrease the turnover time of PyC by approximately 

70 years respectively.  
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TABLES  

Table 2-1 Decomposition rates measured in laboratory and field studies, as converted to 

percent mass loss of PyC per year. The range of reported loss rates for incubation 

experiments (1.5-20%) is considerably higher than field experiments (0.08-15%). For the 

box model, the decomposition was assumed to be 5% loss per year, which was selected as 

a conservative estimate within the range of decomposition rates reported within the current 

literature. 

%PyC 

mass loss in 

a year 

Type of experiment Source of PyC Method to 

measure PyC 

Citation 

Laboratory experiments    

2 Incubation, at 

tropical conditions 

Mulga (Acacia 

aneura) 

13C direct 

polarization NMR 

spectroscopy, 

hydrogen pyrolysis 

Zimmermann 

et al. (2012) 

10-20 Incubation, 

temperature change 

from 4C to 60C 

Laboratory 

generated corn 

(Zea mays L.) char 

at 350C 

13C direct 

polarization NMR 

spectroscopy 

Nguyen et al. 

(2010) 

4-20 
 

Corn char at 

600C 

  

2.3-15 
 

Oak (Quercus 

spp.) char at 

350C 

  

1.5-14 
 

Oak char at 600C   

0.02-4.89 Three simulations of 

PyC loss via 

decomposition 

ranging from 2 to 

2000 years 

N/A N/A Foereid et al. 

(2011) 

0.38 Laboratory 

incubation – O 

horizon 

Laboratory 

generated char 

from ponderosa 

pine (Pinus 

ponderosa) 

Chemo-thermal 

oxidation at 375C 

Hatten and 

Zabowski 

(2009) 

0.24 A1 horizon    

0.08 A2 horizon    
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0.7  Laboratory 

incubation: average 

over 8.5 years 

Ryegrass (Lolium 

spp.) 

14C labeled biochar  _ENREF_88 

Kuzyakov et 

al. (2009) 

0.25 Average PyC loss 

between years 5 and 

8 

   

Field experiments    

1 Field 

chronosequence: 

first 30 years after 

production 

Field burning of 

maize (Zea mays 

L.) 

13C CPMAS NMR 

spectroscopy, 

FTIR 

Nguyen and 

Lehmann 

(2009) 

3.2 Field 

chronosequence: 

first 5 years after 

production 

 Manual 

identification 

 

1.1 Field experiment in 

native savannah 

Mango trees 

(Mangifera indica 

L.) 

Mixing model from 

13C of PyC and 

field soil 

Major et al. 

(2010) 

0.25 Field experiment Natural PyC in 

chernozem 

BPCA Hammes et al. 

(2008) 
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Table 2-2 Stocks and fluxes of PyC used our simple box model to assess steady state 

hypotheses. The initial conditions for the stocks and fluxes were found from a variety of 

sources within the available literature on PyC. Where stock information was not available, 

initial starting values were assumed to be 0 (marked N/A), even though this is likely not 

the case in reality. For example, Paleosols provide evidence that buried soil can store PyC 

for long periods of time (Chaopricha & Marín-Spiotta 2014).  Flux data in terms of input 

and loss of PyC from the various stocks were used as rates of loss from each of the stocks 

or movements between the pools within the box model. These rates of loss or transfer of 

PyC were applied as a fraction of the pool lost per year.  
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Model parameter Amount Citation 

Initial global stocks of PyC 

Soil PyC  1.05x1015 g PyC Nguyen and Lehmann (2009), Soucémarianadin 

et al. (2015a) 

Ocean  9.87x1018 g PyC Ziolkowski and Druffel (2010) 

Buried soil 0 g PyC N/A 

Groundwater  0 g PyC N/A 

PyC in marine sediments 

initial stock 

1.79x1022 g PyC Masiello (1998) 

Loss of PyC from soil 

Percolation and leaching to 

groundwater 

1% per year Abiven et al. (2011), Major et al. (2010) 

Erosion of PyC 0.38% per year N/A* corresponds to turnover time from 

Hammes et al. (2008) 

Decomposition of PyC in 

soil 

5% per year  Foereid et al. (2011), Hatten and Zabowski 

(2009), Nguyen et al. (2010), Spokas et al. 

(2014), Zimmermann et al. (2012), conservative 

for field setting 

Decomposition during 

transport or after burial 

20.2% per year Jacinthe and Lal (2001), from non-pyrogenic 

carbon loss in transported soil  

Groundwater flow through 

rivers to ocean 

1% Major et al. (2010) 

PyC exported to oceans by 

rivers 

7.4x1012 g PyC 

per year 

Dittmar et al. (2012), Jaffé et al. (2013) 

PyC sedimentation in 

ocean 

0.02% leaves by 

sedimentation per 

year 

Masiello (1998) 

Input of PyC to soil 

Fire inputs of PyC 1x1014g PyC per 

year 

Jauss et al. (2015), Preston and Schmidt (2006) 
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CHAPTER 3:  PYROGENIC CARBON EROSION AFTER THE RIM FIRE, 

YOSEMITE NATIONAL PARK: ROLE OF FIRE SEVERITY AND 

TOPOGRAPHY ON DETERMINING FATE OF PYC 

 

ABSTRACT 

Pyrogenic carbon (PyC), an important component of the global soil carbon (C) cycle, may 

constitute up to 35% of all soil C and have longer soil residence times compared with non-

pyrogenic components of the soil C pool. The physical and chemical nature of PyC, 

including its low density and concentration in surface soils, leads to its preferential erosion 

in fire-prone dynamic landscapes. To investigate geomorphic and fire-related controls on 

PyC erosion, sediment fences were established in three combinations of slope (high slope 

of 13.9-37.3%; moderate slope 0-6.7%) and burn severity (moderate and severe) plots in 

the area affected by the Rim Fire in 2013, Yosemite National Park, California, USA. After 

each major precipitation event, immediately following the Rim Fire, we determined 

transport rates of total bulk sediment trapped in sediment fences, fine and coarse sediment 

fraction transport, and carbon (C) and nitrogen (N) transport. In addition, we measured 

stable isotope (13C and 15N) compositions and 13C-nuclear magnetic resonance (NMR) 

spectra of soils from eroding hillslopes and eroded sediments. The highest rates of total 

and fine (<2 mm) sediment transport in high severity burned areas was correlated with the 

initial discharge peaks from an adjacent stream, while the moderate burn severity sites had 

considerably more of the >2 mm fraction transported than the high burn severity sites. The 

13C and 15N values and 13C-NMR analyses indicated that the sediment eroded from the 

moderate severity burn areas included fresh organic matter that was not as significantly 

affected by the fire, whereas sediments from high severity burn areas were enriched in 

pyrogenic matter. Our results suggest that burn severity, not geomorphology of the 

landscape, plays a primary role in controlling soil or PyC transport dynamics post-fire. The 

preferential erosion of PyC post-fire has major implications for the long-term fate of PyC 

within the soil system, and may be an important in determining whether PyC is transported 

to aquatic systems.   



59 

 

 

INTRODUCTION 

Fire and erosion can have multiple independent and interactive effects on soil health, plant 

productivity, and biogeochemical cycling of essential elements. Little is known about how 

the interactions of complex topography and changes in soil properties due to fire (i.e., loss 

of vegetative plant and litter cover and increased hydrophobicity in topsoil) can affect post-

fire soil carbon (C) and overall terrestrial organic matter (OM) dynamics, however the 

terrestrial biosphere is dominated by sloping landscapes (Staub & Rosenzweig 1992) and 

around 450 Mha of the globe is impacted by fire annually (Randerson et al. 2012). These 

interactions can determine the redistribution of nutrients and OM post-fire, which are 

important controls on the available nutrients for post-fire regrowth (Johnson et al. 2007). 

These erosional geomorphic processes play crucial roles in controlling soil chemical and 

physical properties, biogeochemical processes within the soil system, and flux of elements 

from terrestrial to aquatic systems (Berhe 2012; Berhe et al. 2012a; Harden et al. 1999; 

Stallard 1998).  

Erosion and SOM dynamics 

Erosion globally redistributes 75 Gt of soil and 1-5 Gt soil organic carbon (SOC) annually 

(Battin et al. 2009; Berhe et al. 2007; Regnier et al. 2013; Stallard 1998). Erosional 

redistribution of topsoil affects numerous processes in the source catchments and moves 

soil and essential elements from terrestrial to aquatic ecosystems. About 70-90% of that 

eroded material is redistributed downhill or downstream but is not exported out of the 

source watershed (Gregorich et al. 1998; Lal 2003; Rumpel et al. 2006a). In upslope 

eroding landform positions, erosion leads to a loss of SOM from soil profiles through direct 

removal of soil mass. In contrast, in depositional landform positions, erosion leads to input 

and stabilization of at least some of the eroded soil organic matter (SOM) through 

processes including: (1) enhanced rates of plant productivity in depositional landform 

positions; (2) new and reconfigured associations of the eroded SOM with soil minerals, 

and (3) burial from subsequently eroded material (Berhe et al. 2012b; Sharpley 1985). 

When considered at the watershed scale, and accounting for the replacement of eroded OM 

by production of new photosynthate in eroding slopes and the stabilization of some eroded 

OM in depositional settings, soil erosion and deposition act together to induce a net 

terrestrial sink of 0.12 – 1.5 Gt C yr-1,  (Berhe et al. 2008; Berhe et al. 2007; Harden et al. 

1999; Stallard 1998; Van Oost et al. 2007).  

Fire and SOM dynamics 

One of the major by-products of fire is the formation of pyrogenic carbon (PyC), which 

results from the incomplete combustion of biomass and includes a range of products such 

as ash, charcoal, and charred biomass (Bird et al. 2015; Masiello 2004). In the soil system, 

PyC is persistent with reported mean residence times ranging from centuries to millennia 

(Hammes et al. 2007; Hammes et al. 2008; Lehmann 2007; Lehmann et al. 2008). 

Additionally, PyC has a high surface area, which allows it to have higher reactivity 

compared with non-pyrogenic C, and has been shown to serve as a sorbent for SOM (Chia 

et al. 2012; Cornelissen et al. 2005; Mukherjee et al. 2011). Condensation of volatile 

organic compounds during moderate to low combustion temperatures also render soil more 
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hydrophobic compared to unburned soil (DeBano 2000; Doerr et al. 2004; Mataix-Solera 

et al. 2011; Shakesby & Doerr 2006). The properties of PyC and charred soil depend 

heavily on the combustion temperature, with higher temperatures leading to the loss of 

many soil nutrients and higher pH, among other soil property shifts (Araya et al. 2016; 

Araya et al. 2017). 

 

Significance and effects of PyC erosion  

There are numerous complex interactions between fire and erosion, and the extent of these 

interactions depends on fire intensity, post-fire management, climate (Certini 2005), and 

rate of vegetation recovery (Baker 1988). Erosion, in turn, can indirectly affect vegetation 

and soil moisture content. Both fire and erosion are controlled by climate to various extents 

(Imeson & Lavee 1998; Neary et al. 1999; Riebe et al. 2001). The size of watershed and 

topography (Iniguez et al. 2008; Liu et al. 2003), and amount, intensity, and temporal 

distribution of precipitation can influence the rate of bulk SOM and PyC loss from or 

redistribution within an eroding watershed (Cain et al. 1999; Nearing 1998). Many erosion 

prediction models such as the Universal Soil Loss Equation (Wischmeier & Smith. 1965; 

Wischmeier & Smith. 1978) have confirmed the importance of slope and topographic 

characteristics for soil erosion.  

Numerous properties of PyC make it highly susceptible to erosion (Abney & Berhe In 

Review; Rumpel et al. 2006a). The majority of PyC is produced and deposited on the soil 

surface, which is the first material to erode from a hillslope. During low- to moderate-

temperature combustion, hydrophobic layers can form beneath the soil surface, leading to 

decreases in the  infiltration rate of water (DeBano 2000; DeBano et al. 1998; Doerr & 

Thomas 2000; Robichaud 1996). The hydrophobic properties and low density of PyC also 

increase the likelihood for it to be transported by flowing water by, for example, saturated 

overland or Hortonian flows (Shakesby & Doerr 2006). These properties can interact to 

make PyC susceptible to preferential erosion over non-pyrogenic material (Abney & Berhe 

In Review).  

A handful of previous studies (Rumpel et al. 2009; Rumpel et al. 2006b) have provided 

direct evidence for the preferential erosion of PyC post-fire, and some research has 

provided some evidence for the non-erosive nature of PyC (Nguyen et al. 2009). However, 

as of yet, the relative rates of PyC vs. bulk SOM erosion at the scales of plots, hillslopes or 

watersheds remain relatively unexplored. Our investigation seeks to determine how and if 

the preferential erosion of PyC is a function of both the properties of the PyC, as a function 

of burn severity, or PyC formation conditions, as well as the timing and magnitude of 

erosion events at the hillslope scale.  

Research Objectives 

This project aims to understand how the interaction of burn severity and slope control 

erosional transport of organic matter (total SOM and PyC) in upland temperate forest 

ecosystems. Specifically, we determine: (a) how slope and fire severity interact to control 

transport of different soil constituents (i.e., fine and coarse sediments, soil C, N, and PyC 
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concentration in sediments); and (b) how fire intensity controls nature of bulk C and PyC 

mobilized by erosion. 

METHODS 

Study site  

This study was conducted in the Sierra Nevada mountain range of California, in the area 

affected by the Rim Fire in 2013. The Rim Fire burned over 1000 km2 land from August 

to November of 2013, in an area that covered parts of Yosemite National Park and 

Stanislaus National Forest. The specific study watershed used in this study is Poopenaut 

West, which is located within Yosemite National Park, in a sub-watershed of the Tuolumne 

River basin. The watershed has a mean annual precipitation of 915 mm. For the one-year 

study period, the Tuolumne River basin was at 58% of average precipitation (CDEC 2016), 

and the watershed was under transitive snow cover from the time of burn containment to 

initial sampling.  

Sites were selected along a single hillslope in the watershed within the perimeter of the 

Rim Fire, near the Hetch Hetchy entrance to Yosemite National Park, with elevations 

ranging from 1475 to 1740 m above sea level (Figure 1). Holocene era granitic glacial 

deposits underlie the study area (Huber et al. 1989), and the soils are dominated by coarse-

loamy, isotic, frigid Typic Dystroxerepts; coarse-loamy, isotic, frigid Humic 

Dystroxerepts; coarse-loamy, isotic, mesic Typic Dystroxerepts (United States Department 

of Agriculture 2007). The study area is a mixed conifer forest, with Pinus jeffreyii, Pinus 

ponderosa, Ceanothus sp., and Manzanita sp. 

Vegetation and soil burn severity were assessed using the Burned Area Reflectance 

Classification (BARC), which assesses the infrared reflectance of a landscape in 

comparison to references (Hudak et al. 2014), and this burn classification was ground 

truthed to create a soil burn severity map (Parsons et al. 2010).  Burn severity and 

topographical maps (Figure 1) were used to select sites that varied on burn severity and 

slope. We set up sampling areas in three classification groups: (a) HH: High severity burn, 

high slope (26-41º); (b) HM: High severity burn, moderate slope (5-23º); and MH: 

Moderate severity burn, high slope (21-27º). The major difference we observed among the 

three classification groups was the remaining vegetation. The high severity burn areas were 

completely stripped of vegetation cover, mainly leaving behind burned tree trunks and 

exposed soil surfaces overlain by a patchy, and occasionally several cm thick, char cover. 

In the medium severity burned areas, a considerable number of trees survived the fire, 

leaving 65% canopy cover compared with <30% canopy cover in high severity burn sites 

and hence, the groundcover constituted a mixture of charred and fresh litter that 

presumably fell after the fire.   

Field sampling methods  

Sediment fences were established by staking down a tarp with rebar parallel to the hillslope 

and the upslope source area was delineated with trenches. Source areas for sediment fences 

were 100 m2, with dimensions of 20 m long and 5 m wide. Seven sediment fences were 

established within each classification group (n=3) for a total of 21 fences (Figure 2). The 

sediments within these fences were sampled after every precipitation event post-fire 
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beginning after spring snowmelt, with a total of four precipitation events during the spring 

of 2014 and 84 sediment samples (see Figure 3). Precipitation events were monitored via 

a tipping bucket rain gauge in the Poopenaut West stream that flows below the sediment 

fences (Figure 1). Sediment was allowed to dry for several days within the fence and was 

collected by sweeping the entire fenced area with a broom until it was cleared.  Once 

collected, the sediment was weighed, and dry sediment mass was determined by 

gravimetrically correcting for water content by drying subsamples of the sediments in the 

oven for 24 hours at 105ºC. 

Soils were collected during the spring of 2014 from the area directly upslope from the 

marked source material for the sediment fence areas that represent putative source soils for 

the material eroded into the sediment fences. Soils were collected from three randomly 

selected sites to capture the variability of the soil and within a meter of the source area 

perimeter and at least a meter apart from each other. Soils were collected at each sediment 

fence from each treatment group, for a total of 63 soil samples. Soils were collected using 

a closed bucket metal auger with a 5-cm diameter with plastic sleeve, and capped after 

removal from the ground. Soils were kept on ice until returning to the laboratory, where 

they were stored at 4 ºC until further analysis. Soils were separated into depths of 0-5 cm 

and 5-10 cm in the laboratory.  

Laboratory analyses 

Additionally, Pinus ponderosa litter and duff was collected from unburned forest near the 

Rim Fire affected area immediately after the fire (November 2013). This litter was 

collected to assess the changes in litter chemistry with increasing charring temperature. 

The litter was charred under no oxygen, pyrolysis conditions in a furnace at two 

temperatures (250ºC, 550ºC), with a 50ºC control, for an hour to determine how fire 

temperature controls the nature of the organic matter that is typically found on the soil 

surface post-fire.  

Field-moist sediment and source soil samples were passed through a 2 mm sieve (defined 

as coarse and fine fractions). The <2 mm fraction was analyzed for pH in both deionized 

water and 0.01M CaCl2 1:2 soil (sediment):solution mass ratio (Hendershot et al. 2008; 

Schofield & Taylor 1955). We determined particle size distribution via the hydrometer 

method (Bouyoucos 1962) and bulk density of the source area soils using the core method 

(Blake & Hartge 1986). Soils and sediments were tested for the presence of carbonates 

using 1M HCl, and no carbonates were found in any sample. 

A representative subsample of the sieved <2 mm fraction of the soil and sediment samples 

was air-dried and ground using a SPEX Mill (SPEX Sample Prep, Metuchen, NJ, USA). 

Carbon and nitrogen concentrations, as well the 𝛿13C, and 𝛿15N values of these samples, 

were determined on a Costech ECS 4010 CHNSO Analyzer interfaced with a Conflo IV 

interface to a Delta V Plus Isotope Ratio Mass Spectrometer at UC Merced’s Stable Isotope 

Laboratory. Approximately 7 mg of air-dried sample was weighed into 4x6 mm tin 

capsules. The samples were measured relative to an acetanilide standard and a laboratory 

soil internal standard. These internal standards were compared with international 

standards: atmospheric N for the 𝛿15N standard and to Vienna Pee Dee Belemnite for the 
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𝛿13C. Standards were measured in triplicate with precision of ±1.84% C, 0.29 % N, 0.77‰ 

𝛿13C, and 0.09‰ 𝛿15N. Samples were measured in triplicate with precision of ±0.80% C, 

0.02% N, 0.07‰ 𝛿13C, and 0.02‰ 𝛿15N. Sample error was likely smaller than the standard 

error due to the considerably larger number of standard replicates that were run. 

Concentrations of C and N were corrected to air-dry weights by oven-drying previously 

air-dried, ground samples at 105ºC for 24 hours, and multiplying the C or N concentration 

by the ratio of weight of air-dried sample by the weight of oven-dried sample. 

For the NMR analyses, a subset of 16 soils and sediments was selected to incorporate the 

different treatment groups and sampling time points. This subset of samples was 

demineralized with a 10% HF/HCl solution, followed by rinsing five times with MilliQ DI 

water to increase the C concentration in the samples as well as to remove minerals and 

paramagnetic interference from iron and manganese in soil, and thereby improve the signal 

to noise ratio of the NMR analysis (Gélinas et al. 2001). These demineralized samples, 

along with the laboratory-charred litter, were analyzed on a 300 MHz Bruker Avance III 

NMR (nuclear magnetic resonance) spectrometer using MAS (magic angle spinning) and 

a 4 mm probe spun at 12 kHz. Between 50-150 mg of sample was packed into a 4 mm 

zirconia rotor, which had a frequency of 75 MHz to collect cross polarization spectra. 

Between 1,600 and 64,000 scans were taken, with a ≥2.5 second relaxation delay. Phase 

and baseline corrections, along with integrations, were completed in Bruker TopSpin 

software (Version 3.0).  

Spectra were integrated into 7 regions: 0-45 ppm (Alkyl), 45-60 ppm (N Alkyl/Methoxyl), 

60-95 ppm (O-Alkyl), 95-110 ppm (Di-O-Alkyl), 110-145 ppm (Aromatic), 145-165 ppm 

(Phenolic), and 165-215 ppm (Amide/Carboxyl). The percentages from the integrated 

spectra, constrained by their C and N concentrations, were used to run the 6-component 

molecular mixing model (MMM) to infer biomolecular SOM constituents (Baldock et al. 

2004a; Nelson & Baldock 2005).  

Statistical analyses 

All sediment, bulk C, N, and isotope data were analyzed for differences across treatment 

group using mixed linear effects models. We used classification group and sampling time 

as fixed effects both with and without interactions. The specific plot number (e.g. HH1) 

was entered into the models as a random effect to account for the repeated measurements 

on each sediment fence. P-values were obtained using ANOVA and Tukey honest 

significant difference test to compare models with empty models that had no fixed effects 

and were considered significant at p<0.05. No transformations were applied to the data 

prior to statistical analysis.  Data were organized and archived in Microsoft Excel, and all 

statistical analyses and plots were generated in R (www.r-project.org).   

Enrichment ratios (ER) were calculated by dividing concentrations of C, N, and PyC in 

eroded sediments with those in the top source soils from 0-5 cm for each of the sediment 

fences. However, it is likely that it is only the top cm of soil that is eroded, so this 

calculation may serve to overestimate enrichment ratios. An enrichment ratio greater than 

one indicates that the sediment has higher concentration of PyC (or C, N) than the source 
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soil, and that the PyC (C, N) is being preferentially transported away from its source 

location compared to other soil constituents. 

RESULTS 

Source soils and mobilized sediment 

Source soils from the Rim Fire area had neutral to basic pH values that ranged from 6.5 to 

7.8, and they were significantly dependent on slope classification group and month (χ2 

(5)=24.538, p=0.000171, Table 1). Source soils had C concentrations ranging from 3-4%, 

with the high burn severity sites having non-significantly higher C concentration (p=0.06) 

than the moderate burn severity sites. The C concentration did not vary significantly with 

depth (p=0.12). The high burn severity classification sites also had almost double the 

concentration of N compared with the moderate burn severity plots, but this was 

statistically non-significant (p=0.06). However, the N concentration declined significantly 

with depth (p=0.04). 

The mobilized sediment from high and moderate severity classification areas had slightly 

lower pH values to the source soils, ranging from 5.4 to 7.4. There were no major trends in 

the pH throughout the sampling period, however the March sampling point was 

significantly (p=0.007) lower than the rest of the sampling times. There were no significant 

differences in the pH between the classification groups (p=0.95, 0.99, 0.92). 

There were no significant differences in sand transport between the classification groups 

(p=0.21, p=0.77, p=0.05). However, the sand fraction varied significantly by month (χ2 

(5)=24.272, p=0.000192), with May having significantly lower sand transport compared 

with April (p=0.001) and March (p=0.001). May had significantly higher silt transport than 

any of the other sampling times (p=0.001, p=0.001, p=0.001). There were no significant 

trends in the clay fraction with either sampling time or classification group (χ2 (5)=2.8871, 

p=0.7174).  

 

The most sediment was transported during the time periods of greatest precipitation (Table 

2), with February and March having significantly higher (p=0.007, p=0.001, p=0.001, 

p=0.001) sediment transport across all classification groups (high severity, high slope; high 

severity, moderate slope; and moderate severity, high slope) than April or May. The 

moderate severity plots produced significantly less (p=0.03) sediment than the high 

severity moderate slope classification group, and non-significantly less (p=0.73) than the 

higher burn severity high slope classification group. 

Erosion of the fine sediment fraction was significantly higher (p=0.001, p=0.001) in 

February and March than in April or May (p=0.001, p=0.001). The moderate burn severity 

classification group had significantly less fine fraction transport compared with the high 

burn severity moderate slope classification group (p=0.01) and non-significantly less than 

the high burn severity high slope classification group (p=0.58). The coarse fraction was 

comprised of pine needles, pinecones, deciduous leaves, twigs, bark, charcoal, and small 

rocks. The coarse fraction had significantly lower (p=0.001, p=0.025, p=0.001) transport 

in the month of May, and the moderate burn severity sites had significantly higher 
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(p=0.018, p=0.001) sediment transport than either of the high burn severity classification 

groups. The moderate burn severity sites still had live and dying trees undergoing needle 

drop and aerial litter deposition, which served as a major contributor to the coarse sediment 

fraction.  

Carbon and nitrogen mobilization 

In the sediment, carbon and nitrogen concentrations changed significantly throughout the 

sampling period, with April having significantly less C than February (p=0.001) and March 

having significantly more than February (p=0.001, Figure 5), and they were significantly 

predicted by sampling time and classification group (χ2 (5)=24.538, p=0.00009). Average 

carbon concentration ranged from 3-10%, and the average nitrogen concentration ranged 

from 0.1-0.5%. There were no significant differences in C concentrations between the 

treatment groups (p=0.14, p=0.89, p=0.34), however the high severity burn high slope had 

almost double the concentrations of N compared with the moderate burn severity 

classification group, which was statistically significant (p=0.02). The atomic C:N ratio for 

the high severity plots ranged from 18 to 40, and ranged from 19 to 48 in the moderate 

burn severity plots, and there were no significant trends with classification group or 

sampling time (χ2 (5)=7.6238, p=0.1782). The C:N in the moderate burn severity burn plots 

was non-significantly higher (p=0.09) than in the high burn severity, high slope plots, and 

was none significantly (p=0.15) higher than the high burn severity, moderate slope plots.  

 A comparison of source soil and eroded sediment revealed that the moderate severity 

classification group had sediment that was enriched (enrichment ratio > 1) in both C and 

N compared to the source soil (Figure 6).  The sediments from the two high severity 

classification groups were enriched in C and N compared to their source soils only during 

the month of March.  During the rest of the time points, these higher severity sites were 

depleted (enrichment ratio < 1) in C and N compared to source soils.   

Stable isotope analyses 

The 𝛿13C from the sediment and soil samples collected from the Rim Fire (Figure 7) ranged 

from -27 to -25‰ and there were no significant (p=0.33, p=0.14, p=0.88, Figure 7) isotopic 

changes over the between the burn and slope classification groups. There also was one 

significant differences in 𝛿13C values between the sampling months, in that February was 

slightly, but significantly higher than April (p=0.03). The 𝛿13C of sediments from the 

medium severity burn were more variable than those from the high severity burn areas. The 

𝛿15N values ranged from -2 to 4‰, and February and March were significantly higher than 

April (p=0.001, p=0.001), and May was significantly lower than February or March 

(p=0.002, p=0.001). However, there were significant differences of about 1‰ in the 𝛿15N 

values between each of the burn severities, where the HM group was significantly higher 

than the HH group (p=0.001) and MH was significantly lower than HM and HH (p=0.0000, 

p=0.0000).  

NMR and MMM analyses 

The NMR analyses of the sediments and soils indicated that the increasing charring 

temperatures of litter led to significant changes in the chemical composition of the litter 
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(Figure 8, Table 4), with the lower temperature char spectrum showing a higher proportion 

of sugars and other aliphatic compounds compared with the high temperature char, which 

had a more prominent aromatic peak at 128 ppm. The field collected char from the 

moderate severity burn area most closely resembles the laboratory Pinus litter charred at 

250 ºC (Figure 8). 

The high burn severity soils had higher proportions of alkyl functional groups (16-20%) 

compared with high burn severity sediments (8-15%), which had 42-50% aromatics 

compared with the soil range of 32-36% aromatic functional groups (Table 4). The 

moderate severity burn soils had 30-44% aromatics with 13-24% alkyl functional groups, 

which the moderate severity burn sediments had a higher proportion of alkyl C, ranging 

from 13 to 21%, and a lower proportion of aromatics, ranging from 25-34%.  

The MMM indicated that with increasing charring temperature, the Pinus litter lost 

carbohydrates going from 27% carbohydrates for fresh litter, compared to 1% after 

charring at 550ºC. Other important changes in litter chemistry with increased charring 

temperature included loss of lipids, carbonyl groups, and lignin (Table 5). The increased 

proportion of aromatic functional groups in the charred Pinus litter translated to 79.9% of 

char for the 550ºC temperature. We also observed an increase in the proportion of proteins 

up to 250ºC, followed by a decline in protein concentration in 550ºC char. The high burn 

severity sediments had twice as much char-C compared with the moderate severity burn 

sediments, with lower proportions of carbohydrates and lipids (Table 5). The moderate 

severity burn sediments had higher proportions of carbohydrates and lower proportions of 

carbonyl groups and proteins. 

Spectra from sediments in the high severity burn areas (HH and HM) showed consistently 

higher proportions of aromatic functional groups (i.e., charred remains) compared with 

their source soils (Figure 9). In contrast, spectra for sediments from the medium severity 

burn area (MH) were considerably different than HH and HM. Sediments from this 

treatment group had spectra that contain higher concentrations of presumably fresh, 

uncharred OM as indicated by the large peak in the O-alkyl region, which represents simple 

carbohydrates and proteins.  

PyC enrichment ratios 

Sediments eroded from the two high burn severity classification groups (HH and HM) were 

consistently enriched in PyC, while sediments from the moderate severity burn sediments 

were consistently depleted in PyC (Figure 6). The enrichment ratio of PyC in the high burn 

severity sediments declined throughout the sampling period, although not enough spectra 

were collected to perform statistical analyses on these data.  

DISCUSSION 

The interaction of fire intensity and slope in controlling sediment transport 

Erosion-driven transport and redistribution of OM and PyC post-fire was controlled by 

both burn severity and slope after the Rim Fire. The major driver of total sediment transport 

was precipitation intensity, which aligns with the USLE (Wischmeier & Smith. 1965; 

Wischmeier & Smith. 1978) and other field research (Renard et al. 1997). Slope alone did 
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not play a significant role in controlling the sediment erosion in this hillslope as suggested 

by the USLE. In moderate burn severity sites, as more coarse litter material was left 

unconsumed by the fire, more litter remained available to be eroded. Conversely, the high 

burn severity sites had considerably more erosion of the fine fraction, likely resulting from 

a loss of soil physical stabilization mechanisms, such as aggregation (Albalasmeh et al. 

2013; Shakesby & Doerr 2006), and loss of surface protection from cover by vegetation 

and litter, as evidenced by the greater proportion of the >2mm fraction in the moderate 

burn severity sites.  

While slope and burn severity can each control the transport of material, in this study burn 

severity played a bigger role, which is likely reflective of the unprotected nature of the soils 

in the high burn severity plots. These exposed soils would have experienced the full force 

of raindrop impact due to lack of vegetative or litter cover, which can further break down 

aggregates and enhance erodibility of topsoil (Kinnell 2005) and associated bulk SOM and 

PyC. If the moderate burn severity sites had not had a thick litter cover, considerably more 

sediment transport may have occurred.  

The role of burn severity in controlling soil and sediment OM quality 

Burn severity played a role in controlling the amount of both coarse and fine sediment 

transported after the Rim Fire. Sediment eroded from the moderate severity burn areas was 

enriched in C and N concentrations compared to their source soils and contained more 

fresh, organic-rich material than the high severity plots (Figure 6). Greater OM in eroded 

material from moderate severity burn sites, was likely a result of the post-burn needle drop, 

which was, at least partially, incorporated into the OM of the soil and eroded material.  

 The high burn severity sites had lower OM and more highly charred material, which is 

reflected in the relatively enriched 15N value in the high burn severity sediments. This 

enrichment of 15N with higher burn severity is characteristic of biomass exposed to higher 

charring intensities, which has been widely reported to impact the 𝛿15N value of soils 

(Grogan et al. 2000; Huber et al. 2013; Pyle et al. 2015; Saito et al. 2007) by consuming 

the relatively fresh OM, that is depleted in 15N, on the surface of soil, by selectively 

consuming 14N during combustion or pyrolysis (Pyle et al. 2015), or by the loss of NH4
+ 

compared with NO3
- (Schmidt & Stewart 1997). The similarity in the 𝛿13C value of 

sediments is expected in soils with the same or similar vegetation, as previous research has 

indicated that 𝛿13C typically does not shift with increasing charring temperature (Pyle et 

al. 2015).  

In high severity burn sites, the enrichment ratios of C and N were closer to one, and more 

closely resembled the soil mineral material. The high severity burn sites had no remaining 

live trees to drop needles; thus, mineral material and large woody char fragments 

dominated the coarse fraction. However, the sediments from these plots were enriched in 

PyC, whereas the sediments from the moderate burn severity plots were depleted in PyC. 

This observation suggests that formation temperature of PyC can control its rate of erosion, 

which is critical for understanding the fate of PyC within an ecosystem (Mimmo et al. 

2014). Other research has demonstrated that temperature exhibits a significant control on 

the properties of PyC, including hydrophobicity, specific surface area, C and N 
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concentration, hydrophobicity, and density, among other properties (Doerr et al. 2004; 

Massman et al. 2010). These properties likely led to the enhanced erosion of PyC in the 

high burn severity sites, and depressed erosion of PyC in the moderate burn severity sites.  

The moderate and high burn severity sediments differed in terms of functional group 

distribution. The high severity burn sites had aromatic functional groups making up 10-

20% more of the organic matter than the moderate severity burn sites (Table 3). This is 

consistent with previous findings, which have indicated that with moderate burning, 

aromatic functional groups may account for between 20-30% of the total functional groups, 

and that aromatic functional groups may make up 40-60% of high severity burn sites 

(Knicker et al. 2006; Mastrolonardo et al. 2015; Miesel et al. 2015; Nave et al. 2011).  

In terms of sediment quality, burn severity played a major role in chemical differences 

between the treatment groups, which was reflected in the distribution of OM functional 

groups. Higher proportions of carbohydrates and lipids in the moderate severity plots could 

have resulted from the input of fresh OM from needle drop, or from not being consumed 

during the fire.  

In the charred litter, a similar pattern in increasing and then decreasing protein contents 

with increasing charring temperature was also found by Miesel et al. (2015), who charred 

forest floor and top soil material. The high burn severity sites also had a higher proportion 

of protein. This  be due to elevated microbial functioning post-burn with the input of PyC, 

and the release of N from previously living biomass (Schmidt & Stewart 1997) increasing 

inputs of soil protein. Alternatively, this may be an artifact of the molecular mixing model, 

which was developed for idealized SOM mixtures (Baldock et al. 2004b). This 

biomolecular model may also be over-estimating the proportion of char in these samples, 

as our control lab made char at 50°C contained 8% char, which was not consistent with 

what would be expected for litter samples. 

Implications of OM and PyC enrichment in eroded sediments 

The erosional transport and deposition of PyC can lead to significant changes to its 

environmental persistence (Abney & Berhe In Review). For example, if PyC were to be 

eroded from the slopes post-fire and become stabilized within downslope depositional 

landform positions, it would likely have greater environmental persistence, particularly if 

the sediment becomes buried (Chaopricha & Marín-Spiotta 2014; Marin-Spiotta et al. 

2014). Alternatively, PyC may have a shorter residence time, if it becomes exposed to 

breakdown processes during transport, or is transported to a location that has higher 

decomposition potential than its formation location (Bird et al. 2015). Nevertheless, the 

enrichment of PyC or C in eroding sediment can significantly impact the nutrient budgets 

of a landscape (Stacy et al. 2015). This preferential erosion can enhance the spatial 

variability in nutrient distribution throughout a landscape, and enhance the difference in 

nutrient concentration between upslope eroding landform positions and depositional 

positions. Additionally, erosional enhancements of PyC concentrations in depositional 

landform positions can serve to increase soil CEC and available nutrients, in addition to 

sorbing nutrients to enhance nutrient retention (Araya et al. 2016; Johnson et al. 2007). By 

not accounting for variability in the rates of PyC erosion, considerable error is added to 
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field-based estimates of the residence time and fate of PyC in situ, on the order of centuries 

(Abney & Berhe In Review), depending on the rate of erosion.  

These results suggest that erosive transport of PyC also depends on the formation 

temperature of the PyC. The relationship between combustion intensity and erosive 

properties of PyC, whereby increased combustion temperature increases the erodibility of 

PyC, can control the post-fire redistribution and fate of PyC over larger scales. 

Additionally, this relationship suggests that under low and moderate burn severities, the 

burned area may need less management to retain the PyC, which higher burn severity sites 

may require more intensive management strategies. Additionally, the soils in this study site 

were weakly developed Entisols on relatively steep slopes, more developed soils with 

higher organic matter input may have more surface roughness that could slow erosion 

forces, along with enhanced stabilization or breakdown of PyC in situ.  

The role of geomorphology in controlling the long-term fate of PyC 

Eroding and depositional landform positions can exhibit distinct hydrologic and 

environmental properties. These differences can significantly affect decomposition rates 

for PyC and OM across the landscape (Berhe 2012; Berhe et al. 2008). The impact of the 

landform position on the persistence of C or PyC also depends on whether that material is 

burned in depositional landform positions, decomposed in situ, or eroded farther down a 

watershed. The C storage potential of depositional landform positions can be over 1.6 to 

6.2 times that of eroding landform positions (Doetterl et al. 2012). However, because PyC 

typically has a longer environmental residence time (Boot et al. 2015; Hammes et al. 2008; 

Lehmann et al. 2008) than non-pyrogenic SOM, this burial-enhanced extended residence 

time of PyC may be an even more critical factor for controlling its overall environmental 

residence time.  

Over 50,000 ha of the Rim Fire was classified as high burn severity, and over 30,000 ha 

was classified as moderate burn severity (Potter 2014). By combining an approximate 

sediment load of 20 g/m2/year with the areas impacted by differing burn severities and the 

mean PyC fraction from moderate and high burn severity treatment groups, erosion can 

account for the redistribution of over 3,000 and 5,000 metric tons of PyC from the moderate 

burn severity areas and high burn severity areas, respectively. Therefore, by not 

incorporating considerations of gemorphology and how it dictated landscape level 

distribution of PyC into the current understanding of PyC and C cycling, considerable error 

is being introduced into our local and global-scale models of both C and PyC budgets. 

Limitations and Future Directions 

The persistence of PyC in soil strongly depends on whether the PyC decomposes in situ or 

is eroded and subsequently deposited in a site with different decomposition or stabilization 

potential. The role of landform position on controlling decomposition of SOM has been 

well described (Berhe 2012; Doetterl et al. 2012), but this control needs to be assessed for 

PyC. This study did not address the role of decomposition of PyC during erosional 

transport, which is a significant process in the breakdown of non-pyrogenic C (Jacinthe & 

Lal 2001), or from the soil as a result of leaching (Santos et al. 2016). The deposition of 
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PyC throughout different landform positions in a landscape can control its long-term 

stability or breakdown.  

A major limitation of this study is the lack of a moderate burn severity, moderate slope 

classification group. Without this group, it is impossible to statistically assess interactions 

between burn severity and slope, though doubtless they exist. This research demonstrates 

that PyC from high burn severity areas is preferentially erosive, however the role of slope 

is unclear as it acts to control loss of PyC from soil. Future research should consider the 

interactions between landscape factors and burn severity, along with depositional 

environments and how these environmental factors can control the long-term, landscape-

scale persistence of PyC. Understanding the magnitude and controls of PyC fluxes is 

crucial to understanding the persistence of PyC in the soil. 

CONCLUSIONS 

Sediment transport during the first year (2014) following the Rim Fire was greatest in the 

first two post-fire study months (February and March), across all combinations of slope 

and burn severity studied. This higher transport corresponded to higher intensity and total 

precipitation in these two months compared with the latter two sampling months (April and 

May). The eroded material from moderate severity burn areas more closely resembled the 

source soil than the eroded material from the high severity burn areas, and much of this 

difference was likely due to chemical changes that occurred during combustion. The 

sediment from moderate severity burn plots had more fresh organic matter than the high 

intensity burn plots, which were depleted in both C and N. However, in the high severity 

burn plots, the sediment was enriched in PyC and was less similar to its source soil. This 

enrichment of PyC in only the high burn severity areas suggests that burn severity plays an 

important role in controlling the quality of OM eroded post-fire based on functional group 

distribution. This preferential erodibility of PyC from these high burn severity sites also 

indicates that burn severity may play a critical role in determining management strategies 

for mitigating against post-fire erosion and loss of PyC from soil. Overall, these results 

illustrate that both the amount and quality of OM and PyC that is eroded post-fire is 

primarily controlled by fire severity and secondarily by geomorphology of the landscape. 

However, the influence of burn severity, slope, and landform position on the transport of 

PyC within soil needs further investigation, as these likely interact to control the long-term 

fate of PyC. 
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FIGURES  

 

Figure 3-1. Soil burn severity and slope in the Poopenaut watershed within Yosemite 

National Park. The 21 sediment plots are denoted by grey squares, and were chosen based 

on combination of fire severity (a) and slope (b). The Poopenaut watershed is near the 

Hetch Hetchy entrance to Yosemite National Park. 
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Figure 3-2. Sediment fences were established alongside a single hillslope in the Poopenaut 

West watershed. Photo (a) is from February 2014 within the high burn severity moderate 

slope sampling area (R. Abney). During precipitation events, upslope sediment was washed 

into the sediment fences (b-c). Sediment fences were swept after every major precipitation 

event in the watershed. 
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Figure 3-3. The total sediment (a) transported during each sampling event was weighed 

and dried from each of the three classification groups (HH – high burn severity, high slope; 

HM – high burn severity, moderate slope; and MH – moderate burn severity, high slope). 

The sediment was sieved into fine (<2 mm, b) and coarse (>2 mm, c) fractions. 

Precipitation was summed per day, and sediment sampling occurred after major 

precipitation events (d, dashed grey lines indicate dates of the four sampling points). The 

sampling points represent sediment transported from precipitation events prior to the 

sampling point. 
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Figure 3-4. Photo of Poopenaut West watershed inside the perimeter of the Rim Fire from 

February 201. The dashed line delineates the boundary between high (a) and moderate (b) 

severity burn areas (Photo Credit: R. Abney). 
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Figure 3-5. The fine (<2 mm) sediment fraction was analyzed for bulk C (a) and N (b), and 

the atomic C:N ratio (c) was calculated. Sediments were analyzed for char-C (d) using 13C 

CPMAS NMR and the molecular mixing model. Error bars represent standard error (n=7), 

except for char-C, due to limitations in the number of samples able to be analyzed via 

NMR. The sites were divided into three classification groups: high severity burn, high slope 
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(HH); high severity burn, moderate slope (HM); and moderate severity burn, high slope 

(MH). 

 

 

 

 

Figure 3-6. Enrichment ratios for carbon (a), nitrogen (b), and pyrogenic carbon (c) 

transported sediment from the fine fraction (<2mm). The line at 1 indicates the enrichment 
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line, where >1 is enriched and <1 is depleted in that component. The sites were divided 

into three classification groups: high severity burn, high slope (HH); high severity burn, 

moderate slope (HM); and moderate severity burn, high slope (MH). 

 

 

Figure 3-7. The sediment fine fraction was analyzed for stable C and N isotopes from the 

different classification groups. The high burn severity classification groups (HH and HM) 

differ from the moderate burn severity (MH) group by enrichment in the 15N isotope ratio. 

There were only small, less than one per mil, differences between the groups across the 

13C isotope ratio. 
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Figure 3-8. 13C CPMAS NMR Comparison of laboratory-produced (a) char and Rim Fire 

char (b). As the laboratory produced char (a) was exposed to increased temperatures, the 

alkyl, O-alkyl, and phenolic functional groups were lost and the aromatic region was 

enhanced. The field char from a moderate burn severity sediment (MH, panel b) site 

contains higher proportions of aromatic functional groups than the 250°C char, but retained 

the alkyl and phenolic peaks. 
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Figure 3-9. 13C CP-MAS NMR (cross polarization magic angle spinning nuclear magnetic 

resonance) spectra of soil organic matter in soil and sediment eroded from the different 

burn severity and slope classifications. Top soil samples (0-5 cm) are the top lines of the 

spectra, followed by the first and last sampling points of the 2014 water year. HH (a) 

indicates high burn severity, high slope. HM (b) indicates high burn severity, moderate 

slope, and MH (b) indicates moderate burn severity, high slope. 
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TABLES  

 

Table 3-1. Soil physical and chemical characteristics. Parentheses indicate standard error with n=3 analytical replicates. 

 HH HM MH 

Depth 0-5cm 5-10cm 0-5cm 5-10cm 0-5cm 5-10cm 

%C 4.48 (1.36) 3.33 (0.59) 4.15 (0.36) 3.77 (0.37) 3.11 (0.80) 1.52 (0.23) 

%N 0.27 (0.11) 0.13 (0.03) 0.21 (0.02) 0.15 (0.00) 0.11 (0.02) 0.04 (0.00) 

13C  -25.38 (0.37) -24.60 (0.19) -24.90 (0.19) -24.65 (0.21) -25.15 (0.71) -24.80 (0.21) 

15N 2.10 (0.31) 3.27 (0.37) 3.44 (0.74) 3.83 (0.34) 1.76 (0.26) 2.45 (0.21) 

Bulk density 

(0-10 cm) 

0.92 (0.02) N/A 0.95 (0.05) N/A 0.88 (0.03) N/A 

pH in H2O 6.89 (0.06) 6.87 (0.06) 6.98 (0.14) 6.97 (0.13) 7.09 (0.13) 6.93 (0.11) 

pH in CaCl2 6.68 (0.24) 5.75 (0.26) 6.61 (0.19) 5.45 (0.13) 6.98 (0.09) 6.14 (0.08) 

Sand % 79.29 (0.66) 80.54 (0.42) 79.44 (1.42) 77.66 (1.06) 80.62 (0.92) 80.19 (0.59) 

Silt % 13.49 (0.38) 11.61 (0.32) 14.93 (0.44) 15.60 (0.80) 12.37 (1.07) 12.63 (0.20) 

Clay % 7.20 (0.61) 7.84 (0.37) 5.62 (1.13) 6.72 (0.57) 7.00 (1.00) 7.16 (0.74) 
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Table 3-2. Precipitation totals and peaks from the nearby Poopenaut valley for the spring 2014 season were measured using a tipping 

bucket rain gauge. 

Sampling time Precipitation total between 

sampling times (in) 

Peak precipitation (cm 

precipitation/10 min) 

February 8.46 0.32 

March 3.20 0.27 

April 3.68 0.30 

May 1.56 0.15 
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Table 3-3. Sediment chemical and physical characteristics by treatment groups: high burn severity, high slope (HH); high burn severity, 

moderate slope (HM); and moderate burn severity, high slope (MH). Sediments were analyzed for pH in both water and calcium chloride 

solutions in 1:2 soil to solution ratios. Parentheses indicate standard error by sediment fence, with n=7, and those without standard error 

did not collect enough sediment to conduct replicate analyses. 
 

HH  HM  MH 

Collect-

ion date 

Feb Mar Apr May  Feb Mar Apr May  Feb Mar Apr  May 

%C 3.45 

(0.48) 

8.28 

(1.40) 

8.10 

(1.19) 

8.98 

(1.91) 

 3.42 

(0.62) 

5.67 

(1.08) 

4.55 

(0.86) 

4.27 

(0.63) 

 5.77 

(1.97) 

6.29 

(2.14) 

7.37 

(1.36) 

5.75 

(0.68) 

%N 0.18 

(0.02) 

0.42 

(0.05) 

0.35 

(0.05) 

0.42 

(0.07) 

 0.19 

(0.03) 

0.33 

(0.06) 

0.21 

(0.04) 

0.21 

(0.03) 

 0.17 

(0.06) 

0.18 

(0.05) 

0.20 

(0.03) 

0.16 

(0.02) 

pH in 

H2O 

7.47 

(0.11) 

6.43 

(0.52) 

7.18 

(0.13) 

7.14 

(0.07) 

 7.58 

(0.06) 

5.76 

(0.46) 

7.38 

(0.12) 

7.36 

(0.11) 

 7.37 

(0.07) 

7.03 

(0.28) 

6.60 

(0.21) 

7.12 

(0.11) 

pH in 

CaCl2 

6.79 

(0.10) 

6.09 

(0.52) 

6.88 

(0.08) 

6.75 

(0.11) 

 6.96 

(0.10) 

5.41 

(0.50) 

6.83 

(0.14) 

6.88 

(0.14) 

 6.53 

(0.13) 

6.51 

(0.21) 

6.40 

(0.12) 

6.44 

(0.11) 

Sand % 83.89 

(0.84) 

74.21 

(2.44) 

81.97 

(2.09) 

75.11 

(4.53) 

 78.80 

(3.42) 

72.23 

(5.46) 

79.17 

(5.07) 

86.07   83.86 

(1.40) 

84.00 

(1.37) 

87.12 

(2.34) 

N/A 

Clay % 5.92 

(0.62) 

6.74 

(0.99) 

6.73 

(2.09) 

7.73 

(1.21) 

 5.93 

(1.25) 

5.44 

(1.56) 

6.67 

(0.50) 

6.00  7.49 

(1.19) 

8.05 

(0.46) 

4.46 

(3.42) 

N/A 

Silt % 10.20 

(0.68) 

19.05 

(1.86) 

11.31 

(1.02) 

17.17 

(3.33) 

 15.27 

(2.80) 

22.33 

(4.40) 

14.15 

(5.28) 

7.93  8.65 

(1.30) 

7.96 

(1.07) 

8.43 

(1.08) 

N/A 
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Table 3-4. Chemical functional group integrated regions from 13C NMR analysis. The classification group indicates the combination of 

slope and burn severity (HH = high burn severity, high slope, HM = high burn severity, moderate slope, MH = moderate burn severity, 

high slope) or the temperature of the Pinus litter char. 

Sample type 
Classification 

group 
Sampling time Alkyl C  

N-Alkyl & 

Methoxyl 

C 

O-Alkyl 

C 

Di-O-

Alkyl C 

Aromatic 

C 

Phenolic 

C 

Amide & 

Carboxyl 

C 

Ketone & 

Aldehyde 

C 

   Carbon molar percentage 

Pinus litter  50 ºC  November 2013 20.9 7.7 24.7 7.8 18.6 7.5 9.1 3.6 

 250 ºC char November 2013 22.8 7.7 15.5 6.9 24.8 10.4 8.8 3.1 

 550 ºC char November 2013 3.4 1.5 1.2 9.5 61.6 12.9 6.6 3.3 

Field char MH April 2014 9.6 4.1 24.3 10.3 33.8 12.3 3.7 1.9 

Sediment HH February 2014 8.5 2.8 6 8.1 50 12.8 9 2.8 

 HH April 2014 11.7 2.9 10.1 5.6 43.6 13.6 9.4 3.1 

 HH May 2014 15.4 3.9 7 4.8 42.6 14.1 9.1 3.1 

 HM February 2014 13 3.6 4.4 4.6 48.5 13.4 9.5 3 

 HM March 2014 8.3 1.4 1.9 4.3 53.9 15.1 11.7 3.4 

 HM April 2014 10.4 3.3 7 5.2 43.5 14.6 11.4 4.5 

 HM April 2014 13.2 3.7 6.6 5.6 48 12.1 8.1 2.7 

 HM May 2014 11.2 3.2 7.1 7.8 47 13.8 7.4 2.6 

 MH February 2014 17.7 5.6 13.9 7 34.8 9.9 7.9 3.1 

 MH April 2014 32 5.2 15.7 5.7 25 8 6.5 1.9 

 MH April 2014 22.3 6.1 21.8 7.2 28.1 8.1 4.9 1.5 

Soil HH 0-5 cm Spring 2014 16.5 4.6 9 6 36.7 12.5 11.5 3.1 

HH 5-10 cm Spring 2014 20 5.9 12.4 7 32.5 10.5 9.1 2.7 
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HM 0-5 cm Spring 2014 19.4 5.1 8.6 4.9 35.6 11.4 11.2 3.8 

HM 0-5cm Spring 2014 23.1 5.3 10.2 5 32.2 10 11.4 2.9 

 MH 0-5 cm Spring 2014 24 5.2 12.9 5.4 30.5 9.8 8.9 3.2 

 MH 0-5 cm Spring 2014 13.4 3.3 4.7 5.4 44.8 14.5 10.1 3.9 
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Table 3-5. Molecular mixing model results for each of the sediments and chars analyzed via NMR. The classification group indicates 

the combination of slope and burn severity (HH = high burn severity, high slope, HM = high burn severity, moderate slope, MH = 

moderate burn severity, high slope) or the temperature of the Pinus litter char. 

Sample type 
Classification 

group 
Sampling time Carbohydrate Protein Lignin Lipid  Carbonyl Char (PyC) 

   Carbon molar percentage 

Pinus litter 50ºC November 2013 27.0 9.5 27.4 14.3 13.1 8.8 

 250ºC char November 2013 13.5 11.1 33.5 16.2 10.4 15.3 

 550ºC char November 2013 1.0 8.9 0.7 0.2 9.4 79.9 

Sediment HH February 2014 6.2 14.1 6.9 2.7 10.0 60.0 

 HH April 2014 9.6 9.5 13.3 7.0 13.1 47.6 

 HH May 2014 4.0 14.1 15.7 9.4 9.8 46.9 

 HM March 2014 0.0 17.0 0.0 1.6 14.6 66.8 

 HM April 2014 5.7 12.4 6.4 9.0 8.3 58.2 

 HM April 2014 18.2 13.1 13.6 12.0 30.3 12.8 

 HM February 2014 2.3 18.8 4.5 6.3 8.5 59.6 

 MH April 2014 15.8 8.3 16.8 31.5 4.2 23.5 

 MH February 2014 13.9 6.8 20.2 14.1 11.4 33.5 

 MH April 2014 25.7 6.3 20.1 20.0 2.0 25.8 

Soil HH 0-5 cm Spring 2014 7.8 19.7 14.3 7.9 12.1 38.1 

HH 5-10 cm Spring 2014 11.8 14.1 20.5 13.8 9.1 30.8 

HM 0-5 cm Spring 2014 6.4 16.1 13.9 12.7 14.4 36.6 

HM 0-5cm Spring 2014 8.5 14.6 13.4 17.6 13.5 32.4 
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MH 0-5 cm Spring 2014 11.8 9.7 17.3 20.4 11.6 29.2 

MH 0-5 cm Spring 2014 0.7 11.0 16.9 8.0 15.0 48.4 
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CHAPTER 4:  POST-WILDFIRE EROSION IN MOUNTAINOUS TERRAIN LEADS TO 

RAPID AND MAJOR REDISTRIBUTION OF SOIL ORGANIC CARBON 

 

ABSTRACT 

Catchments impacted by wildfire typically experience elevated rates of post-fire erosion and 

formation and deposition of pyrogenic carbon (PyC). To better understand the role of erosion in 

post-fire soil carbon dynamics, we determined distribution of soil organic carbon in different 

chemical fractions before and after the Gondola fire in South Lake Tahoe, CA. We analyzed soil 

samples from eroding and depositional landform positions in control and burned plots pre- and 

post-wildfire (in 2002, 2003, and 10-years post-fire in 2013). Elemental concentrations, stable 

isotope compositions, and mid-infrared (MIR) absorption spectra were conducted on all of the 

samples. A subset of samples was analyzed by 13C cross polarization magic angle spinning nuclear 

magnetic resonance spectroscopy (CPMAS NMR). We combined the MIR and CPMAS NMR 

data in the Soil Carbon Research Program (SCaRP) partial least squares regression model to 

predict distribution of soil carbon into three different fractions: particulate, humic, and resistant 

organic matter fractions representing relatively fresh larger pieces of organic matter (OM), fine, 

decomposed OM, and pyrogenic C, respectively. The post-fire eroding samples showed no major 

difference in soil organic carbon (SOC) fractions one year post-fire, but the depositional samples 

had increased concentrations of all SOC fractions, and particularly the fraction that resembles PyC, 

the resistant organic carbon fraction, one year post-fire (2002). The increase in all SOC fractions 

in the post-fire depositional landform position one year post-fire indicates significant lateral 

mobilization of the eroded PyC. In addition, our NMR analyses revealed a post-fire increase in 

both the aryl and O-aryl carbon compounds, indicating increases in soil PyC concentrations post-

fire. After 10 years, the C concentration from all three fractions declined in the depositional 

landform position to levels below pre-fire concentrations. This decline may have been due to 

further erosion or elevated rates of decomposition. Thus, we found that both fire and erosion play 

significant roles in controlling the distribution of PyC throughout a landscape and its long-term 

fate in soil system. 
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INTRODUCTION 

The soil system plays major role in the global terrestrial carbon (C) cycle, as it stores more C than 

the terrestrial biosphere and atmosphere combined (Lal 2003, Post & Kwon 2000, Scharlemann et 

al. 2014) in pools that cycle at a slower rate than the C in the atmosphere or biosphere (Lal 2004). 

The ability of the soil system to store and cycle carbon, however, is modified by a range of physical 

perturbations that the soil system experiences, including fire and erosion (Abney & Berhe In Prep).  

Fire can have multiple direct and indirect effects on the biogeochemical cycling of C in the 

terrestrial ecosystem. For example, the release of nutrients from burned biomass can lead to a spike 

in initial productivity and subsequent regrowth in plant life post-fire (Johnson et al. 2007, Johnson 

et al. 2004). The loss of vegetation that would otherwise stabilize soil in eroding landform 

positions, along with increased soil hydrophobicity after moderate severity fires leaves soil more 

directly exposed to weathering and susceptible to erosive forces (DeBano 2000, Larsen et al. 2009, 

Shakesby et al. 2000). Fires can also raise soil pH, alter cation exchange capacity, and change the 

soil organic matter (SOM) composition (Araya et al. 2017, Certini 2005, DeBano 1990, 

Giovannini et al. 1988, Liang et al. 2006).  

Fire leads to the formation and deposition of pyrogenic carbon (PyC) on topsoil. Broadly, PyC is 

C that has been chemically altered by fire, and includes a spectrum of materials ranging from 

charred biomass to soot and ash (Bird et al. 2015, Masiello 2004). Generally, PyC is considered 

to have a longer mean residence time than non-pyrogenic soil C, typically on the centennial time 

scale (Bird et al. 2015, Hammes et al. 2008). However, in the past two decades, there has been 

growing evidence for PyC decomposing on shorter time scales, on the order of days to years 

(Cheng et al. 2006, Nguyen et al. 2009, Soucémarianadin et al. 2015). Furthermore, Bird et al. 

(2015) suggested a multi-pool model of PyC decomposition, where physical or chemical 

components of PyC are considerably more susceptible to decomposition than others. Ultimately, 

the breakdown of PyC and its loss from the soil system appear to be controlled by environmental 

conditions, particularly temperature and moisture, in addition to soil-specific conditions, such as 

landform position, aggregation, and depth, among others (Bird et al. 2015, Boot et al. 2015).  

Current estimates of PyC mean residence time in soil range from 250 to 300 years (Hammes et al. 

2008), but the lack of data or predictive capability for the time scales and magnitude of PyC erosion 

post-fire potentially adds considerable uncertainty to these estimates (Bird et al. 2015).  

Soil erosion laterally transports 1-5 Gt C per year (Battin et al. 2009, Stallard 1998). The amount 

of material mobilized in a particular watershed is dependent on the intensity and duration of 

rainfall, groundcover, vegetation, slope gradient, and recent fire history (Pierson et al. 2009, 

Renard et al. 1997). Between 70 and 90% of the soil and associated carbon mobilized from eroding 

landscapes is deposited within the source or adjacent watersheds (Gregorich et al. 1998, Stallard 

1998). Local deposition of eroded material, along with dynamic replacement of eroded C by 

production of new photosynthate and stabilization of at least some of the eroded C in the 

depositional settings, leads to an erosion induced terrestrial sink for atmospheric CO2 (Berhe et al. 

2007, Harden et al. 1999).  

Fire and erosion interact to modify a range of soil physical and chemical properties post-fire. The 

loss of vegetation after high severity fires is one of the main drivers of post-fire erosion, as 

vegetation plays a major role in stabilizing eroding soils (Larsen et al. 2009, Pierson et al. 2009, 

Shakesby et al. 1993).  In extreme cases, this loss of vegetation can lead to debris and ash flows 

when intense rainfall events occur on recently burned hillslopes (Carroll et al. 2007). In addition 
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to the loss of stabilizing vegetation, fire can produce a hydrophobic layer below the surface of the 

soil which can change the hydrologic flow along a hillslope (DeBano 1990, Shakesby et al. 2000), 

reducing rate of water infiltration to soil and enhancing rates of runoff, which is a major driver of 

erosion (DeBano 1990, Pierson et al. 2013, Shakesby et al. 2000).  

Post-fire erosion of topsoil rich in PyC can plan an important role in controlling the accumulation 

and residence times of PyC in the soil system. So far, relatively few studies have focused 

specifically on the erosion of PyC. From the available data, it is becoming increasingly clear that 

PyC is highly susceptible to erosive forces, more so than non-pyrogenic C (Rumpel et al. 2006, 

Yao et al. 2014). After high severity wildfires, PyC has been documented to have enrichment 

ratios, or concentration in eroded sediment divided by concentration in source soils, of 1.4 − 2.1 

at the plot scale (Abney et al. In prep), and 2.3 across the watershed scale (Rumpel et al. 2006). 

The observed high enrichment ratios of PyC are partly due to its relatively lower density compared 

with other SOM constituents, along with its concentration in the upper soil horizons and 

hydrophobicity (Brewer et al. 2014, DeBano 2000, Rumpel et al. 2015, Rumpel et al. 2006). There 

is some evidence that erosion of PyC is controlled by different processes than non-pyrogenic C. 

Yao et al. (2014) found that erosion of PyC decreases with increasing soil erosion, while non-

pyrogenic C erosion increases with bulk soil erosion, potentially due to the periodic inputs of PyC 

compared with the continual inputs of non-pyrogenic C to soil. Erosional loss of PyC from slope 

positions and depositional input of PyC into lower-lying depositional landform positions post-fire 

can significantly decrease or increase its mean residence time in soil by up to 100 years (Abney & 

Berhe In Prep), and the burial of PyC in depositional positions can increase the mean residence 

time to the millennial scale (Bird et al. 2015, Marin-Spiotta et al. 2014). 

Vertical mobilization of PyC and other SOM within a soil profile occurs mainly due to leaching, 

bioturbation, and illuviation (Eckmeier et al. 2007, Rumpel et al. 2015). Leaching is primarily 

responsible for vertical transport of dissolved constituents, while bioturbation and illuviation, or 

the downwards transport of particles via water flow, can move particulate PyC and OM down the 

soil profile. In post-fire environments, the rate of vertical mobilization of PyC depends on the size 

and solubility of the PyC, the nature of the porous media, including soil texture, bulk density, and 

porosity, and the rate of water flow through soil, which is driven by rainfall amount and intensity 

(Bird et al. 2015). Literature reported values for vertical mobilization of freshly applied PyC are 

typically on the order of mm per year (Major et al. 2010, Rumpel et al. 2015), although this may 

differ after natural wildfires and with aged char. The degradation of PyC, and release into the 

dissolved phase, creates a slow, centennial-scale loss of PyC from the soil. As PyC is exposed to 

environmental conditions, it degrades and becomes more soluble and can be mobilized at rates 

more than 40-55 times that from fresh char (Abiven et al. 2011).  

The main objective of this study is to understand how PyC is mobilized laterally and vertically 

within soil profiles post-fire and to understand how mobilization of PyC impacts its long-term 

persistence in soil. To accomplish these objectives, we used a combination of spectroscopic 

techniques to determine how post-fire erosion changes distribution of C and soil organic carbon 

(SOC) fractions at the site of the Gondola Fire, South Lake Tahoe, California. Specifically, we 

determine: (a) how stocks of PyC and other SOC fractions in eroding and depositional landform 

positions change after fire; (b) how much PyC and SOC fractions are laterally redistributed by 

erosion over short (1-yr) and longer (10-yr) timescales; and (c) how much PyC and C in other 

fractions is vertically mobilized down the soil profile post-fire?  
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METHODS 

Site description 

The Gondola Fire burned over 270 ha on July 3, 2002, on the south shore of Lake Tahoe (38º57' 

N; 119º55' W, Figure 1), near Stateline, NV (Saito et al. 2007). The Gondola fire was characterized 

as a moderate severity burn, with partial consumption of the O horizon, and significant heat 

transfer down to 1 cm of mineral soil, where temperatures reached up to 200ºC (Carroll et al. 

2007). Two weeks after the fire, on July 18, an intense precipitation event that deposited 15.2 mm 

of precipitation as rain and hail mobilized 380 Mg (metric tons) of material downslope, which was 

deposited in a downslope riparian area that borders the Edgewood Creek (Figure 2). The 

depositional area was about 0.8 ha in size and was densely vegetated with slopes of 0 to 5 % 

(Carroll et al. 2007, Saito et al. 2007).  

The study area is characterized by Mediterranean climate with cold and snowy winters and warm 

to hot summers. The site receives most of its 87 cm of mean annual precipitation as snow and has 

a mean annual temperature of 6.7°C. The study area is underlain by granitic parent material and is 

a part of the Cagwin-Rock Outcrop. Soils of the study area are classified as coarse, loamy sand, 

mixed Typic Cryopsamments (Carroll et al. 2007, Johnson et al. 2007). The dominant vegetation 

in the area includes white fir (Abies concolor), Jeffery pine (Pinus jeffreyi), and Sugar pine (Pinus 

lambertianna) in the overstory; and Sierra chinquapin (Castanopsis sempervirens), currant (Ribes 

spp.), snowbrush (Ceanothus velutinis), and bitter brush (Purshia tridentata) in the understory 

(Saito et al. 2007). 

Sampling design 

This site had 16 previously established hillslope sampling plots (Figure 1), in which seven were 

burned during the fire, seven were unburned, and two were partially burned (Carroll et al. 2007).  

Directly below the burned hillslope, within the identified deposition area of eroded material from 

the hillslope plots, 17 sites were selected within the depositional area (Carroll et al. 2007). These 

plots were sampled before the Gondola Fire, in late spring in 2002. The same plots were resampled 

one-year post-fire, during the summer of 2003, and then 10-years post-fire in the summer of 2013, 

with the addition of 13 new sites in the depositional area to capture the variability of this area. In 

the eroding hillslope plots, soil samples were collected from five random locations within each 

plot by depths of 0-10 cm, 10-30 cm, 30-60 cm, and 60-100 cm, which approximately corresponds 

to genetic horizons A11, A12, AC, and C (Johnson et al. 2007). In the depositional sites, soil was 

collected from the depth of 0-15 cm. The five replicates from the hillslope soils were composited 

and homogenized, and all samples were passed through a 2-mm sieve prior to further laboratory 

analysis.  

Basic soil, elemental, and isotopic analyses 

Air-dried, sieved soils were analyzed for pH in a 1:2 ratio of soil to both water and 0.01M CaCl2 

solutions with a Fisher Scientific Basic Probe (AB15 meter, Waltham, MA). Gravimetric water 

content was measured via drying approximately 10 g subsets of field-moist soil in an oven at 105°C 

for 48 hours. Bulk density was determined by the core method, where a 5x10 cm core was 

hammered into the soil, and dried at 105°C for 48 hours.  

Prior to C and N elemental and isotopic analysis, air-dried soils were ground for 3 min in a ball 

mill (8000M Spex Mill, SPEX Sample Prep, Metuchen, NJ) to a homogenous fine powder. 
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Samples were tested for carbonates by reacting them with 1M HCl. No effervescence was 

observed, so we concluded that these samples had no carbonates and hence the total organic carbon 

concentration in the soils is equal to total carbon concentration. For C, N, and stable isotopic 

analyses for 13C and 15N, we weighed between 15 and 40 mg of ground soil into tin capsules. 

These samples were combusted in a Costech ECS 4010 CHNSO Environmental Analyzer 

(Valencia, CA) connected via a Conflo IV interface (Thermo Finnegan, San Jose, CA) to a Delta 

V Plus Isotope Ratio mass spectrometer (ThermoFisher Scientific, Waltham MA). All C and N 

concentration values are reported as oven-dry sample weight.  The stable isotope values are 

reported using the δ notation, in units of per mil (‰). Samples were measured against peach leaf 

and acetanilide, with standard errors of ± 0.23 15N and ± 0.09 13Cvariation for peach leaf and ± 

0.15 15N and ± 0.07 13C variation for acetanilide. Duplicate samples had standard errors of ± 

0.20 15N and ± 0.05 13C. The higher variation in standards compared with samples is likely due 

to them spanning numerous sample runs and due to variations in the size of the standards across 

different sample runs. Our results were calibrated relative to international standards (e.g., NBS-

22, N-1, and N-2) and are referenced relative to atmospheric N2 and Vienna Pee Dee Belemnite 

(VPDB).

Spectroscopy 

Bulk chemical characterization and determination of PyC concentrations in the samples were 

carried out by combining 13CPMAS - Nuclear Magnetic Resonance (NMR) and Mid-Infrared 

(MIR) Spectroscopy. The data derived from 13C NMR and MIR along with partial least squares 

regression analysis (MIR/PLSR) was then used to determine the proportion of PyC in the soil 

samples. This NMR and MIR/PLSR technique reliably estimates the concentration of PyC across 

a range of soil types and concentrations of bulk C and PyC (Baldock et al. 2012, Janik et al. 2007, 

Skjemstad et al. 2004), and is also the most cost and time-effective technique for quantifying the 

amount of PyC in soil to date. 

Mid-Infrared spectroscopy (MIR) analysis was conducted on all ground soils on a Thermo Nicolet 

6700 spectrometer (ThermoFisher Scientific, Waltham, MA) using a Pike AutoDiff diffuse 

reflectance attachment (Pike Technologies, Madison, WI), as described in Sanderman et al. (2011). 

A KBr beam-splitter scanned the samples 60 times and produced absorbance spectra from 

wavenumbers 7800-400 cm-1. Spectra were background corrected against silicon carbide and then 

baseline corrected. Peak region assignments were adapted from Araya et al. (2017). 

A subset of samples was analyzed via 13C-CPMAS NMR spectroscopy on a Bruker Avance system 

(200MHz). The Kennard-Stone algorithm was utilized to pick 20 samples for NMR analysis that 

incorporated the most variability in the MIR dataset (Kennard & Stone 1969). This algorithm and 

principal components analysis demonstrated that most variability was in the deposition samples, 

and first axis accounted for 86% of the variance in the MIR data. The NMR analyses were 

conducted on only depositional landform position soils, as the eroding soils did not produce usable 

spectra, but principal component analysis of the MIR spectra demonstrated that most of the 

variability in the soil chemical properties was in the depositional soil samples. Samples for NMR 

analysis were packed into a 7 mm rotor, along with a glycine reference to calculate carbon 

observability, and analyzed at the magic angle with a 1 ms contact time (Baldock et al. 2012, 

Sanderman et al. 2011).  

Of the 20 samples selected for NMR, nine of them produced poor quality spectra and were 

demineralized with HF prior to re-analysis to increase C content of samples, decrease noise in the 
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spectra, and remove interference from paramagnetic species in soil (Smernik & Oades 2002). This 

method can alter SOM composition, but has been widely used to make spectra collection possible 

(Berhe et al. 2012, Schmidt et al. 1997). To demineralize the samples, they were washed nine 

times with 45 mL of 2% HF over the course of a week, and then three times with DI water 

(Sanderman et al. 2011). To determine C observability, glycine was used as a reference (Smernik 

et al. 2000), and from the NMR analysis, 18 usable spectra were produced, with C observability 

over 25%. Spectra were corrected to a glycine standard for observability. For these NMR analyses, 

10-20,000 scans were collected per sample, and the collected spectra were integrated into eight 

regions: 0-45 ppm (Alkyl), 45-60 ppm (N-Alkyl/Methoxyl), 60-95 ppm (O-Alkyl), 95-110 ppm 

(Di-O-Alkyl), 110-145 ppm (Aryl), 145-165 ppm (O-Aryl), 165-190 ppm (Amide/Carboxyl), and 

190-215 ppm (Ketone).  

Post-analysis, MIR and NMR data were combined to predict organic C fractions within the soil 

samples in a partial least squares regression combining MIR and NMR data (Baldock et al. 2013, 

Baldock et al. 2013). This model has proven to be a reliable and time-effective method for 

predicting soil fractions and has been calibrated across numerous soil and land-use types (Baldock 

et al. 2013b, Baldock et al. 2012). The SCaRP model independently predicts three organic carbon 

fractions, based on 312 soils collected across agricultural sites in Australia (Baldock et al. 2013, 

Baldock et al. 2013): resistant organic carbon (ROC, particles <50 µm that are chemically similar 

to charcoal), particulate organic carbon (POC, particles 50-2000 µm), and humic organic carbon 

(HOC, particles <50 µm). Due to the independent predictions of the three fractions, the sum of %C 

in each fraction will not necessarily add up to 100.  

Additionally, due to poor fit of the SCaRP model to the ROC fraction in the depositional soils, a 

separate NMR/MIR PLSR was created from the NMR and MIR data collected on these samples 

using the partitioning of OC into PyC and non-PyC components as described by Baldock et al. 

(2013). This separate model captures the high variability of the depositional samples, which likely 

was due to the high concentrations of ash and the mixture of materials deposited in that setting 

(Carroll et al. 2007).  

Data analysis 

All data analysis and figure generation was conducted in RStudio (version 1.0.316, rstudio.com). 

Separate linear mixed effects models were built to (1) assess the transport of organic carbon 

fractions and bulk carbon through the soil profile with time, and (2) to assess surficial transport of 

these fractions across the surface of the landscape (0-10 cm for eroding hillslope and 0-15 cm for 

depositional soil). The depth model (1) predicted SOC fraction using time, depth, and burning as 

fixed factors and plot number as a random factor. The surface transport model (2) predicted SOC 

fraction used time, landform position, and burning as fixed factors and plot as a random factor. 

Models were tested for significance (p<0.05) by comparing null intercept-only models to models 

with fixed and random effects using the likelihood test. Differences between treatments were 

assessed using a Tukey Honest Significant Difference test and were also assumed significant at 

p<0.05. For all other statistical comparisons without time as a factor, two-way ANOVAs were 

used with depth and burn or control as predictors. Means are presented with standard error with 

n=8 for eroding hillslope samples and n=30 for depositional samples. 
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RESULTS 

Bulk soil properties and elemental concentrations  

Soils from the eroding landform positions were generally acidic pre-fire. However, at depths below 

30 cm in 10-year post-fire sampling period the soil pH values were in the neutral range (Table 1). 

The pH of the eroding soils, in both the burn and control plots, increased after the fires by up to 

1.25 units. Bulk density showed less than 0.2 g/cm3 change post-fire with the values increasing in 

the burned plots and decreasing in control plots. Soils at the depositional landform position had a 

pH range and bulk density values that were similar to the topsoil from the eroding position.  

Soils from the eroding positions had <2% C, in which C concentrations showed a consistent, but 

statistically not significant (p=0.83), decreasing trend with depth in both the burn and control plots 

in the control and burn plots (Figure 3). The soils generally had very low N concentrations 

(<0.1%). There was a marked increase in concentration of both C and N in topsoil (0-10 cm) 

immediately post-fire, but the values reverted to pre-fire levels at the 10-year post-fire sampling 

period (Figure 3). In contrast to the eroding soils, the total C concentrations in depositional soils 

ranged from 2-10%. The depositional soils did not significantly (p=0.38) differ in N concentration 

than those from the eroding positions, when accounting for the effects of depth and time. The mean 

total N during the 2013 sampling period was 0.05% and the mean total C was 1.87% (Table 2). 

SOC in fractions and PyC 

The concentrations of total C and SOC fractions in the depositional landform position increased 

significantly between the pre-fire and one-year post-fire sampling time points (p=0.00, Figures 4 

and 5). However, there was a significant decrease in the concentration of all three SOC fractions 

at the 10-year post-fire sampling point (p=0.00) to below the pre-fire concentrations.  

Linear mixed effects models indicated that the C concentration in the organic carbon fractions 

from the eroding soils (Figure 5) significantly depended on sampling time, depths, and burn 

condition (Tables 3 and 4). Concentrations of SOC fractions did not decline significantly with 

depth (ROC p=0.82, POC p=0.94, HOC p=0.60), but the top horizon had higher concentrations of 

each of the SOC fractions than the deeper horizons. The eroding soil regressions also indicated 

that the 2013 sampling time had significantly higher concentrations (p=0.02) of each of the SOC 

fractions than was non-significantly (ROC p=0.66, POC p=0.36, HOC p=0.18), more concentrated 

in burn plots compared with control plots, and was significantly (p=0.02) more concentrated in 

2013 compared with the earlier sampling points. 

The statistical model of the SOC fractions in the surface soil indicated that there was no statistically 

significant difference between the pre-burn and one year post-fire sampling times, but that the 10-

year post-fire sampling had significantly lower SOC concentrations (p=0.00), largely driven by 

the large decline in SOC fractions in the depositional landform positions. There were no significant 

differences in the burn and control plots on the eroding hillslope (ROC p=0.92, POC p=0.79, HOC 

p=0.834). Across the three SOC fractions and accounting for sampling time and burn, the eroding 

plots had significantly lower concentrations of the SOC fractions than the depositional landform 

positions (HOC p=0.00, POC p=0.00), except for the ROC fraction (p=0.05). However, the eroding 

landform position had significantly higher concentration of SOC fractions at the final sampling 

point than the depositional landform position.  
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In the eroding plots only model, the burned plots had non-significantly higher ROC concentrations 

than the unburned plots, and the 10-years post-fire sampling point had significantly higher 

concentrations of ROC compared with pre-burn (p=0.00) and one-year post-burn (p=0.02) 

concentrations. Both the burned and unburned plots had significantly higher HOC concentrations 

in the 10-years post-fire sampling point compared with the pre- and post-fire sampling point 

(p=0.00 and p=0.00). The unburned plots had slightly, but non-significantly (p=0.64), lower 

concentrations of HOC than the burned plots.  

In each of the sites, the three SOC fractions were summed and the proportion of ROC to total C 

was calculated (Figure 6, Tables 3 and 4). There was no significant trend with ROC fraction with 

depth (p=0.11) or between burn and control plot (p=0.44), but ROC made up a significantly higher 

proportion of hillslope SOC compared with the depositional landform position (p=0.00). The ROC 

fraction was also significantly lower in the 10-years post-fire time point compared with either of 

the first two time points(p=0.00). 

Isotopic and Spectroscopic composition of SOM 

For the eroding plots, 𝛿13C was significantly enriched (p=0.02) in the control plot compared with 

the burned plot (Figure 7). The 𝛿13C of bulk SOM declined with depth but the relationship was not 

statistically significant (p=0.72). With increasing depth into the soil profiles of the eroding plots, 

the 𝛿15N values were significantly more enriched in the control plots compared with the burned 

plots (p=0.02). 

Both the control and 10-year post-fire plots showed an increase in peak heights in the –OH function 

group (3700 cm-1) with depth and a decrease in the –CH (2940 cm-1). The ester and phenol regions 

(1159 and 995 cm-1) also showed a decrease in peak heights with depth into the soil profile in both 

the pre- and post-fire spectra based on DRIFT spectra designations of Parikh et al. (2014). The 

most important differences in the MIR spectra in the soils from the burned and control plots, for 

regions of interest to SOM composition, (Figure 8) were observed in the spectral regions 

representing asymmetric and symmetric C-H stretching vibrations in aliphatic compounds (2924 

and 2850 cm-1, respectively); C=C stretching vibrations of aromatic compounds (1650 cm-1); N-H 

bending vibrations and C=N stretching vibrations in amides (1575 cm-1); C-H bending (1390, 

1405, and 1470 cm-1) in aliphatic; C-O stretching and asymmetric stretching vibrations in 

carboxylic and phenolic groups (1270 cm-1); and C-O symmetric vibrations in polysaccharides 

(1080 and 1110 cm-1). The peak heights in the aromatic and polysaccharide regions both increased 

in the top soil (0-10 cm), due to higher C concentrations there. We also observed increased peak 

highest in the aromatic region at 10-30 and 60-100 depths, and in the polysaccharide regions below 

60cm depths. All soil depths had increased peak heights in the amide region.  

Comparing the pre-fire (2002) and post-fire (2003) spectra of soil from the depositional position 

(Table 5, Figure 9) shows increased contribution of aryl and O-aryl groups (110-165 ppm), alkyl 

(0-45ppm), and ketones (190-215 ppm); and reduced contribution of O- and N-substituted alkyls 

(45-110 ppm) and amide and carboxylic groups (165-190 ppm). The largest shift in distribution of 

C in the different organic functional groups was observed in the aryl region that saw an increase 

by 1.9% post-fire.  

DISCUSSION 

Following the Gondola fire, erosion redistributed soil C and PyC laterally down the hillslope. 

Overall, we found an increase in all SOC fractions in the depositional landform position 1-year 
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post-fire. By conservatively assuming the concentration of C and ROC in the transported sediment 

was equivalent to the concentration in post-fire control eroding plots, the initial mass movement 

of 380 Mg of material (Carroll et al. 2007) equates to the transport of 7.6 Mg C and 2.4 Mg ROC. 

When accounting for the 3.8 ha of source area, this is transport equates to 2.0 Mg C and 0.6 Mg 

PyC per ha. This transport contributed to the increase in the depositional soil C content from 6.3 

to 8.9% C, but this transport alone did not contribute all the increase in soil C. It is likely that 

erosion events from the remainder of the post-fire year preferentially transported SOC and PyC to 

this depositional landform position (Rumpel et al. 2006, Stacy et al. 2015). However, by 10-years 

post-fire, the SOC fractions in the depositional landform position sites declined to below pre-fire 

levels. This decline suggests either burial by subsequently eroded material or the rapid 

decomposition of SOC in that landform position. In the long-term, there were no significant 

changes in the carbon concentration of the top soil of the eroding plots, even after the major erosion 

event post-fire.  

Transport and loss of different SOC fractions due to post-fire erosion 

The slightly increased contribution of the ROC fraction in eroding hillslope plots that persisted 

even 10 years after the Gondola fire confirms the input of pyrogenic carbon from the fire (Figures 

4, 5, 9). From our findings, the PyC continued to be lost from the eroding plots, presumably via 

ongoing erosion processes. Our data also shows that PyC is a dynamic pool of SOC, as seen by 

the significant drop in the ROC fraction in the topsoil of the depositional landform position (Figure 

5). These findings are consistent with our previous work, where we showed that erosion can play 

major role in lateral redistribution of PyC post-fire, with implications for persistence of PyC in 

dynamic landscapes (Abney & Berhe In Prep). 

All the SOC fractions in the depositional landform position increased in the one-year post-fire 

sampling point and decreased to below pre-fire concentrations at the ten-year sampling point. This 

large initial increase is likely due to the mass-movement erosion event that deposited fire-altered 

material downhill after the fire. The subsequent loss of C in all the SOC fractions in the long-term 

suggests that this SOC material may not be stabilized if it remains on the surface of the depositional 

landform position. The depositional, riparian area characterized by higher concentrations of both 

C and N, as well as wetter soil water conditions, which could support higher decomposition rates. 

In comparison, the well-drained coarse soils in the eroding landform positions were relatively C- 

and N-poor, but contained a higher proportion of the ROC as a fraction of total C (Figure 6). This 

is consistent with previous decomposition and other SOC studies that showed that rate of SOC 

loss through decomposition could be faster on the surface of organic matter rich and poorly drained 

depositional landform positions (Berhe 2012, Berhe 2013). In addition to decomposition, SOC 

loss from the surface soil in the depositional landform position may become stabilized in the 

depositional landform positions if it is buried by subsequently eroded material (Berhe 2007, 

Doetterl et al. 2016). 

The cycling and persistence of ROC, or PyC, post-fire is controlled by numerous factors, including 

erosion and decomposition conditions (Bird et al. 2015). The ROC fraction in eroding positions 

increased slightly over time starting at pre-fire levels than increasing at 1 and 10 years after the 

Gondola Fire. This increase is likely due to the redistribution of material or further inputs of 

charred material. The Sierra Nevada is a highly fire-prone region (Westerling et al. 2006), and it 

might be that numerous fires in the Sierras after the Gondola Fire deposited ash and smoke in the 

vicinity (Peterson et al. 2015). The lack of significant difference in the ROC and other SOC 
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fractions in the eroding burn and control plots also suggests input of ROC from sources other than 

the Gondola Fire itself, or that much of the ROC formed on the eroding hillslope was lost in the 

initial erosion event (Carroll et al. 2007) or via rapid decomposition (Kuzyakov et al. 2009, 

Nguyen et al. 2009).  

In the depositional landform position, potentially further erosion events may have resulted in the 

loss of SOC fractions on the longer-term scale, although this was likely a small loss, due to the 

lower slope in this landform position. The initial eroded material contained a considerable 

concentration of ash (Carroll et al. 2007), which is highly susceptible to both wind and water 

erosion (Pereira et al. 2015). The mobilization of 1.5 Mg C/ha and 0.7 Mg ROC/ha in the initial 

erosion event was significant, however, the one-year post-fire concentration of ROC in the 

depositional landform position is double that of the hillslope plots, suggesting that after the initial 

erosion event, more pyrogenic material was eroded and deposited there. 

Topsoil material in depositional landform positions can become buried by subsequently eroded 

material, such that it is possible that the eroded SOC fractions that were initially eroded were 

buried by subsequent deposition of eroded material without higher levels of ROC-SOC (Berhe et 

al. 2007). These later erosion events generally transport more mineral material that the earlier 

erosion events, since pyrogenic material is typically preferentially transported in early erosion 

events (Rumpel et al. 2009, Rumpel et al. 2006, Yao et al. 2014). If the relatively SOC-rich 

material that was originally deposited in the depositional landform position is buried with 

subsequent erosion, PyC and associated other soil C is likely to be physically stabilized in the soil 

profile of the depositional position.  

The lower 𝛿13C and 𝛿15N values in the surface soil of burned eroding sites at the 10-year post-fire 

sampling time point (Figure 5) suggests that there may have been preferential combustion of 

organic matter with higher 𝛿13C and 𝛿15N values. This is opposite to previously published work 

that demonstrated that soil 𝛿15N values increase with increasing charring temperature and time 

(Pyle et al. 2015, Saito et al. 2007). It is possible that this difference is related to input of new, 

isotopically light material post-fire, or if isotopically heavier material was preferentially consumed 

during the fire, leaving behind isotopically light material, such as lignin (Benner et al. 1987).  

At the 10-years post-fire sampling point, the depositional landform position had a relatively similar 

isotopic composition to the eroding surface soil, 𝛿15N values of 2.4‰ and 3.84‰ and 𝛿13C values 

of -26.2‰ and -25.73‰ for the burned eroding hillslope and depositional landform positions, 

respectively (Table 2 and Figure 5). This similarity is further evidence for the transport of surface 

soil and OM from the eroding positions and depositional within the depositional landform position. 

This long-term erosion may have led to the burial of earlier deposited material, that has much 

higher SOC concentration one-year post-fire, such that what was sampled as top soil in the 

depositional landform position 10-years post-fire was mineral material that was more recently 

transported from the upslope eroding landform position. 

It is likely that at least a fraction of the SOC fractions in the depositional landform position post-

fire were lost via elevated decomposition (Berhe 2012, Doetterl et al. 2012). The input of SOC 

and nutrients into the depositional landform position from the original mass flow event, along with 

the accumulation of water from precipitation and the nearby creek, could create ideal conditions 

for decomposition at this location compared with the eroding plots (Cheng et al. 2006, Johnson et 

al. 2007). The depositional landform position presents a range of conditions that can favor rapid 

loss of PyC that remains on the surface. 
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Downwards mobilization of SOC and SOM 

Leaching can also mobilize SOC downward in a soil profile, as evidenced by the small, but not 

significant, increase in HOC and ROC fractions at depth in the eroding landform positions at the 

final time point (Figure 5), along with a decrease in 𝛿13C and 𝛿15N values throughout the burned 

eroding plots in the final sampling point (Figure 7). The soils in the eroding positions of the 

Gondola fire site are coarse textured and porous, creating optimum conditions for vertical 

mobilization of bulk C and PyC in dissolved and/or particulate form. The small shift in isotopic 

compositions of SOM suggest that the preexisting organic material and nutrients were lost during 

post-fire recovery. The organic matter that is left behind may be more complex biomolecules, such 

as lignin that are more difficult to breakdown. Additionally, there may have been a nutrient or 

substrate limitation on microbial processing that led to relatively heavier OM components, such 

as cellulose, being consumed in these systems, leaving behind isotopically lighter material that is 

susceptible to leaching. Even so, the leaching process is generally slow, as Major et al. (2010) 

found that in a year only 1% of their applied PyC was mobilized downward in the profile, and this 

change was not apparent at the one-year post-fire sampling point. The leaching of PyC also 

depends on the size (dissolved vs. particulate form) and vegetation type. Slow leaching of ROC 

downward may be altered by the quality of ROC material left after the initial mass movement 

event and the post-fire vegetation recovery (Güereña et al. 2015, Kindler et al. 2011, Major et al. 

2010). Leaching may be occurring in the depositional landform position, but we did not sample at 

depth into this landform position, as no pre-fire comparison samples exist for the deep soils in the 

depositional landform position.  

Implications of post-fire erosion for long-term persistence of SOC and PyC  

Lateral redistribution of topsoil by soil erosion after wildfires has important implications for the 

dynamics of both bulk SOC and specific fractions. In the Gondola fire site, large amounts of C in 

all the SOC fractions were mobilized by a large erosive event immediately post-fire. However, we 

also found that significant amount of C from all the SOC fractions was lost from the surface 

depositional zone in the long term. It is clear from this 10 year, three sampling period study that C 

in all the SOC fractions in the eroding plots was considerably altered in the 10-years post-fire.  

This change in C in the different SOC fractions suggests a contribution of likely elevated biological 

production post-fire for increases in the HOC and POC fractions. The increase in the ROC fraction 

that we observed could be due to either erosion of ROC from upslope or from deposition of ROC 

in the form of ash or soot from nearby wildfires, such as the Rim Fire (Peterson et al. 2015). 

Vertical mobilization of C in the different SOC fractions can lead to enhanced protection of both 

bulk C and PyC due to the decline in availability of oxygen and/or lower microbe biomass or active 

in deeper soil layers (Marin-Spiotta et al. 2014).  

In contrast to the eroding landform positions, the depositional landform position lost significant 

proportions of C from all the SOC fractions over the 10 years likely due to combination of factors 

that includes ongoing transport of top soil material from the eroding hillslope that is deposited in 

the riparian area, leaching of C down the soil profile, burial of surficial soil from continually 

eroding upslope material, and decomposition in situ. The long-term stability of SOC in 

depositional landform positions critically depends on the local decomposition conditions (Berhe 

2012) and erosion potential, as burial of SOC in depositional landform has also been demonstrated 

to be a stabilization mechanism for SOC and PyC (Berhe & Kleber 2013, Berhe et al. 2007, 

Chaopricha & Marín-Spiotta 2014).  
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Findings of our study have highlighted that lateral and vertical redistribution of C post-fire can 

have implications for soil carbon dynamics. So far, the comparative roles of lateral and vertical 

transport of PyC, such as erosion, leaching, and bioturbation, across differing landscapes remains 

largely unknown (Güereña et al. 2015, Rumpel et al. 2015). Depending on the prevailing 

environmental conditions at any particular site, wind- and water-driven erosion, leaching, and 

deposition from other fires (Bird et al. 2015) can play major roles in controlling stock, fluxes, 

stability and stabilization mechanisms of bulk C and PyC post-fire.  

Limitations and future directions  

One inherent limitation of this work is the use of the SCaRP model to predict SOC fractions. Since 

this model was developed using agricultural soils, there is some error associated with the SOC 

fraction predictions based on the difference in forest soils compared with arable soils. However, 

this model has been tested on thousands of soil types and has been demonstrated a reasonable 

predictor across different land uses and vegetation types in Australia (Sanderman et al. 2011). 

A second major limitation of this work is the depth of sampling in the depositional landform 

positon. Without being able to predict the SOC fractions at depth in this landform position makes 

it impossible to determine whether the long-term loss of the SOC rich material that was deposited 

was due to burial by subsequently deposited material or via some other process. Additionally, the 

sampling of depositional and eroding hillslope surface soils at different depths can confuse some 

of the statistical models, becaise these were collected based on previous sampling strategies. Future 

research on the erosion of PyC should focus on the role of burial and vertical transport of PyC into 

the soil profile. Additionally, future research should focus on the episodic nature of erosion events 

that may bias reported loss rates of PyC erosion during post-fire recovery and hinder understanding 

of its fate in soils in dynamic landscapes. 

CONCLUSIONS 

After the Gondola fire, erosion changed the carbon sequestration trajectory of the system as over 

1.5 Mg ROC/ha and 0.7 Mg C/ha of C in all SOC fractions was distributed away from the surface 

of the eroding landform positions, and deposited in the downhill riparian area. At the ten-year 

sampling point, the depositional landform position had considerably lower concentrations of all 

SOC fractions, and retained proportionally lower concentrations of ROC than the eroding 

hillslope. This suggests that either the highly charred and SOC-rich material was buried in the 

depositional landform position, or was more rapidly decomposed than in the eroding hillslope 

landform position. 

The relatively low 𝛿13C and 𝛿15N values in the burned soils suggests persistence of SOM with 

isotopically lower values, such as those from lignin, while other material with higher isotopic 

values is consumed either during combustion or via post-fire microbial processing. Better 

understanding of the long-term fate of C in dynamic landscapes post-fire is critical for constraining 

of terrestrial carbon budgets in a changing world.  
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FIGURES  

 

 

Figure 4-1. The Gondola Fire occurred outside Stateline, Nevada, in the Van Sickle Bi-State Park 

(a). Burned plots are indicated by triangles and unburned, control plots are indicated by circles (b). 

Moderate vegetative recovery has occurred since the fire in the burned area. 
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Figure 4-2. major ash flow occurred after the fire in 2002 (panel a, photo by J. Howard). The 

hydrophobic layer (panel b, photo R. Abney) created during the fire persists through the recent 

sampling (photo from November 2012, R. Abney). No canopy is left in portions of this moderate 

severity fire (panel c, May 2013, R. Abney). 
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Figure 4-3. Carbon (C), nitrogen (N), and the atomic C:N ratio in the eroding position before burn, 

one year post-fire, and 10-years post-fire. Error bars represent standard error. 
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Figure 4-4. Total C and C:N ratio for the depositional landform position. Error bars represent 

standard error with n=30. 
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Figure 4-5. Soil organic carbon fractions (POC, HOC, and ROC) from pre-fire (2002), one-year 

post-fire (2003), and ten-years post-fire (2013) surface soils. Eroding surface soils were collected 

from 0-10 cm and depositional soils were collected from 0-15 cm. Error bars represent standard 

error with n=16 for eroding sites and n=30 for depositional sites. Eroding B refers to the burned 

eroding plots, and Eroding C refers to the control (unburned) eroding plots. 
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Figure 4-6. Organic carbon fractions for the eroding hillslope position from pre-fire, one-year post-

fire, and 10-years post-fire in burn and eroding plots. Error bars represent standard error with n=8. 
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Figure 4-7. Resistant organic carbon as a fraction of total soil carbon. Eroding B refers to the 

burned eroding plots, and Eroding C refers to the control (unburned) eroding plots. Means are 

presented here for each sampling year with error bars representing standard error.   
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Figure 4-8. Stable carbon (a) and nitrogen (b) isotopes for the eroding landform position. Error 

bars represent standard error. 
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Figure 4-9. MIR spectra of soil from control (a) and burned (b) plots from the eroding position in 

the 10-year post-fire sampling time point. Shifts in peak intensities occurred at wavenumbers 1270 

cm-1 (carboxylic and phenolic groups), 1650 cm-1 (aromatic compounds), 2924 cm-1 (asymmetric 

C-H stretching), 2850 cm-1 (symmetric C-H stretching), and 3625 cm-1 (O-H bonding). 



116 

 

 

 

Figure 4-10. 13C CPMAS NMR spectra of soil from pre-fire (a) and 10-year post-fire (b) samples 

from the depositional landform position. The spectra were divided into the following regions: 0-

45 ppm (Alkyl), 45-60 ppm (N-Alkyl/Methoxyl), 60-95 ppm (O-Alkyl), 95-110 ppm (Di-O-

Alkyl), 110-145 ppm (Aryl), 145-165 ppm (O-Aryl), 165-190 ppm (Amide/Carboxyl), and 190-

215 ppm (Ketone). 
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TABLES 

 

Table 4-1. Soil pH and bulk density for the eroding landform position, and summary elemental 

and stable isotope analyses for the depositional landform position. Standard error presented in 

parentheses (n=7 control, and n=8 burned). 

  
Pre-fire Post-fire Ten-years post-fire 

Location Depth  

pH in 

H2O 

pH in 

CaCl2 

Bulk 

Density 

(g/cm3) 

pH in 

H2O 

pH in 

CaCl2 

pH in 

H2O 

pH in 

CaCl2 

Bulk 

Density 

(g/cm3) 

Eroding 

(burned) 

0-10 

cm 

5.82 

(0.11) 

5.09 

(0.11) 

1.24 

(0.07) 

6.69 

(0.11) 

5.98 

(0.20) 

6.54 

(0.13) 

5.57 

(0.11) 

1.41 

(0.05) 

 

10-30 

cm 

5.77 

(0.10) 

4.98 

(0.08) - 

6.37 

(0.23) 

5.74 

(0.29) 

6.64 

(0.10) 

5.68 

(0.13) - 

 

30-60 

cm 

6.08 

(0.24) 

5.30 

(0.28) - 

6.35 

(0.19) 

5.65 

(0.22) 

6.77 

(0.11) 

5.72 

(0.12) - 

 

60-100 

cm 

6.12 

(0.17) 

5.39 

(0.15)  - 

6.40 

(0.09) 

5.61 

(0.11) 

7.37 

(n/a) 

6.15 

(n/a) - 

Eroding 

(control) 

0-10 

cm 

5.99 

(0.18) 

5.33 

(0.20) 

1.24 

(0.05) 

6.09 

(0.06) 

5.46 

(0.05) 

6.79 

(0.14) 

5.91 

(0.18) 

1.13 

(0.04) 

 

10-30 

cm 

5.85 

(0.22) 

5.03 

(0.23) - 

5.87 

(0.06) 

5.21 

(0.06) 

6.77 

(0.17) 

5.57 

(0.17) - 

 

30-60 

cm 

5.37 

(0.14) 

4.88 

(0.17) - 

5.59 

(0.11) 

4.98 

(0.03) 

6.40 

(0.21) 

5.23 

(0.27) - 

 

60-100 

cm 

5.86 

(0.11) 

5.10 

(0.16) - 

5.97 

(0.09) 

5.17 

(0.08) 

6.65 

(0.12) 

5.72 

(0.24) - 
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Table 4-2. Soil pH and bulk density for the depositional landform position, and summary elemental 

and stable isotope analyses for the depositional landform position soil collected in 2013. Standard 

error presented in parentheses (n=30). 

Deposit-

ion Depth 

pH in 

H2O 

pH in 

CaCl2 

Bulk 

Density 

(g/cm3) 𝛿15N 𝛿13C 

C:N 

atomic 

ratio 

Nitroge

n (%) 

Carbon 

(%) 

 

0-15 

cm 

6.85 

(0.12) 

5.80 

(0.14) 

1.22 

(0.12) 

3.84 

(0.18) 

 -25.73 

(0.47) 

37.76 

(1.27) 

0.05 

(0.00) 

1.87 

(0.22) 
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Table 4-3. Eroding hillslope and surface soil model parameter estimates. 1 
 

Eroding hillslope model 
  

Surface soil model 
  

 
Parameter  Estimate Std. error t value Parameter Estimate Std. error t value 

ROC Intercept  -210.75 49.17 -4.28 Intercept 1634.39 295.22 5.53 
 

Time 0.10 0.02 4.46 Time -0.80 0.14 -5.49 
 

Depth: 10-30 cm -2.16 0.33 -6.52 Eroding hillslope -3.74 1.95 -1.91 
 

Depth: 30-60 cm -3.73 0.33 -11.26 Control (unburned) -0.25 2.82 -0.09 
 

Depth: 60-100 cm -4.94 0.36 -13.55 
    

 
Control (unburned) -0.92 0.69 -1.32 

    

POC Intercept  -96.99 67.76 -1.43 Intercept 1101.91 272.39 4.04 
 

Time 0.05 0.03 1.51 Time -0.54 0.13 -4.00 
 

Depth: 10-30 cm -2.44 0.46 -5.30 Eroding hillslope -4.96 1.80 -2.75 
 

Depth: 30-60 cm -3.57 0.46 -7.74 Control (unburned) -0.66 2.60 -0.25 
 

Depth: 60-100 cm -4.21 0.50 -8.31 
    

 
Control (unburned) -0.59 0.65 -0.90 

    

HOC Intercept  -441.09 87.56 -5.03 Intercept 1723.54 428.06 4.02 
 

Time 0.22 0.04 5.17 Time -0.84 0.21 -3.97 
 

Depth: 10-30 cm -3.59 0.59 -6.08 Eroding hillslope -10.07 2.83 -3.55 
 

Depth: 30-60 cm -5.90 0.59 -10.00 Control (unburned) 0.85 4.10 0.20 
 

Depth: 60-100 cm -7.72 0.64 -11.89 
    

 
Control (unburned) -0.59 1.21 -0.48 

    

ROC fraction Intercept 

 

7.39 1.90 3.88 Intercept 24.20 2.59 9.31 
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 Time -0.00 0.00 -3.68 Time -0.01 0.00 -9.21 

 Depth: 10-30 cm 0.04 0.01 3.14 Eroding hillslope 0.11 0.01 6.65 

 Depth: 30-60 cm 0.08 0.01 6.40 Control (unburned) -0.02 0.02 -0.93 

 Depth: 60-100 cm 0.16 0.01 11.27     

 Control (unburned) -0.03 0.02 -1.58     

 2 
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Table 4-4. Eroding hillslope and surface soil model comparisons with null model with maximum 

likelihood method. 

Hillslope model  
    

SOC Fraction χ2  df p AIC BIC 

ROC 149.33 5 0.00 629.8 654.4 

null model 
   

769.2 778.4 

POC  73.18 5 0.00 722.7 747.3 

null model 
   

785.9 795.1 

HOC 130.48 5 0.00 812.8 837.4 

null model 
   

933.3 942.5 

ROC fraction 110.87 6 0.00 -408.9 -381.2 

null model    -310.0 -300.8 

Surface soil model  
    

ROC 34.30 3 0.00 1011.3 1029.0 

null model 
   

1039.6 1048.5 

POC  28.36 3 0.00 988.7 1006.4 

null model 
   

1011.1 1020.0 

HOC 32.50 3 0.00 1115.4 1133.0 

null model 
   

1141.9 1150.7 

ROC fraction 91.67 4 0.00 -310.6 -290.0 

null model    -226.9 -218.1 
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Table 4-5. NMR functional group assignments of the depositional samples from before (2002) and 

after (2003) the Gondola Fire. Samples were chosen using the Kennard-Stone algorithm to 

accurately include the variance within the dataset. *indicates samples that were treated with HF 

prior to NMR analysis due to extremely poor signal acquisition. 

Sampling 

time 

Alkyl 

(0-45 

ppm) 

N-Alkyl/  

Methoxyl 

(45-60 

ppm) 

O-

Alkyl 

(60-95 

ppm) 

Di-O-

Alkyl 

(95-110 

ppm) 

Aryl 

(110-145 

ppm) 

O-Aryl 

(145-

165 

ppm) 

Amide/  

Carboxyl 

(165-190 

ppm) 

Ketone 

(190-

215 

ppm) 

Pre-fire 12.9 5.7 17.4 6.0 31.5 11.2 12.0 3.2 

Pre-fire 14.0 7.2 26.8 7.4 18.9 8.7 13.2 3.7 

Pre-fire* 16.5 6.3 22.1 6.3 26.1 8.9 11.7 2.2 

Pre-fire* 17.0 5.4 14.0 5.1 37.9 9.9 7.8 2.7 

Pre-fire* 15.9 6.5 22.2 6.2 22.5 9.6 13.8 3.3 

Pre-fire* 16.2 7.4 25.2 7.3 20.2 8.7 11.9 3.0 

Pre-fire 14.8 6.6 24.9 6.7 20.6 8.5 14.5 3.4 

Pre-fire* 18.9 7.5 25.6 6.9 18.7 7.0 12.9 2.5 

Pre-fire* 13.5 6.3 16.1 5.3 32.8 12.1 10.6 3.3 

Pre-fire* 14.1 6.4 21.0 7.7 23.5 11.6 11.6 4.1 

Mean 15.4 6.5 21.5 6.5 25.3 9.6 12.0 3.1 

Post-fire 15.6 5.8 20.5 6.1 29.9 10.6 8.4 3.1 

Post-fire 18.3 7.1 25.6 6.4 17.2 7.2 15.2 3.0 

Post-fire 18.7 6.5 18.1 5.6 29.4 9.3 9.3 3.1 

Post-fire 15.7 6.6 20.8 6.5 25.4 9.8 11.9 3.4 

Post-fire 15.5 6.4 20.5 5.7 26.7 9.3 12.9 3.0 

Post-fire* 13.3 5.7 14.8 5.5 34.8 12.5 10.2 3.3 

Post-fire 15.8 6.9 25.6 7.2 17.5 8.2 14.8 3.8 

Post-fire* 14.0 4.6 13.5 5.7 37.1 13.1 8.7 3.3 

Mean 15.9 6.2 19.9 6.1 27.2 10.0 11.4 3.3 
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CHAPTER 5:  LANDFORM POSITION AND COMBUSTION TEMPERATURE 

CONTROL DECOMPOSITION RATE OF PYROGENIC ORGANIC MATTER 

 

ABSTRACT 

Pyrogenic carbon (PyC) is the material left behind after incomplete combustion of biomass, 

including a spectrum of materials ranging from ash to lightly charred biomass. We investigated 

the roles of combustion temperature and landform position on decomposition rate of PyC. Bark 

from Pinus jeffreyi was charred at three temperatures (200ºC, 350ºC, and 500ºC) for an hour to 

create PyC. We then incubated the charred bark with soil collected from eroding and depositional 

landform positions along the same hillslope. We measured the rate of CO2 production from the 

soil and soil plus bark PyC mixtures over a period of six months, and determined the rate of char 

decomposition by difference. Microbial biomass, elemental C and nitrogen, along with their stable 

isotopes, was measured four times throughout the incubation. Fraction of PyC in soil C was 

determined at the beginning and end of the incubation. We found that the best fit for the data 

collected on rate of decomposition of the soil and char mixtures was a two-pool exponential model. 

The bark charred at higher temperatures decomposed at rates two times slower than that charred 

at 200ºC. We also found rates of microbial respiration in soil from the depositional landform 

position was over three times higher than the rates of decay from char decomposing in soils from 

the eroding landform position. This elevated respiration was driven by elevated microbial biomass 

in the depositional soils. PyC concentrations decreased only in soil and char mixtures with lower 

temperature chars and in the depositional soils, which indicates that low temperature PyC decayed 

at a faster rate, compared to other OM, in the depositional soils with optimal soil conditions for 

decomposition. The nature of soil from the different landform positions imposed major control 

PyC decomposition. This study confirms that lateral distribution of char by post-fire erosion plays 

a significant role in controlling the long-term fate of PyC in soil.   



130 

 

 

 

INTRODUCTION 

Pyrogenic carbon (PyC) is an important component of the global carbon cycle that makes up to 

30% of the soil organic matter pool in some soils (Skjemstad et al. 1999), and 2-5% of overall soil 

carbon (Bird et al. 2015). Pyrogenic carbon is the byproduct of incomplete combustion of biomass 

and soil, and includes a range of constituents including ash, soot, charcoal, and lightly charred 

biomass (Bird et al. 2015; Masiello 2004). The properties of PyC depend on its precursor material 

and the charring intensity, in particular the combination of burn temperature and duration (Pyle et 

al. 2015). Generally, grasses and other light materials are more likely to be entirely consumed by 

fire, and they form PyC that has a lower density and more environmentally mobile (Alexis et al. 

2010; Pereira et al. 2015). In contrast, PyC formed from woody materials at higher charring 

temperatures is typically more environmentally persistent, and tends to be constructed of highly 

condensed aromatic rings (Wiedemeier et al. 2015). These structural differences resulting from 

differing levels charring intensity can lead to significantly different environmental interactions and 

persistence (Bird et al. 2015). Additionally, with increases in charring temperature, both biomass 

and soil can have increased pH, cation exchange capacity, and C concentration (Araya et al. 2016; 

Araya et al. 2017; Massman et al. 2010) that affect long term fate of PyC in the soil system.  

In soil, PyC has decades to millennia longer soil residence times than non-pyrogenic components 

(Hammes et al. 2008). The long residence time of PyC in soil has attracted considerable research 

attention for its role in soil carbon (C) sequestration (Lehmann 2007). However, there are still 

major gaps in our understanding and quantification of variables controlling rate of PyC loss from 

soil. Multiple questions remain unanswered about where in the landscape most of PyC produced 

from fire (or intentionally applied as biochar) decomposes, rate of lateral transport of different 

types of PyC with wind or water erosion, and how environmental conditions affect rate of PyC 

decomposition in the terrestrial ecosystem.  

Lateral transport of PyC with soil erosion can have major implications for its long-term fate in 

soil, depending on the landform position that it is deposited. recent research has indicated that PyC 

is preferentially eroded over non-pyrogenic C (Rumpel et al. 2006; Rumpel et al. 2015; Yao et al. 

2014).  Based on current understanding of the role of erosion and soil properties on bulk soil OM 

decomposition, PyC will likely decompose at different rates in different landform positions, with 

PyC in eroding hillslopes likely decomposing at slower rates of compared with PyC in depositional 

landform positions (Berhe 2012; Berhe et al. 2012). Higher rates of OM decay in depositional 

landform positions is a result of combination of factors, including higher rate of input of nutrients 

and OM from upslope eroding landform positions, as well as higher water contents than upslope 

positions, which facilitates physical breakdown and higher microbial decomposition of both bulk 

and PyC that remains on the soil surface of lower-lying, potentially more poorly drained 

depositional landform positions (Famiglietti et al. 1998; Papiernik et al. 2009). We expect that 

burial of PyC by subsequently eroded material, is likely to lead to slower rate of decay of PyC, 

compared to PyC that decomposes on the surface of depositional position soils. Burial of OM and 

PyC can limit availability of oxygen and thus rates of decomposition, leading to stabilization of 

buried PyC for thousands of years (Chaopricha & Marín-Spiotta 2014; Marin-Spiotta et al. 2014). 

In this study, we investigate how the landform position that PyC is located within a landscape can 

control its long-term fate in soil. 

Several recent studies have reported decomposition rates for PyC (Kuzyakov et al. 2009b; Nguyen 

& Lehmann 2009; Nguyen et al. 2010; Whitman et al. 2014). Rates of reported microbial 
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breakdown of PyC range from <0.1 to 20% per year, much of which depends on the soil conditions, 

such as water content, nutrient availability, temperature, soil type, depth, and time scale considered 

(Foereid et al. 2011; Hammes et al. 2008; Kuzyakov et al. 2009b; Nguyen & Lehmann 2009; 

Nguyen et al. 2010; Zimmermann et al. 2012). So far, no studies have investigated how erosional 

movement of PyC from across the landscape leads to differential rates of PyC breakdown and 

further vertical or horizontal transport across hillslopes, in the subsurface, or from terrestrial to 

aquatic systems. This is in spite of recent works that have shown that erosional transport of PyC 

is a major flux in the PyC cycle as PyC is deposited at or near the soil surface after fires or during 

intentional application of biochar. Hence, the low density and high concentration of PyC on the 

soil surface combine to render it susceptible to preferential lateral transport by soil erosion (Abney 

et al. In prep).  

Breakdown of PyC at or near the soil surface occurs through both abiotic and biotic pathways. 

Abiotic pathways include both chemical and physical processes (Cheng et al. 2006). Physical 

breakdown occurs through processes such as fragmentation and mobilization by biota, churning 

by water, and soil shrink-swell (Spokas et al. 2014). Chemically, PyC is broken down by 

dissolution and interactions with the soil matrix. PyC can lose functional groups and nutrients via 

dissolution in soil water (Abiven et al. 2011; Adams et al. 1988; Cheng et al. 2006). It can serve 

as both a sorbent and sorbate in soil solution, acting to both store and release nutrients to the soil, 

where the release of nutrients from PyC leads to its breakdown, but by sorbing onto soil minerals 

or encapsulation inside aggregates, PyC can become stabilized (Chia et al. 2012; Kupryianchyk et 

al. 2016). Breakdown of PyC by microbial processes leads to the release of CO2 and CH4, 

depending on oxygen availability in the soil environment that PyC decomposes. In some soils, a 

priming effect has been demonstrated with PyC additions, where a pulse of nutrients gives 

microbes enough energy to begin breaking down PyC within soil. This priming effect can lead to 

higher net rates of PyC breakdown, depending on the soil type and environmental conditions 

(Whitman et al. 2014).  

Several studies have utilized two- and three-pool models to simulate the breakdown of PyC as a 

slow cycling-pool, compared to other pools of presumably slower cycling OM in soil. The 

CENTURY model, for example, has a separate pool for ‘slow-cycling’ soil C, which could 

represent a component of the soil C pool like PyC (Parton et al. 1987). However, considerable 

research has demonstrated that PyC is not an inherently recalcitrant pool within the soil, and can 

breakdown on much shorter time scales (Kuzyakov et al. 2009b; Zimmermann et al. 2012), relative 

to the slow pool in Century and similar models. Even so, there is considerable evidence that the 

dynamics of PyC in soil is different than non-pyrogenic C, and that the fate of PyC largely depends 

on environmental conditions (Liang et al. 2010).  

This study utilizes PyC produced from tree bark (combusted at 200, 350, and 550ºC), and soils 

from eroding and depositional landform positions to further our understanding of how fire 

temperature and landform position interact to determine fate of PyC in fire-affected dynamic 

landscapes. Typical PyC source materials previously used for such experiments included 

hardwood (Hatten et al. 2005; Major et al. 2010; Sarkhot et al. 2012; Zimmerman 2010), grasses 

(Kuzyakov et al. 2009; Zimmerman et al. 2011), and agricultural byproducts (Nguyen et al. 2010; 

Novak et al. 2009). Few studies, however, have investigated the decomposition of charred bark, 

which is an important source of PyC in fire-affected forest ecosystems. Next to leaf and needle 

litter, bark is among the plant components that experiences some of the highest combustion 

intensity during fires, even during lower intensity fires that might not burn wood. Additionally, 
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charred bark may act as a long-term input of PyC into soil, as surviving trees can take several years 

to slough off charred bark (Sutherland 2001). This study seeks to understand the interactive roles 

of charring temperature of bark and landform position on its breakdown rates within soil. 

Specifically, we answer three critical questions:  

1. Does charred bark PyC decompose at different rates in soil from eroding vs. depositional 

landform positions?  

2. How does the decomposition rate of PyC in eroding vs. depositional landform positions 

change over time? 

3. How does charring temperature control the fate of PyC in eroding vs. depositional landform 

position soils? 

Improved understanding of the decomposition processes of charred bark (as opposed to wood) is 

critical for our understanding of the effects of fires on input of PyC to soil, particularly for low 

intensity fires.  

METHODS 

Soil collection  

For this study, topsoil (0-10 cm) was collected from an unburned area outside the Gondola Fire 

perimeter in South Lake Tahoe, NV (38°57’N, 119°55'W). The soils in the study area are derived 

from granitic parent material and are classified as typic Cryopsamments (Carroll et al. 2007). Soils 

were collected in two different landform positions, an eroding hillslope (40-50% slope) and a 

depositional (<5% slope) landform position, located about 50 m away, at the base of the same 

hillslope. We selected sites that had not experienced wildfire for over 100 years to capture the 

impact of new input of PyC into the soil. After collection, soils were immediately put on ice and 

kept at 4ºC until analysis.  

Bark char collection and preparation 

Bark was collected from Pinus jeffreyi outside the Gondola Fire area, with a steel hammer to 

remove the bark from mature live trees. Pinus jeffrei typically has thick and plated bark, and the 

collected samples ranged from 1.5 to 2.5 inches in thickness. This bark was air-dried, and then 

crushed into smaller fragments, which were sieved to <2mm and >1mm in size to maintain a 

relatively uniform sized PyC material. Approximately 125 cm3 of the bark fragments were placed 

in closed ceramic crucibles in a muffle furnace and charred at three maximum temperatures 

(200ºC, 350ºC, 500ºC) for an hour following the method of Araya et al. (2017). Oxygen in the 

furnace was limited by covering the crucibles with ceramic lids and by the air space in the furnace. 

The ratio of volume of bark to air in the furnace was approximately 1:20. For the 350ºC and 500ºC 

chars, bark was placed in the muffle furnace once it reached 200ºC and then heated to maximum 

temperature at 3ºC per minute to avoid overly long ramping times, and since dehydration reactions 

dominate below 200ºC (Pyle et al. 2015; Wiedemeier et al. 2014). After charring, samples were 

allowed to cool, and evenness of charring was assessed by color comparison within a crucible. 

Three bark charring temperatures (200ºC, 350ºC, 500ºC) were selected to capture the shift in 

properties of SOM and litter with increased charring intensity, including increases in specific 

surface area, pH, charring of organic matter, and decreases in N functional groups that occur with 

increasing temperature of charring (Araya et al. 2016; Araya et al. 2017; Massman et al. 2010). 
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Additionally, these temperatures represent the range of low to high severity fires, each of which 

have occurred in the area (Beaty & Taylor 2008). 

Soil preparation 

Soils were passed through a 2 mm sieve and were homogenized. Field moist soils were analyzed 

for pH in 1:2 (w/w) solutions with H2O and 0.01M CaCl2 with a ThermoFisher Accumet probe 

(Waltham, MA, USA). Subsamples of each of each soil were oven dried at 105ºC for 48 hours and 

then were analyzed for particle size distribution via the hydrometer method (Bouyoucos 1962).  

For the incubation experiment, after homogenizing, field-moist soils were brought to field 

capacity. Soils were placed in funnels with Whatman #2 filter paper and saturated to the point of 

ponding at the surface, and drained for 24 hours. After 24 hours, the samples were rehomogenized 

and stored at 4ºC for one week, until the start of the incubation. A subsample of the field capacity 

soils was dried in an oven at 105ºC to determine the gravimetric water content of the samples at 

field capacity. 

Experimental set up 

The incubation was conducted in pint-sized mason jars, where the lid was fitted with a rubber septa 

to allow for gas sampling. Previously homogenized soils and chars were mixed in a factorial design 

of three charring temperatures and soil from two landform positions, eroding and depositional.  

We included soils from the two landform positions with no char addition as controls. At the 

beginning of the incubation, each treatment group had sixteen replicates, but at four time points 

throughout the incubation, four samples were destructively sampled for further analysis.  

Soil was added to the mason jars to the equivalent of 50 (±0.1) g soil dry mass and char was added 

at 10% of soil mass equivalent (5 ± 0.01) g dry char. After mixing the soil and char, we incubated 

the samples in the dark at room temperature, which averaged throughout the incubation was 22ºC. 

The mason jars were loosely covered, but not sealed, in a dark incubation chamber to allow for 

aeration. A beaker of MilliQ ultrapure water was kept in the dark incubation chamber with the 

mason jars, to help maintain water content. The initial water contents in the soils used for the 

incubation experiment were maintained by gently spraying MilliQ ultrapure water into the jars 

once per week to maintain the initial weight of the soil and char mixtures. The mixtures typically 

lost 3-4 mL of water per week, but this water loss ranged from 1 to 9 mL. Water was only added 

after any gas measurements to avoid causing a birch effect that might impact CO2 measurements 

(Birch 1958). 

Chemical analyses 

Gas sampling was conducted on days 1, 3, 7, 14, 28, 60, 90, 120, 180 of this incubation. On 

sampling days 1, 28, 90, 180, four samples from each treatment group were destructively sampled 

for bulk C, N, stable isotopes of C and N, and for microbial biomass via chloroform fumigation 

incubation. On sampling days 1 and 180, four samples from each treatment group were subsampled 

after gas sampling and analyzed for PyC concentration via the Kurth-Mackenzie-Deluca method 

(Kurth et al. 2006). 



134 

 

 

 

Gas Chromatography 

To collect gas, all mason jars were sealed for 24 hours, allowing CO2 to build up, and then 15 mL 

of gas was pulled from each jar and stored in evacuated Exetainers for no longer than 8 weeks until 

analysis via gas chromatography. Two additional mason jars were incubated with no soil or char 

to measure the background CO2 signal. These were sampled during each sampling point of the soil 

and char mixture samples, and this value was subtracted from each gas analysis to yield flux above 

the background air CO2 concentration. Gas samples were analyzed on a Shimadzu 2014 gas 

chromatograph (Kyoto, Japan) fitted with a thermal conductivity detector for CO2 concentration. 

Bulk C and N concentrations, and stable isotope analyses 

During destructive sampling points, incubated soil and char samples were subsampled for bulk C 

and N concentrations and stable C and N isotopes analysis. Prior to analysis, the samples were 

homogenized, air-dried, and ground to a fine power on a SPEX SamplePrep 8000M mill 

(Metuchen, NJ). Approximately 5 mg of sample was weighed into tin cups, and analyzed on a 

Costech ECS CHNSO 4010 (Valencia, CA) analyzer fitted with an isotope ratio Delta V Plus mass 

spectrometer (Waltham, MA). Samples were compared with standards of peach leaf (±0.10‰ δ15N 

and ±0.02‰ δ13C) and acetanilide (± 0.06‰ δ15N and ± 0.01‰ δ13C). These standards were 

compared to international standards of atmospheric N for δ15N and Vienna Pee Dee Belemnite for 

δ 13C. Soil samples analysis varied ± 0.10‰ for δ15N and ± 0.02‰ for δ13C. The bulk C and N 

concentration results were corrected for difference in air-dry to oven dry concentrations by 

subsampling the air-dried, ground sample and drying for 24 hours at 105ºC. This correction was 

less than 4% of the C and N concentrations. 

Chemical composition of soil and PyC 

Prior to incubation, representative samples from the two soils and the three chars were finely 

ground and dried at 60ºC for 24 hours. The samples were analyzed prior to incubation using a 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) technique under vacuum on 

a Bruker IFS 66v/S FT-IR (Billerica, MA, USA). Spectra were collected from the integration of 

64 scans over the MIR range of 4000-400 cm-1, and were background corrected with a KBr 

spectrum. Spectra were baseline corrected using OPUS software (version 6.5). Samples were not 

diluted, to capture the variability in the samples and to minimize sample preparation (Janik et al. 

1998). Spectral peaks were assigned using the work of Araya et al. (2017), with the following 

peaks: aryl peaks at 765 and 825 cm-1, ester and phenol peaks at 995 cm-1, carboxyl peak at 1600 

cm-1, keytone and carbonyl peak at 1740 cm-1, methyl peak at 2940 cm-1, and hydroxyl peaks at 

3625 and 3700 cm-1.  

Microbial Biomass  

Soil and char mixtures were subsampled for chloroform fumigation incubation at days 1, 28, 90, 

and 180 after the gas sampling was completed using a method similar to Horwath and Paul (1994). 

Around 20 g of the soil and char mixture was weighed into small glass beakers, and the remainder 

of the mixture was kept in the mason jar in the dark until the chloroform fumigation was completed. 

The glass beakers with subsamples were placed in a glass desiccator lined with paper towels 

saturated with MilliQ ultrapure water. An Erlenmeyer flask with 75 mL of ethanol-free chloroform 

and approximately 20 boiling chips was placed in the center of the desiccator. The desiccator was 

evacuated and until the chloroform boiled. This was repeated three times, allowing air to enter the 
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desiccator between each boil, and after the third boiling, the desiccator was sealed under vacuum 

and kept in the dark. This boiling procedure was repeated the following two days, and after the 

third boiling, the beaker with chloroform and boiling chips was removed, and the desiccator was 

evacuated eight times for three minutes, allowing for air to enter the desiccator between each 

evacuation. The chloroform fumigated samples were placed in mason jars in the dark, with the 

control samples, and all were sealed to allow gas to build up. After 24 hours, gas samples were 

collected from control and fumigated samples and stored in evacuated Exetainers until analysis via 

GC (as described above). Fumigated and control respiration data were comparing using Equation 

1 below to calculate microbial biomass (Horwath et al. 1996). This approach can account for the 

shorter incubation time of one day in the study.  

𝑀𝐵𝐶 = (1.73 ∙ 𝑅𝑓) − (0.56 ∙ 𝑅𝑢𝑓)      Equation 1 

where, MBC = microbial biomass carbon (μg microbial biomass C/g soil), Rf = Fumigated 

respiration (μg CO2-C/g soil), and Ruf = Unfumigated respiration (μg CO2-C/g soil). 

PyC analysis 

The Kurth Mackenzie Deluca (KMD) method was utilized to estimate charcoal concentration in 

incubation soil char mixtures from the first time point and the last time point of the incubation, in 

addition to chars alone.  In brief, 0.5 to 1 g of soil and charcoal incubation mixtures were measured 

out (lower weights for higher C concentration samples) into 125 mL Erlenmeyer flasks. Then, 10 

mL of 1M nitric acid and 20 mL of hydrogen peroxide was added to each flask. The flasks were 

swirled and allowed to rest for 30 minutes on hot plates. The flasks were slowly brought to 100ºC 

over an hour, and the flasks were kept at 100ºC for 16 hours. After 16 hours, the flasks were cooled 

for 30 minutes at room temperature, and then the samples were filtered using a Whatman #2 filter 

and washed 5 times with MilliQ DI water. Post-filtering, the filter and sample were placed in the 

oven at 60ºC for 24 hours, and after drying, samples were removed from the filters, ground, and 

homogenized. These samples were then analyzed for C and N as described above. Two of the 

samples were analyzed in triplicate to assess the replicability of this method, which had a standard 

error ± 0.4%. PyC concentration was calculated as below, from Buma et al. (2014): 

𝑃𝑦𝐶=
Cpd−Mpd

M0
     Equation 2 

where PyC = percent of soil mass that is PyC (%); Cpd = soil carbon post-digestion (%); Mpd = 

mass of soil sample post-digestion (g); M0 = original (pre-digestion mass) of soil sample (g). This 

calculation accounts for the loss of mass during the digestion.  

Imaging 

Char pieces were imaged with environmental scanning electron microscopy (ESEM) before and 

after the incubation to investigate the changes in structure of char with increasing temperature and 

to assess the incorporation of native SOM into the char post-incubation. The post-incubation pieces 

were removed from the soil and char mixtures by gently removing them with tweezers. The char 

pieces were placed on an aluminum stop covered with double sided tape. Microscope images were 

taken with a FEI Quanta 200 ESEM (Hillsboro, OR) under vacuum conditions and were processed 

with EDAX Genesis software.  
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Data analyses 

Data are presented as means and standard error with n=4, except where otherwise noted. 

Differences in means were tested with a two-way ANOVA and Tukey HSD post-hoc test with 

treatment group as a factor at the significance level of p<0.05. Multiple linear regression 

techniques were utilized to assess the role of microbial biomass, soil type, charring temperature on 

soil respiration and on PyC concentrations in soil throughout the incubation. 

Concentrations of CO2 from the soil and char mixtures were corrected to both g C in the soil and 

char mixtures and to the respiration per g soil. Cumulative respiration fluxes were calculated by 

summing the continuous respiration fluxes over the time of incubation. We fit one- and two- pool 

decay models to our cumulative respiration data as equations 3 and 4 below: 

One pool:    Ct = C0(1-e
-kt)       Equation 3 

Two pools:    Ct = C0(1-e-k0*t) + C1(1-e-k1*t)    Equation 4 

In these exponential functions, Ct is the cumulative µg C in the incubated soil at day t, C0 is the 

initial carbon pool (µg C) available for mineralization. C1 represents the slower pool. The terms k0 

and k1 are the decay constants (day-1) for the fast and slow cycling pools, respectively. To fit the 

models, a non-linear regression approach was used to predict each carbon pool and decay constant. 

The Akaike Information Criterion (AIC) was used to comparatively test the fit of the one- and two-

pool models. All figure generation and data analysis was conducted in RStudio (Version 1.0.136).  

RESULTS 

Soil and char initial properties 

Charring lead to important changes in the physical and chemical properties of the bark. Charring 

increased the bark pH from 3.5 to 7.7 from the 200ºC to 500ºC, and the C concentration increased 

from 55% to 85% from the 200ºC to 500ºC chars (Table 1). The 𝛿15N of the char was less negative 

with higher temperatures, from –13‰ at 200ºC to –9‰ at 500ºC. However, the 𝛿13C of the bark 

remained around -25‰ throughout increased charring temperature. 

The two soils had relatively similar pH, both around 6.4, but the depositional soil held more than 

double the amount of water at field capacity (20% compared with 8%) than the eroding soil. The 

depositional soil also had significantly higher C and N concentrations (p< 0.001, p<0.001) than 

the eroding soil. The depositional soil also had around double both the silt and clay concentrations 

than the eroding soil (Table 2).  

Effect of PyC input on soil CO2 efflux  

In the soil treatments groups, the depositional soil alone had a significantly (p<0.05) higher rate of 

respiration than the eroding soils. In the first two weeks of the incubation, the cumulative CO2 loss 

in the depositional soil was higher than the eroding soils by 1349 mg CO2-C/kg C and 36 mg CO2-

C/kg soil, equivalent to a difference of 58 and 65 % CO2 flux, respectively. The cumulative 

respiration from the eroding soil increased by more than two-fold from the initial two-week period 

(over 950 mg CO2-C/kg C and 19 mg CO2-C/kg soil) to the end of the six-month incubation (over 

2100 mg CO2-C/kg C and 42 mg CO2-C/kg soil). By the end of the six-month incubation period, 

the cumulative CO2 flux in the depositional soil was higher than that from the eroding soil by 218 

and 269 % for the values reported as mg CO2-C/kg C and mg CO2-C/kg soil, respectively (Table 

3, Figure 1). In the eroding soil, the initial two-weeks of cumulative respiration accounted for 45 
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% of the total cumulative respiration over the six-month incubation, while the initial cumulative 

respiration of the depositional soil only account for 52% of the total cumulative respiration (Table 

3). 

Soil with 200°C char addition had significantly higher absolute CO2 flux (p<0.001) compared to 

the soil only treatment group in both the eroding and depositional soils (Figure 1). In the 

depositional soil and char mixures, the absolute rates of CO2 flux from the 350°C and 500°C char 

addition treatments were higher than the bulk soil alone (p<0.001), but the differences were not 

significantly significant in the 500°C char treatment group (p=0.54). The rate of CO2 flux per unit 

C in the soil only and 200°C char addition treatment groups was higher than the soils with 350°C 

and 500°C char addition (p<0.001). Both eroding and depositional soils had significantly lower 

rate of CO2 efflux (p<0.001) in the 350°C and 500°C addition treatment groups, compared to their 

respective soil-only treatments. 

Addition of PyC, for chars produced at all three temperatures, reduced the rate of CO2 flux per 

total C during the first two weeks of the incubation. But the magnitude of the response of the CO2 

efflux to PyC addition strongly depended on landform position from where the soils were derived 

from and temperature at which the bark PyC was charred. In the short term, the rate of CO2 flux 

per g C was significantly higher in the depositional soil and depositional soil + char treatments, 

compared to the eroding soil and eroding soil + char treatments (p<0.001). Considering the total 

amount of C that was in the incubation vessels (from soil or soil + PyC), the short-term response 

of CO2 efflux to PyC addition decreased with increasing charring temperature (Table 3). 

Cumulative CO2 flux at the end of the six-month incubation showed that the depositional soil 

treatment groups, with and without char addition, respired significantly more than the eroding soil 

treatment groups (p<0.001). 

After fitting the CO2 flux data (mg CO2-C/kg C) with a first order decay curve, all models were 

best fit by a two-pool decay function (Table 4). The two-pool models explained more of the 

variance of the data (73-96 % adjusted r2 compared with 57-84 % adjusted r2 for the singe pool 

models, and lower AIC scores), and the models were significant predictors of the respiration 

(p=0.00). In these two-pool models, there was a large fast-cycling pool (C0), and a much smaller 

slow-cycling pool (C1) that had a decay constant two orders of magnitude smaller, which declined 

with increasing char temperature. 

Microbial biomass  

The depositional soil treatment groups had significantly higher (p=0.00) microbial biomass than 

the treatment groups with eroding soil (Figure 2). Microbial biomass carbon in the eroding soil 

treatment groups increased (p<0.001) over the duration of the incubation experiment. In the 

eroding soils, the mixtures with 350°C and 500°C char treatments had significantly higher 

microbial biomass (p=0.01, <0.001; 4.1 and 6.3 mg/kg soil, respectively) than the soil alone or soil 

with 200°C char. In the depositional soils, the soil only treatment had significantly higher 

(p<0.001) microbial biomass than the treatments with 200°C and 350°C char additions, but not in 

the 500°C char treatment group. The depositional soil treatment groups showed a marked decrease 

in microbial biomass carbon during the incubation all but the 500°C char treatment group, which 

did not significantly decline (p=0.34). 
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SEM images 

The unburned bark was relatively amorphous in structure. In the SEM images of char from before 

incubation, we observed increased structural differentiation in the char with increased combustion 

temperature (Figure 3). The 500°C char has smaller pores (~20-30 µm across), and the 350°C and 

200°C chars have larger pores (~30-40 µm across). Also, the pores in the 500°C char have 

micropores within them, while the pores in the 350°C char are smooth. After the six-month 

incubation, there were observable OM particles within the large pores of the char (Figure 4), 

particularly in the 350°C and 500°C chars. The micropores observed in the 500°C char before 

incubation were no longer visible.  

FTIR spectroscopy 

The eroding and depositional soils did not differ majorly in the distribution of OM compounds 

(Figure 5), but differed from the chars in having greater peak heights in the O-H, aliphatic regions. 

The chars had higher peaks in the aryl regions, specifically asymmetric stretching in the C=C (1600 

cm-1) and C=O (1740 cm-1) peaks, with increases in peak height with increasing charring 

temperature. However, the chars decreased in –CH (2940 cm-1) peak height, with increasing 

charring temperature, and have no stretching in the O-H peak areas (3627 and 3700 cm-1), 

suggesting the loss of aliphatic and oxygenated functional groups and increase in the proportion 

of aromatic functional groups at higher charring temperatures.  

Pyrogenic carbon  

In the eroding soil and char mixtures, the concentration of PyC did not change significantly 

(p=0.08) between the beginning and end time points (after KMD analysis, Figure 6), but the soil 

and char mixtures with 350°C and 500°C char had significantly higher PyC concentrations 

compared to the 200°C and soil only treatments. The PyC concentration in depositional soil, and 

200°C and 350°C char mixtures declined during the six months of the incubation from 1.1 to 0.7% 

and from 8.2 to 9.7%, respectively, but the change in 350°C was not statistically significant 

(p=0.07). In eroding soil and char mixtures, the concentration of PyC increased between the 

beginning and end of the incubation, but the difference was not statistically significant (p=0.09).   

DISCUSSION 

Over the course of the laboratory incubation experiment, the overall rates of CO2 flux from soil 

were higher in the depositional soil and soil and char treatment groups. The increase in charring 

temperature of the bark lead to a loss of aliphatic and oxygenated functional groups (Figure 5), 

along with increased percent of PyC (Figure 6), and smaller, more structured macropores (Figure 

3), each of which likely contributed to making PyC more difficult to breakdown by microbially 

facilitated oxidative decomposition in the short term (Mimmo et al. 2014). This is further 

illustrated in the elevated rates of respiration in the soil and 200°C treatment groups over the higher 

temperature chars, and the loss of PyC from those treatment groups (Figure 1).  

Throughout the incubation, the depositional soil was around 2-2.5 times that of the eroding soil 

treatment groups. Overall, the respiration from the 200°C char additions was 2.7-4.7 times over 

the respiration of the 350°C and 500°C char addition treatment groups after two-weeks. After six 

months, the cumulative respiration in the 200°C char treatment group decreased to 2.2-4.3 times 

the respiration of the 350°C and 500°C char addition treatment groups. This elevated respiration 

in the 200°C char treatment groups indicates that this char is more susceptible to breakdown on 
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both shorter and long-term scales. The lower respiration in high temperature chars on the per g C 

calculations suggests that these chars may be acting as a stable C pool, as there is more C 

proportionally remaining in the soil. Charring temperature is generally accepted to be a control on 

the long-term persistence of PyC in soil (Bird et al. 2015; Masiello 2004), and similarly, an 

incubation using charred Miscanthus found that 360°C was a threshold temperature for 

significantly increased PyC turnover time (Mimmo et al. 2014). 

The difference in fit between the single- and double-pool respiration decay models between the 

soil only treatment groups and the soil and char treatment groups suggests that the char addition 

to soil may be acting as an addition of a slow-cycling C pool to these soils. This slow pool is 

susceptible to breakdown, but interestingly the size of the C pools available for mineralization in 

both the single and double pool models decreases with increasing char temperature. This decrease 

may indicate that some of the added PyC is respiring at such a slow rate that it is not observed in 

this model.  

CO2 flux from surface soils at eroding vs. depositional landform positions 

The significant differences we noted in rates of CO2 flux from the eroding soil and soil + char 

treatment groups, compared to the depositional soil and soil + char treatment groups clearly 

illustrate that soil properties at the different landform position impose controls on rate of both bulk 

and PyC decomposition. The higher rates of OM decomposition in depositional landform 

positions, compared to eroding ones has previously been attributed to differences in OM and 

nutrient availability, hydrologic flow regimes, microbial communities, and soil physico-chemical 

properties in soil profiles at different landform position within even a single hillslope (Berhe 2012; 

Doetterl et al. 2012). Soils from the surface of the depositional landform position in our study 

system in a forest ecosystem in the Sierra Nevada were respiring at rates over four times slower 

compared with soils compared with the grassland ecosystems studied by Berhe et al. (2008). In 

this incubation, this difference in respiration was supported by the elevated microbial biomass 

community in the depositional soil treatment groups, in combination with higher C and N 

concentrations and water content in the soil from this landform position. So, in this area, wildfire 

and the production of PyC may act as a significant C sink, where once PyC is produced, it may 

remain in the soil for longer periods than other warmer and more productive ecosystems. 

In the treatment groups with soil from the eroding landform position, the initial respiration was 

proportionally double that of the soils in the depositional landform positions. This suggests that 

these soils had early loss of easily mineralizable C compared with the depositional soils, and that 

these soils may have less of a long-term mineralizable C pool. However, in the depositional soils, 

the long-term higher respiration and slight decline in PyC concentrations is due to more favorable 

decompositions conditions there, such as higher water content, greater C and N concentration, and 

higher microbial biomass (Nguyen & Lehmann 2009). The slight increase in concentration of the 

PyC in the eroding soil suggests preferential consumption of the non-pyrogenic C, leaving behind 

the PyC added as bark (Nguyen & Lehmann 2009; Schmidt et al. 2011). However, the decrease in 

PyC concentration in the depositional soil (Figure 6) from the lower temperature chars suggests 

that these lower temperature chars are susceptible to more rapid loss based on environmental 

conditions, particularly water content and available C and N for mineralization.  



140 

 

 

 

The role of charring temperature in controlling respiration 

Most soil and char mixtures during the incubation had lower rate of CO2 flux per g C compared to 

soil alone on a per g soil basis, owing to the high C concentration of the high temperature char 

additions (Figure 1). The higher respiration in the 200°C char addition treatment groups is partly 

a reflection of the chemical composition of the char produced at 200ºC that was comprised of less 

aromatic, more O- or N-substituted aliphatic groups (Figure 5), which is a characteristic shift with 

charring (Araya et al. 2017; Mimmo et al. 2014). In contrast, the bark char produced at higher 

temperatures had higher proportion of PyC (Figure 6). However, even while the breakdown of 

lower-temperature char was double the rate of breakdown of higher-temperature char (Table 4), 

this breakdown is orders of magnitude slower compared with the larger, fast-cycling soil C pools 

(Kuzyakov et al. 2009b). Our findings agree with previous studies that showed that the progressive 

changes that occur in biomass with charring can render it less susceptible to breakdown (Bruun et 

al. 2011; Massman et al. 2010) under different environmental conditions.  In particular, our results 

demonstrate that a shift occurs in the stability of PyC in moderate (200ºC and 350ºC) compared 

with high (500ºC) intensity combustion conditions. This shift may be critical for understanding 

the role that wildfire intensity plays in controlling soil C stocks and PyC persistence through post-

fire recovery, whereby high intensity fires produce PyC that is significantly more environmentally 

persistent. 

Decomposition of PyC 

The one and two pool decay models illustrated that the PyC added to the soils acted as a different 

C pool with separate decay constants, due to the soil-only treatments fitting significantly better 

than the two-pool models. This two-pool model also fit better to PyC decay data from previous 

work by Kuzyakov et al. (2009), who characterized the breakdown of PyC in soil by a small fast-

cycling pool and a larger slow-cycling pool of C. Building on their work, Bird et al. (2015) used a 

three-pool model for PyC breakdown, with fast, intermediate, and slow pools, however this 

approach is difficult to constrain based upon different pool sizes, and different PyC properties, 

such as temperature of formation. Our two-pool model explains over 70% of the variability in CO2 

fluxes in the soil and char treatment groups, while the fit for the soil-only models is better with a 

single pool. Hence it suggests that charred bark PyC represents a distinct pool of C added to the 

soils at both the eroding and depositional landform positions (Kuzyakov et al. 2009). However, 

the calculated slow pool decay rates are more than double that of Kuzyakov et al. (2014), which 

may suggest that these calculated pools are not fully representative of the breakdown of PyC alone. 

This difference in decay rates could also represent differences in soil properties or substrate 

availability.  

The dynamics of the added bark PyC are moderated by the charring temperatures that likely 

dictates the differential turnover times the added PyC (Bird et al. 2015; Bruun et al. 2011).  In 

addition to affecting rate of microbial breakdown, charring temperature can also influence nutrient 

transfer from char to soil to support microbial decomposition or can result in a priming effect based 

on the initial nutrient pulse (Whitman et al. 2014). A priming effect is potentially reflected in the 

higher rates of respiration in the 200°C char treatment groups compared with the 350°C and 500°C 

char addition treatment groups. Additionally, the soil in which the PyC is decomposing controls 

its long-term fate, as the rates of decay of these soils have decay rates that are an order of magnitude 

faster than those found by Santos et al. (2012) using 450°C charred wood over a six-month 

incubation in a Sierra Nevada Alfisol, compared with the Sierra Nevada Entisol in this incubation. 
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Implications for the long-term fate of PyC 

In fire-prone environments, the transport and deposition of material post-burn is a significant 

driver of soil C and nutrient cycling (Johnson et al. 2007), with the potential for major 

redistribution of C and PyC post-fire (Abney et al. In prep; Carroll et al. 2007). This redistribution 

can lead to the deposition of PyC in either further eroding or depositional landform positions, each 

of which can play a significant role in controlling the long-term persistence of C and PyC in soil 

(Doetterl et al. 2012). Together, these can act to decrease the persistence of PyC in the soil, in the 

case of low-burn severity PyC in depositional landform positions, or increase its persistence in the 

case of higher-burn severity PyC stabilized in eroding landform positions. 

The interaction of burn severity and landform position as controls on soil C and PyC is confounded 

by the complex and dynamic nature of post-fire landscapes. High- and moderate-severity burns 

generally lead to higher post-burn erosion rates (Pierson et al. 2008), and even mass-transport 

events (Carroll et al. 2007). High-severity burns also produce PyC that is susceptible to preferential 

erosion (Abney et al. In prep), which can lead to the stabilization of this more persistent char in 

depositional landform positions. Thus, burn severity controls both the potential environmental 

persistence of the PyC itself, but also the conditions governing its eventual decomposition based 

on erosional transport to different landform positions. 

Limitations and future directions 

This incubation experiment only considered decomposition rates of surface soil. We expect that 

the decay rates of both the bulk soil and soil + PyC would decrease with depth into the soil profile 

(Berhe 2012), potentially leading to net stabilization of SOM and/or PyC in the depositional soil 

profile if the C- and PyC-rich topsoil is buried by eroded material. Previous studies have shown 

that burial of PyC by thick layer of sediment can preserve PyC rich soil C for over 12,000 years 

(Chaopricha & Marín-Spiotta 2014; Marin-Spiotta et al. 2014). However, the results from this 

investigation suggest that PyC deposited on the surface soil of depositional landform positions can 

breakdown much more rapidly than from eroding landform positions. 

Additionally, laboratory soil incubations typically overestimate decay rates, as found in the field, 

due to more idealized conditions for decomposition and by isolating loss processes (Abney & 

Berhe In Prep). Furthermore, short-term incubations may overestimate decomposition rates of 

SOM and PyC by focusing on the early breakdown stages and priming that tend to be more rapid 

than later stages (Hamer 2004; Kuzyakov 2011; Whitman et al. 2014). It is possible that the 

addition of PyC, particularly in the 200°C PyC, is acting as a priming mechanism for the enhanced 

respiration in these soil and char mixtures. Future studies on the persistence of PyC should focus 

on the relative role of PyC charring temperature as a control on the respiration and stability of total 

C in the soil. It is likely that different soil C pools interact in ways that impact the stability of the 

overall soil C pool.   

CONCLUSIONS 

Overall, C and PyC from the same soil can have different environmental persistence, depending 

on charring temperature of the PyC and on the landform position where it is decomposing. In soil 

from the depositional landform position, the CO2 flux was over three times that of those from the 

eroding landform positions. Soils amended with PyC formed at 200°C had significantly lower 

concentrations of PyC over the six-month incubation, while those amended with PyC formed at 

350°C and 500°C did not significantly decline in PyC concentration. We found a two-pool decay 
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model provided the best explanation of the respiration of the soil and char treatment groups. The 

slow-cycling pool in the two-pool model, which we attribute the breakdown of PyC and soil C 

separately, suggested that PyC serves as a small, but slow-cycling pool in the soil C cycle. Higher 

temperature char decay rates were up to two times slower than those for the 200°C char. 

Altogether, we found that the breakdown of PyC is controlled by both charring temperature and 

landform position, due to the range in decomposition rates found in the same soil. Additionally, 

charring temperature can control both the properties of PyC that make it erosive, which in turn 

controls where PyC is redistributed throughout a landscape via erosion. Therefore, post-fire 

erosion acts as an important control on the long-term persistence of PyC in soil. 
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FIGURES  

 

Figure 5-1. Cumulative respiration throughout the six-month incubation by treatment group was 

calculated by g soil and char in the mixture (top row) and by g C in the mixture (bottom row). 

Error bars represent standard error with n=16 for days 0-14, n=12 for days 13-60, n=8 for days 61-

120, and n=4 for days 121-180. Fitted cumulative respiration curves for the per g C calculations 

are plotted through the data points. 
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Figure 5-2. Microbial biomass in the eroding (a) and depositional (b) soil and char treatment 

groups. Microbial biomass was determined using chloroform fumigation incubation (Horwath & 

Paul 1994) biomass was calculated using an approach from Horwath et al. (1996). Error bars 

represent standard error with n=4. 
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Figure 5-3. SEM images of unburned bark and chars formed at 200ºC, 350ºC, and 500ºC. The top 

row of SEM images was taken at 750x magnification, and the bottom row was taken at 150x 

magnification, except for the unburned bark, which was taken at 527x magnification. 
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Figure 5-4. SEM images of post-incubation char from 200C char (a) 350C char (b, c) and 500C 

char (d, e). Images b and e were taken at 750x magnification, and images c and e were taken at 

150x magnification. Image a was taken at 248x magnification. 
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Figure 5-5. FTIR spectra of the soil sample from eroding and depositional landform positions (a) 

and of the bark charred at three different temperatures (b). Absorption peak assignments (c) were 

adapted from Araya et al. (2017). 
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Figure 5-6. PyC content of the eroding (a) and depositional (b) soil and char mixtures was analyzed 

at the beginning and end time points of the incubation using Kurth MacKenzie Deluca method 

(Kurth et al. 2006). Error bars indicate standard error with n=4. 
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TABLES 

Table 5-1. Chemical properties of charred bark prior to incubation. Concentration of PyC was 

determined using the Kurth Mackenzie Deluca approach, and the pH was measured in a 1:2 char 

to water ratio. Means are presented here with standard error in parentheses (n=3). 

Charring 

temperature pH %C %N 𝛿13C (‰) 𝛿15N (‰) PyC % 

200°C 

3.52 

(0.00) 

54.62 

(1.67) 

0.14 

(0.01) 

 -24.88 

(0.04) 

 -13.20 

(0.33) 11.1 

350°C 

5.03 

(0.41) 

72.33 

(0.08) 

0.20 

(0.00) 

 -25.23 

(0.03) 

 -8.50 

(0.58) 17.7 

500°C 

7.78 

(0.17) 

85.15 

(0.14) 

0.19 

(0.00) 

 -25.53 

(0.01) 

 -9.34 

(0.59) 67.0 
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Table 5-2. Pre-incubation soil chemical and physical properties. Means are presented here with 

standard error in parentheses (n=3). 

Landform 

position  pH 

Field 

capacity 

GWC % %C %N 𝛿15N ‰ 𝛿13C ‰ 

Sand 

%  

Silt 

% 

Clay 

% 

Eroding  6.44 

(0.04) 

8.31 

(0.12) 

1.95 

(0.12) 

0.05 

(0.00) 

1.18 

(0.18) 

-26.07 

(0.02) 

92.05 

(0.39) 

5.81 

(0.46) 

2.12 

(0.66) 

Depositional 6.41 

(0.00) 

20.06 

(0.14) 

2.40 

(0.08) 

0.09 

(0.00) 

2.59 

(0.13) 

-24.55 

(0.04) 

84.65 

(0.39) 

10.46 

(0.48) 

4.88 

(0.09) 
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 Table 5-3. Cumulative CO2 flux for first two weeks and six months of incubation. Cumulative 

flux was calculated by summing flux measurements. Standard error for the estimation is presented 

in parentheses (n=12 for first two weeks and n=4 for six months). 

 Cumulative CO2 flux for first two 

weeks 

Cumulative CO2 flux for entire 

incubation (six months) 

Treatment 

group 

 mg CO2-C/kg 

C 

mg CO2-C/kg 

soil 

mg CO2-C/kg C mg CO2-C/kg 

soil 

Eroding soil 

only 

975 (106) 19 (2) 2164 (150) 42 (2) 

Eroding + 

200°C char 

1253 (59) 85 (4) 2445 (100) 161 (5) 

Eroding + 

350°C char 

538 (28) 44 (2) 854 (62) 72 (4) 

Eroding + 

500°C char 

335 (15) 31 (1) 566 (30) 51 (3) 

Depositional 

soil only 

2324 (105) 55 (2) 4718 (387) 113 (9) 

Depositional + 

200°C char 

2855 (68) 199 (4) 4451 (209) 308 (12) 

Depositional + 

350°C char 

897 (24) 78 (1) 1407 (58) 124 (3) 

Depositional + 

500°C char 

595 (11) 59 (1) 1002 (26) 99 (2) 
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Table 5-4. Single and double pool exponential decay models (Equations 1 and 2, respectively) were fitted to cumulative respiration per 

g carbon data from each treatment group (standard error in parentheses, n=16). In the single pool model, C0 is the initial C pool (µg C) 

and k is the day-1 loss constant. In the double pool model, C0 and C1 are the initial fast and slow cycling pools (µg C), and k0 and k1 are 

the day-1 constants for the fast and slow pools, respectively. Adjusted r2 were calculated for each model, and * indicate non-significant 

parameters in the model (p>0.05). Akaike information criterion (AIC) was used to compare fit between the two models on each treatment 

group. 

 

 Single pool model  Double pool model 

Treatment group C0  k Adj r2 AIC  C0  k0 C1 k1 Adj r2 AIC 

Depositional soil 

only 

3920 

(114) 

0.005 

(0.060) 

0.58 1364  2025 

(272) 

0.197 

(0.040) 

3320 

(550) 

0.009 

(0.004) 

0.89 1323 

Depositional + 

200°C char  

3731 

(71) 

0.137 

(0.009) 

0.84 1317  2453 

(140) 

0.296 

(0.029) 

2128 

(162) 

0.015 

(0.003) 

0.94 1231 

Depositional + 

350°C char 

1191 

(23) 

0.126 

(0.008) 

0.84 1118  755 

(52) 

0.284 

(0.033) 

682 

(51) 

0.016 

(0.004) 

0.93 1043 

Depositional + 

500°C char 

803 

(16) 

0.144 

(0.010) 

0.79 1066  486 

(17) 

0.406 

(0.033) 

546 

(25) 

0.014 

(0.002) 

0.96 903 

Eroding soil only 1877 

(85) 

0.056 

(0.007) 

0.63 1303  598 

(13) 

0.570 

(0.312) 

1633 

(168) 

0.018 

(0.006) 

0.73 1277 

Eroding + 200°C 

char 

2018 

(51) 

0.081 

(0.006) 

0.82 1208  935 

(84) 

0.350 

(0.058) 

1551 

(94) 

0.016 

(0.003) 

0.93 1126 

Eroding + 350°C 

char 

672 

(17) 

0.182 

(0.017) 

0.67 1081  473 

(33) 

0.380 

(0.058) 

444 

(99) 

0.010 

(0.005)* 

0.81 1035 

Eroding + 500°C 

char 

419 

(42) 

0.194 

(0.021) 

0.57 1023  285 

(18) 

0.472 

(0.077) 

381 

(115) 

0.007 

(0.004)* 

0.79 962 
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CHAPTER 6:  CONCLUSION  

SUMMARY 

This dissertation has demonstrated how erosion and fire can interactively control the soil 

carbon (C) cycle overall, and specifically soil C storage in fire-prone ecosystems in the 

Sierra Nevada. While elevated erosion rates have been widely reported post-fire (Pierson 

et al. 2008), rates of pyrogenic carbon (PyC) erosion are generally unknown. The subject 

of whether PyC is likely to be preferentially eroded after fires has been a topic of interest 

in the biogeochemistry community (Boot et al. 2015, Cotrufo et al. 2016, Nguyen et al. 

2008, Rumpel et al. 2009, Rumpel et al. 2006). My dissertation research demonstrates that 

fire and erosive conditions play a major role in controlling the amount and timing of PyC 

erosion. The research presented here has identified charring temperature and precipitation 

timing as major controls of post-fire erosion of PyC. Furthermore, the location that the PyC 

is deposited after erosion can significantly control its stabilization or eventual breakdown 

in soil. Overall, I found that the interaction of combustion intensity and landform position 

is a critical control of the persistence of PyC in soil.  

Below, I briefly summarize the main take away messages from each of my dissertation 

chapters.  

Chapter 1: Pyrogenic carbon erosion: implications for persistence of pyrogenic carbon in 

the soil system 

In the first chapter, loss processes of PyC from soil were collected into a global box model, 

which demonstrated that by ignoring the role of erosion and burial of PyC, we are missing 

a considerable source and sink of PyC in the soil system. By using a single-pool 

exponential decay model to test the effect of including erosion in loss constants as both a 

loss (erosion) and gain (deposition) from soil, there was a 200 g/m2 difference in PyC stock 

after 100 years between eroding and depositional landform positions. This model was 

further tested to assess the impact of including erosion as a loss factor into turnover time 

calculations. Accounting for erosional loss and depositional input of PyC into different 

landform positions led to a difference in 150 years in turnover time of PyC at eroding vs. 

depositional landform positions. The chapter concluded that erosion is a critical variable 

that controls PyC cycling in soil.  

Chapter 2: Wildfire and post-fire erosion in mountainous terrain lead to rapid and major 

redistribution of soil organic carbon fractions 

The Gondola Fire was a moderate severity wildfire that burned a hillslope near South Lake 

Tahoe, NV. Two weeks after the fire, a major precipitation event instigated an ash flow 

that transported 7.5 Mg C and 2 Mg PyC from the eroding hillslope into a downslope 

depositional landform position. The upslope soils did not lose significant proportions of 

any of the soil organic carbon (SOC) components one- or ten-years post-fire. However, 

there was stable isotope (i.e., 13C and 15N) evidence for leaching of fresh SOC down into 

the soil profile of the burned hillslope.  
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In the depositional landform position, the input of SOC fractions and PyC after the initial 

erosion events increased the concentration of C in particulate, humic, and resistant organic 

C fractions (representing fresh particulate, decomposed, and charred OC) one-year post-

fire. However, ten-years post-fire, the concentrations of SOC in all fractions was lower 

than pre-fire concentrations. The eroded material that was deposited downslope appears to 

have been have been lost via enhanced decomposition due to high nutrient and water 

availability (Johnson et al. 2007), or buried by subsequent deposition of eroded topsoil 

material from the upslope positions (Berhe et al. 2007). This study provides evidence for 

the rapid mobilization of SOC fractions after the first-year post-fire into landform positions 

that may have considerably different decomposition conditions than those that the PyC 

originated. This study highlights the importance of considering erosion as a control on the 

distribution and persistence of PyC in a dynamic landscape. 

Chapter 3: Soil erosion controls pyrogenic carbon dynamics: the effect of fire severity and 

slope on pyrogenic carbon transport after the Rim Fire, Yosemite National Park 

After the Rim Fire, the rate and quality of eroded sediment from the burned hillslopes was 

monitored for the first four major precipitation events. The sediment eroded from high 

severity burn classification groups was enriched in PyC compared with source soils. 

However, the moderate burn severity classification group was enriched in total C and N, 

but not PyC. The sediments from the moderate burn severity plots had significantly more 

coarse fraction transport than the high burn severity plots, resulting from the post-fire 

needle drop in the standing vegetation. This needle drop served as a continual input of 

organic matter into the soil and sediments, which was reflected in spectroscopic analyses 

of the sediments and soils. 

The selective enrichment of PyC in high burn severity treatment groups indicates that high 

burn severity char is more erosive than lower severity char, which may have significant 

implications for its environmental persistence. Over the course of this study, there was no 

significant change in the concentration of PyC in the eroded sediment, which also indicates 

that erosional transport of PyC is an ongoing process that likely serves as a significant loss 

pathway for PyC from soil in dynamic landscapes.    

Chapter 4: Landform position and combustion temperature control decomposition of 

pyrogenic organic matter  

In this laboratory study, decomposition rates were determined for bark that was charred at 

three temperatures and incubated in soils from both eroding and depositional landform 

positions. Overall, the decomposition rates were significant higher in depositional 

landform positions, and the 200 °C char decomposed at rates two times faster than higher 

temperature chars. A two-pool exponential decay model fit the respiration of the soil and 

char treatment groups better than a one-pool model, which was a better fit for the microbial 

respiration data from soil only treatment groups. The addition of char equated to the 

addition of a slow-cycling C pool, which was lost at a rate three orders of magnitude slower 

than the fast-cycling C pool. However, the breakdown of higher temperature chars was not 

significant in this study, in that there was no change in their concentration in soil after the 

six-month incubation. By illustrating the role of landform position in controlling the 
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decomposition of PyC on surface soils, this study demonstrated the importance of erosion 

as a control on PyC loss or stabilization in soil.  

FUTURE DIRECTIONS  

Some critical questions remain unanswered about the magnitude of loss processes 

controlling the persistence of PyC in soil. Firstly, what is the role of burn severity in 

controlling the magnitude of PyC erosion in differing landscapes and soil types? Sierra 

Nevada hillslopes are highly erosive, and the sites in the Gondola and Rim Fire studies 

were selected in backslope positions. It is likely that different landform positions and slope 

gradations may act to enhance or slow PyC erosion rates. Secondly, the longer-term export 

of PyC in individual erosion events needs further investigation. While PyC was 

preferentially transported in the high burn severity classification groups after the Rim Fire, 

this enrichment was only monitored during the first-year post-fire. It is likely that this 

enrichment would decline over time, as a function of both limited supply of PyC available 

for erosion and breakdown of PyC in eroding landform positions. Thirdly, it remains 

unknown if eroded PyC is more susceptible to subsequent erosion events, or what 

landscape-scale mechanisms act to retain PyC within a hillslope. Understanding the 

processes associated with the redistribution PyC throughout a landscape is necessary for 

quantifying stabilization of PyC, as this research demonstrated that decomposition rates of 

PyC differ based on the landform position. 

The role of leaching of PyC within a landscape is relatively unexplored, and the current 

research suggests that this flux may be as small as 1% or less of the PyC at the soil surface 

is leached into the soil profile over the course of a year (Major et al. 2010). So, leaching is 

not likely responsible for the transfer of PyC from terrestrial to aquatic systems that could 

account for the documented large flux of PyC from rivers to oceans (Jaffé et al. 2013). So 

our current understanding of the connection between dissolved PyC in soil water and that 

in the aquatic system remains incomplete (Bird et al. 2015), and much of this flux is likely 

a product of erosional transport of PyC. 

SYNTHESIS AND FINAL CONCLUSIONS 

Altogether, my dissertation research highlights the importance of including erosion as a 

loss process of PyC and landform position as a control over the decomposition of PyC, 

each of which impact the fate of PyC in soil. My work shows that the interaction of fire 

and erosion can lead to important feedbacks in PyC cycling.  

Many of the impacts of wildfire on soil, such as the addition of PyC to soil and post-fire 

erosion, depend on local-scale environmental conditions (Figure 1). For example, in the 

case of a high severity wildfire, higher rates of erosion drive transport of highly charred 

material, which can lead it to be deposited in downslope landform positions with 

considerably higher rates of decomposition. In this scenario, on the landscape scale, there 

may be greater transport of both particulate and dissolved PyC into the soil profile via 

leaching and into downslope landform positions or to the aquatic system via erosion or 

dissolution. Some of this vertical transport of PyC into the soil profile may be facilitated 

by the breakdown of the hydrophobic layer with high charring temperatures, and 
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breakdown of soil structure (Massman et al. 2010), each of which may lead to higher rates 

of infiltration as opposed to surface runoff.  

In contrast, after low and moderate severity wildfires, post-fire erosion rates may be 

moderately enhanced to formation of a hydrophobic layer that can increase post-fire runoff 

(DeBano 2000). The higher levels of hydrophobicity post-fire may also lead to relatively 

little leaching of PyC down into the soil profile. In these lower severity wildfires, PyC is 

likely not preferentially eroded, or eroded at concentrations lower than in higher severity 

wildfires. The PyC in this scenario is more likely to remain where is was formed, and to 

decompose in situ. This low to moderate temperature PyC should decompose faster than 

the PyC formed at higher temperatures.  

Between these two burn severity scenarios, the interaction of landform position and 

charring temperature add complexity in describing and predicting soil PyC and C stocks 

on the landscape scale. High burn severity PyC in depositional landform positions may 

breakdown at the same rate as low burn severity PyC in eroding landform positions, but 

this depends on whether the landform position and charring temperature interact additively 

or in non-linear or surprising ways. Future research should focus on the landscape-scale 

variation in PyC controls and the interactions between them. 

While this research did not explicitly investigate the role of burial PyC persistence, the 

burial of PyC post-deposition is likely to change its fate as burial can act as a long-term 

stabilization mechanism for PyC (Chaopricha & Marín-Spiotta 2014, Marin-Spiotta et al. 

2014), enabling PyC to persist for millennia. In environments not impacted by fire, the role 

of erosion and subsequent burial of C-rich material in depositional landform positions has 

been demonstrated to serve as a C sink of 0.72 Gt C globally (Berhe et al. 2007). Soils 

store 54-109 Gt PyC (Bird et al. 2015), which accounts for 2.6-5.4% of the reported 2011 

Gt C in the global soils (IPCC 2013). If this is scaled to the amount of PyC buried, then 

there is likely 17-38 Mt of PyC buried per year during erosion events. However, the 

preferential erosion of PyC likely means that this is an underestimate of buried PyC. The 

overall longer persistence times of PyC in soil compared with non-pyrogenic C suggest 

that the erosional burial of PyC could serve as a very slow-cycling component of the soil 

C pool, that begs accurate quantification. 

The burial and use of PyC in the form of biochar, or man-made PyC, has received recent 

attention for its potential to serve as an agricultural amendment that increases the C storage 

of soil (Lehmann 2007), along with increasing crop productivity, cation exchange capacity, 

and soil nutrient retention (Biederman & Harpole 2013, Jones et al. 2012, Lehmann & 

Joseph 2015). One of the problems associated with the use of biochar is its highly erodible 

nature (Rumpel et al. 2015), which can mean that after it is applied, it may not persist long 

enough in the soil to provide the intended benefits. Depending on the aims for applying 

biochar to soil, it may be beneficial to apply moderate or higher temperature biochar to 

help retain soil nutrients and enhance soil C. Although, since this material is highly erosive, 

measures should be taken to prevent its loss from soil and to allow it to be an effective soil 

amendment. Producing biochar at lower to moderate temperatures may also allow for this 

increased soil productivity while reducing some of the erosive properties of the biochar.  
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Accurate and quantitative understanding of the mechanisms that act to stabilize or mobilize 

PyC from the soil is critical for a broad range of stakeholders, including agricultural users, 

fire-impacted land managers, and soil C modelers alike. By better understanding the 

complex relationships between the effects of fire severity and dynamics landscapes, 

management strategies can be implemented to increase soil productivity and C storage.   
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FIGURE 

 

Figure 6-1. Erosion and persistence of pyrogenic carbon and soil organic matter in 

unburned, low/medium severity burn, and high severity burn hillslopes. 

 

  

• Relatively low rates of topsoil and associated SOM 

erosion

• Leaching and subsurface flux of dissolved C

• Faster decay of SOM in depositional compared to 

eroding positions

• Low to no concentration of PyC, depending on 

atmospheric deposition

• Input of PyC from fire

• Erosion of topsoil, SOM, and PyC

• Faster decay rate of PyC in depositional compared 

to eroding positions

• Limited to no leaching and subsurface flux of PyC 

due to hydrophobicity of soil post-fire

• Input of PyC from fire

• Rapid rates of erosion of topsoil, SOM, and 

especially PyC

• Faster decay rate of PyC in depositional compared 

to eroding positions

• Some leaching and subsurface flux of PyC due to 

lower hydrophobicity in high temperature burns 
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