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ABSTRACT 

 

The soil system stores more carbon than the atmosphere and biosphere combined. 

However, until recently, most studies on soil organic matter dynamics had focused on near 

surface soil organic carbon (C) dynamics with relatively little attention devoted to 

determining how much C and nitrogen (N) is stored in deep soil layers, and how climate 

influences deep soil organic C and N dynamics. Hence, our understanding of how climate 

influences the mechanisms that regulate the magnitude and direction of changes in deep 

soil organic matter remain incomplete. In my dissertation research, I studied soils that 

developed under four different climatic regimes along an elevation gradient on the western 

slopes of the Sierra Nevada in California (site of the Southern Sierra Critical Zone 

Observatory). Using soil samples that were collected from the surface down  to bedrock 

contact (that extended to more than 10 m below the surface), I determined how climate 

regulates deep soil organic carbon and nitrogen stocks, chemical composition of organic 

matter, mean residence times of soil carbon and nitrogen at depth; and conducted statistical 

analyses to determine how variability of climate along the SSCZO bio-climosequence is 

related to a range of climatic variables. In the first chapter, I found that up to 78% of soil 

C is stored below a 0.3-m depth, with up to 29% of total C stored in saprock below 1.5 m. 

A conservative global scaling of these results illustrates that deep regolith stores over 200 

Pg of organic carbon quantifying a previously unrealized organic carbon pool in the Earth 

system. In the second chapter, I dug deeper into C stabilization mechanisms and how 

climate impacts distribution of C in free and mineral protected pools of soil C. I discovered 

that the radiocarbon concentration of C in the topsoil and subsoil free particulate and 
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subsoil mineral associated fractions had a statistically significant relationship with climate. 

However, the aggregate protected pool of C was not influenced by climate, suggesting that 

the free particulate and subsoil mineral associated fractions of subsoil C are vulnerable to 

changes in climate. The third chapter focused on dynamics of soil N in topsoil compared 

to subsoils and shows that climate imposes important controls on N in topsoil and subsoil 

free particulate and occluded fractions. The mineral associated N was not found to be 

sensitive to changes in climate. Overall, my dissertation research demonstrated both 

indirect and direct mechanisms through which climate can impact soil C and N dynamics 

from the topsoil to bedrock contact. I presented substantial evidence to refute the long-held 

assumption that subsoil organic matter does not respond to changes in atmospheric climate.  
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CHAPTER 1:  INTRODUCTION  

 

BACKGROUND 

Deep soil layers (below 30 cm or below the A-horizon) can account for up to 70% of the 

carbon (C) stored in soils (Tian et al. In review). Decomposition of deep soil organic 

matter (SOM) contributes to surface carbon dioxide efflux, and is controlled by climate, 

soil physico-chemical properties, and geomorphology of the landscapes and associated 

hydrology. However, much uncertainty remains in our quantification and process-level 

understanding of how climate impacts soil C stability and stabilization mechanisms, 

especially in the subsoil (Rumpel and Kögel-Knabner 2011). My dissertation research 

investigated climatic controls on near-surface compared to deep soil organic carbon 

(SOC) and nitrogen (N) storage, stability, stabilization mechanisms, and chemical 

composition down to 10 meters below the surface in the National Science Foundation-

funded Southern Sierra Nevada Critical Zone (SSCZO). Instead of focusing on topsoil or 

lab incubations that last relatively short periods of time, I investigated the role of ambient 

climate, in controlling vertical (from topsoil to 10 meters) distribution and persistence on 

soil organic C (SOC) and total nitrogen (N) cycling in temperate ecosystems along the 

SSCZO bio-climosequence in an observational study. 

Until recently, subsoil C and N dynamics has been the focus of a very limited number of 

climate or climate change-related studies even though the estimated global average soil 

thickness is 2 m, with some soils extending past 50 m (Shangguan et al. 2017). By some 

accounts, 60% of all SOC is found in the subsoil and that pool of, older C (compared to 

SOM in near-surface soil layers), is vulnerable to loss with increased temperatures 
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(Jobbágy and Jackson 2000; Rumpel and Kögel-Knabner 2011; Hicks Pries et al. 2017). 

Generally, with increased depth, SOM concentration decreases and its stability increases, 

as inferred from radiocarbon-based turnover rates and decomposition rates derived from 

incubation experiments (Eusterhues et al. 2003). Even though previous studies had 

documented that decomposition is slower in the subsoil, recent studies have been 

showing that subsoil SOM is vulnerable to loss and can have important contributions to 

changes in greenhouse gas effluxes from the soil system in the atmosphere (Rumpel and 

Kögel-Knabner 2011). Depending on the season, 30%-80% of surface CO2 efflux could 

come from deep soil layers (Rumpel and Kögel-Knabner 2011; Berhe et al. 2008). But it 

remains hard to extrapolate these studies to larger scales as few studies have investigated 

relevant factors (e.g., C amount, distribution, mineralogical controls, and stability) at 

depths greater than 1 m. To the best of my  knowledge, only a small number of previous 

studies have quantified C or N amount, distribution, composition, and/or stability in 

subsoil, in particular in C horizons (Rumpel and Kögel-Knabner 2011). Even less 

attention has been paid to improving our mechanistic understanding of SOM dynamics 

across a range of climates (i.e., soil thicknesses, and physical and chemical properties). It 

is both timely and critical to improve our understanding of key differences in C and N 

cycling that emerge with depth as deep soils are common and have large contribution to 

soil C and N stocks globally.  

Subsoil OM can be a mixture of new and old SOM, that is rendered relatively stable due 

to burial, aggregation, its disconnection with decomposers, and chemical association with 

soil minerals (Marin-Spiotta et al. 2014; Rumpel 2004). Aggregate formation and burial 
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provide physical stability (physical separation from microbes) for OC. Soils with higher 

degree of aggregation have been shown to have slower turnover times for SOC (Moni et 

al. 2010). Soil burial (process, rate, sediment material) is an important physical 

mechanism for stabilizing SOC at depth particularly in depositional landform positions 

(Marin-Spiotta et al. 2014). SOC can also form chemical bonds with mineral surfaces. 

Chemical interaction of organic matter with the mineral phase, in particular amorphous 

iron (Fe) and aluminum (Al) oxides, was reported to be the main stabilization mechanism 

in acidic and near-neutral soils and in temperate forests and grassland soils (Rasmussen et 

al. 2005). According to Eusterhues et al. (2005), the amount of non-oxidizable C present 

in soil samples from different depths along the soil profile correlated to the 14C activity of 

the sample, suggesting that SOM in subsoil horizons becomes older, when a greater 

proportion of SOM is associated with the mineral phase. Understanding climatic effects 

on these stabilization mechanisms is critical to fully understand how soil C stability will 

respond to future changes in climate.  

Climate change influences on the stability of soil C has been a growing area of study, but 

investigation of SOC stability in the subsoil has so far been rare (Rumpel and Kögel-

Knabner 2011). Subsoil OC stability depends on supply of fresh input (via dissolved 

organic C by leaching) to stimulate microbial mineralization (Fontaine et al. 2007). The 

OC becomes vulnerable via the priming effect where microbes mineralized C that was 

2,567 years old. Other studies also have found that substrates limit subsoil OM 

mineralization through a variety of physical and chemical stabilization mechanisms 

(Marschner et al. 2008). Typically, soils with a longer seasonal duration of moisture 
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likely increase SOC content whereas drier soils (or frequent wetting/drying) likely reduce 

the SOC content (Horwath, 2015). Future climate change could cause less of this new 

OM input to reach the subsoil due to increased temperatures, higher evaporation, and 

drought. On the other hand, increased or intense rainfall events could periodically 

stimulate loss of that slower cycling pool of OC (Fontaine et al. 2007). Several important 

questions remain unanswered, including how changes in temperature and precipitation 

will influence the stabilization mechanisms of subsoil OC.  

Uncertainty surrounding the SOC warming response increases with soil depth because 

the temperature sensitivity of subsoil OC stability is unknown (Rumpel and Kögel-

Knabner 2011). Over the next century, subsoils are projected to warm at roughly the 

same rate as surface soils (Hicks Pries et al. 2017). Global average soil temperature is 

predicted to warm the entire profile by 4 °C by 2100 ((IPCC) Intergovernmental Panel on 

Climate Change 2014). Observed that mineralization of subsoil C may be much more 

sensitive to temperature change than those of topsoil C (Fierer et al. 2003). One study 

showed that OC in the subsoil, with residence times in the order of 1000 years, 

contributed to 20-25% of whole profile soil respiration and up to 10% of the warming 

response with 4 degree increase in temperature (Hicks Pries et al. 2017). Others showed 

that a subsurface soil was more susceptible to loss by nutrient inputs and temperature 

increases (Fierer et al. 2003), while at least one study found that subsurface soil was less 

responsive to temperature increases compared to the upper horizons (MacDonald et al. 

1995). Generally, decomposition and turnover rates used in most previous studies were 

derived from incubation experiments in the lab and are typically covered around 1 m of 
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soil depth. There is now a great need for obtaining robust estimates of climatic influences 

on the stability of subsoil C in situ and accounting of the entire soil profile.  

The mean residence time of SOC was observed to increase with soil depth (studied up to 

1 m), but limited information exists about the composition of the predominantly old OM 

in B and C horizons, where interaction with the mineral phase is likely the dominant 

stabilization mechanism (Hemingway et al. 2019; Kaiser et al. 2012). Soil formation 

processes and root litter input were shown to be crucial factors determining the chemical 

composition of mineral subsoils (Rumpel et al. 2002). Few studies have investigated the 

fate of OM compounds in subsoil C with special reference to climate. Aromatic 

compounds and clay in the B horizons have been assumed to protect polysaccharides 

against microbial degradation (Schmidt et al. 2000; Schmidt and Kogel-Knabner 2002). 

However, these studies concentrated on selected soil horizons. Therefore, I investigated 

the fate of the organic chemical compounds by studying the distribution and composition 

of OM from the topsoil to depth of 10 m along a bio-climosequence.  

Most soil N is in organic molecules that make up soil organic matter (SOM) hence the 

distribution of the N parallels SOM (Weil and Brady 2016). N is a major nutrient 

controlling the microbial functioning, plant growth, and the cycling of SOM making it as 

one of the most important and complex biomolecules to understand (Chapin et al. 2011; 

LeBauer and Treseder 2008; Houlton and Morford 2015). Globally, soils store up to 50% 

of N below 30 cm (Batjes 1996), however the current depth of studies is to 23 cm in four 

prominent soil science journals (Yost and Hartemink 2020). Most studies focus on the 

topsoil N and therefore are missing subsoil N dynamics, especially when it comes to 
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understanding how climate controls these N dynamics with depth. Since N cycling 

influences C sequestration by limiting plant growth, understanding whole profile N 

accumulation and stability and how it will change with climate is imperative to 

understand how C sequestration will respond to changes in projected climate (Knocker et 

al., 2011). My dissertation research improves understanding about how climate is likely 

impact soil N across the entire soil profile.    

To address the above discussed knowledge gaps, my dissertation research examined the 

effect of climate on the chemical structure, stability, and stabilization mechanisms of the 

entire profile OC and N  to a maximum depth of 10 m. My study took place across the 

four sites along the National Science Foundation-funded Southern Sierra Critical Zone 

Observatory (SSCZO) that spans from 405 to 3,000 m.a.s.l. elevation gradient in the 

Southern Sierra Nevada in California. The soils I studied developed in temperate 

ecosystems with a Mediterranean-type climate. Vegetation (primary production) changes 

with elevation due to climate (increases in precipitation and soil water storage). Climate 

ultimately controls the soil physico-chemical properties and OM concentrations. The 

SSCZO gradient is particularly well-suited to address the research questions I outline 

below as it is located along an elevation transect that allows a space-for-time substitution 

approach to infer the effect of climate change on SOC and N dynamics by comparing 

data from sites across the elevation gradient.  

RESEARCH OBJECTIVES AND HYPOTHESES  

The overall objective of my dissertation research is to investigate how climate regulates 

subsoil OC and N dynamics.  My research uses a range of advanced analytical 
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approaches from soil science, biogeochemistry, and ecology to address focused research 

questions on climatic effects on SOM chemical composition, stability, and stabilization 

mechanisms. In study systems located on the western Sierra Nevada bio-climosequence, 

my dissertation research specifically answers the following questions: 

1. How does climate influence whole profile OC and total N (TN) stocks, 

stability, and stabilization mechanisms? 

2. How is the chemical composition of subsoil SOM related to climate?  

My dissertation research built upon previous findings of the SSCZO collaboration to 

improve our understanding of C and N cycling in the critical zone. In particular, my 

studies provided novel findings that will enables a whole soil C accounting (including 

O/A to C horizons) and improved mechanistic understanding of SOM dynamics across a 

range of climates (i.e., soil thicknesses, and physical and chemical properties).  

DISSERTATION CHAPTERS 

This dissertation is split into the following three chapters: 

Chapter 1: Deep in the critical zone: weathered bedrock represents a large, potentially 

active pool of soil carbon  

 The first chapter focuses on climatic impacts on bulk soil organic C stock, stability and 

chemical composition. The study used soil samples from topsoil all the way down to 

bedrock contact along the SSCZO bio-climosequence to demonstrate that C storage in 

weathered bedrock (Cr horizon, also known as saprock) to determine how much 

weathered bedrock contributes to soil’s carbon storage potential. Further investigation 

using combination of radiocarbon and Fourier-transformed infrared spectroscopy (FTIR) 
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was used to determine if old SOM in weathered bedrock is more processed than C in 

near-surface soil layers. Results presented in this chapter also quantify the potential 

vulnerability of C in weathered bedrock to changes in climate. This chapter concludes 

with a global extrapolation of OC in weathered bedrock to determine significance of C 

storage in deep regolith to global soil C stock. This manuscript is in revision for 

Proceedings of the National Academies of Science. 

Chapter 2: Climatic controls on deep soil organic carbon distribution and persistence  

The second chapter is focused on how climate along the SSCZO bio-climosequence 

influences distribution of C in soil and persistence of SOC in the different pools. I 

conducted density fractionation samples (A and B horizon) to separate soil C into three 

pools: free light (debris inside and outside aggregates, fLF), occluded (oLF), and heavy 

fractions (OM bound to minerals, HF). The fractionation of soils in to fLF, oLF, and HF 

isolates SOM that is stabilized by three distinct mechanisms that are presumed to 

stabilized OM to different extent, and whose effectiveness are based on underlying soil 

and chemical properties. I quantified mean residence time (MRT) of SOC in each of the 

fractions, and their variability with depth, using radiocarbon. Furthermore, I used FTIR 

spectroscopy to determine functional group-level bulk SOM composition and extent of 

decomposition. A mixed effect model was used to determine climatic impacts on OC held 

within each fraction and how that changed from the topsoil to the subsoil. I plan to 

submit this manuscript to Biogeosciences. 

Chapter 3: Climatic controls on soil nitrogen stock, distribution, composition, and 

persistence in deep vs. near-surface soil layers 
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The third chapter focuses on climatic impacts on soil N dynamics deep soil layers. 

Results presented in this chapter present whole profile total soil N stock and how climate 

influence N in the soil versus the saprock. Then, I determined distribution of soil N in the 

density fractions to investigate how N is partitioned in soil, and if climate imposes more 

control on its partitioning in subsoil. Lastly, I analyzed at the stable isotopic 15N 

composition of the fractions, roots, aboveground biomass, weathered bedrock, and the 

bulk samples to look at ecosystem cycling of N and 15N trends with depth. I used a first 

order kinetic one pool steady state model of soil N in combination with the radiocarbon 

data to estimate mean accumulation rate and turnover time of N in soil profiles along the 

bio-climosequence. Furthermore, I used mixed effect model to investigate the climatic 

impacts on N in the fractions for the topsoil vs. subsoil. I plan to submit this manuscript 

to Biogeochemistry.   

SIGNIFIGANCE  

           Subsoil represents a major, previously unexplored reservoir of soil C. My 

dissertation research was, as far as I can tell, the first major effort to determine how 

climate regulates subsoil OC and N storage, chemical composition, stability, and 

stabilization mechanisms by considering the entire soil profile, from the topsoil to 

bedrock contact. With the current average soil sampling depth being restricted to the top 

23 cm (Yost and Hartemink 2020), we had a long way to go in order to fully understand 

soil C and N dynamics at depth. By conducting this research along the western slope of 

the Sierra Nevada bio-climosequence, I was able to investigate climatic effects on subsoil 

SOM dynamics that is missing from current literature while keeping the other soil 
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forming factors constant. Understanding how climate influences subsoil C and N 

dynamics is critical when considering that most subsoils are characterized as having high-

mean residence times of as much as several thousand years and as storing more than half 

of the total soil C stocks. Furthermore, accurate accounting of subsoil C and N storage, 

chemical composition, and persistence will likely have profound implications for 

accurate accounting of rates of terrestrial sequestration of atmospheric CO2, identification 

of the sources of CO2 efflux at the soil surface, and improving our understanding of the 

overall vulnerability/stability of SOC under anticipated climate change. Beyond the 

scientific contributions, findings from my dissertation research are also likely to inform 

policy discussions around natural climate change and bio-engineering solutions, 

including climate-smart land management practices that seek to increase the amount of C 

that soils can sequester from the atmosphere. Results from my dissertation research will 

also be critical for future soil C and Earth System models, to enable them to make more 

informed mathematical functions of how C storage, stability, and vulnerability to loss 

vary instead of continuing to reply on parameterization of deep soil C and N dynamics 

that is based on results observed from shallow soil layers. Most importantly, the results 

from this dissertation will be a call to action for soil scientists to dig deeper in order to 

better understand the dynamic world of soils. 
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CHAPTER 2:  DEEP IN THE CRITICAL ZONE: WEATHERED BEDROCK 

REPRESENTS A LARGE, POTENTIALLY ACTIVE POOL OF SOIL CARBON 

ABSTRACT  

Large uncertainty remains in the spatial distribution of deep soil carbon storage and how 

climate controls belowground C. Here, we present whole-regolith carbon stocks, 

radiocarbon age, and chemical composition down to 10-m. Up to 78% of soil C is stored 

below a 0.3-m depth, with up to 29% of total carbon stored in saprock below 1.5 m. A 

conservative global scaling found that deep regolith stores over 200 Pg of organic carbon. 

Radiocarbon, spectroscopy, and isotopic analyses revealed that deep soil and weathered 

bedrock carbon is a combination of both relatively fresh material and older, more 

decomposed carbon. Collectively, this work illustrates that carbon in saprock represent a 

massive, previously unrealized carbon pool, that is potentially susceptible to losses 

caused by changes in climate. 
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INTRODUCTION 

Soil is the largest terrestrial carbon (C) reservoir on Earth, storing over 3000 Pg organic 

carbon (OC) (Le Quéré et al., 2014). Up to 60% of terrestrial soil OC is found in subsoil 

layers (from depths between 0.3 to 1.0 m), but few studies report soil OC data below a 

1.0 m depth (Jobbágy & Jackson 2000; Richter & Markewitz 1995; Jackson et al., 2002; 

Harper & Tibbet, 2013). Subsoil OC is typically old with residence times on the order of 

1000 years or more (Marin-Spiotta et al., 2011). Despite its long residence time, subsoil 

OC is projected to become more susceptible to loss, and could account for 25% of soil 

respiration under conditions that are expected to occur with climate warming (Hicks-

Preis et al., 2018). Restriction of soil OC stock estimates to the upper layers of soil has 

been leading to underestimation of global soil OC stocks and limits our understanding of 

how regolith OC responds to changes in climate.  

Organic C storage, persistence, chemical composition, and stabilization mechanisms are 

fundamentally distinct in surface soil and subsoil. Compared to subsoil, OC concentration 

in near-surface soil horizons is typically higher with shorter mean residence times 

(Jobbágy & Jackson 2000; Chabbi et al., 2009). The rate of organic matter (OM) 

decomposition is slower in subsoil compared to topsoil, largely due to lower 

concentration of OC and lower microbial abundance, as well as and physico-chemical 

differences (burial, aggregation, high degree of organo-mineral association) (Rumpel & 

Kögel-Knabner, 2011; Chabbi et al., 2009; Schrumpf et al., 2013). However, despite its 

persistence, OC in subsoils can be vulnerable to mineralization due to changes in climate 
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(Jobbágy & Jackson 2000; Chabbi et al., 2009; Melillo et al., 2002; Davidson & Janssens, 

2006; Berhe et al., 2007), including warming (Hicks-Pries et al., 2018). Little is known 

about the dynamics of SOC in regolith because it is hidden deep below the Earth’s 

surface. This imposes unique sampling challenges and requires substitutions of space-for-

climate, in the form of a bioclimatic gradient, to assess the susceptibility of deep SOC to 

climate change.  

We investigated the distribution, stability, and chemical composition of OM in regolith to 

the depth of hard bedrock, that included the mineral soil and saprock (maintains the 

original rock texture but is porous and friable; total regolith spanning 2-10 m) along a  

2300-m bio-climosequence in the southern Sierra Nevada in California (Fig. 2-1; Table 

2-4). Climate gradients, with increasing elevation include decreasing temperature, and 

increasing precipitation and deep water percolation, (calculated as the difference between 

precipitation and evapotranspiration). We used the Southern Sierra Nevada Critical Zone 

Observatory to infer the effect of climate on OC, a site particularly well suited to address 

these research objectives as it is located along a well-characterized elevation transect with 

soils ranging from Entisols to Alfisols, representing a range of soil properties and 

vegetation cover. Analysis of OC down to 10 m enabled us to conduct a whole-regolith 

OC accounting and derive mechanistic understanding of OM dynamics across a range of 

environmental conditions (i.e., soil thicknesses, physical and chemical properties, 

vegetation, and soil types). 
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MATERIALS AND METHODS 

SITES DESCRIPTION  

The four study sites were located along an elevation transect, from 405 m to 2700 m, on 

the western slope of the southern Sierra Nevada, California. Vegetation changes with 

elevation in response to changes in climate (Table 2-2). All the sites experience a 

Mediterranean-type climate with cool, moist winters, and warm, dry summers. Soils have 

formed from granitic bedrock. The granitic substrate across the sites is hypothesized to be 

of comparable age with the exception of the highest elevation site where bedrock was 

scoured by glaciers during the last glacial maximum (Giger & Schmitt et al., 1983).  

REGOLITH SAMPLING  

A total of thirty-six regolith profiles were analyzed (Table 2-3): three Geoprobe cores (a 

hydraulic coring device, Model DT22) and four pits excavated by a backhoe were 

sampled at the oak savannah site (405 m); five Geoprobe cores, five hand augers, and 

five pits were sampled at the ponderosa pine/oak forest site (1160 m); five Geoprobe 

cores, one hand auger, and four pits were sampled at the mixed-conifer forest site (2015 

m); and four pits were excavated at the subalpine forest site (2700 m). To collect regolith 

cores, a Geoprobe sampler was used from the soil surface to depth of refusal. Hand 

augering (with a depth limitation of 7.6 m) was used at a subset of sites that could not be 

accessed by the Geoprobe vehicle. Geoprobe and hand auger samples at adjacent 

locations were compared to ensure that there was no sampling effect on OC distributions. 
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Soil pits were sampled by genetic horizons and samples were collected at 20 to 50 cm 

intervals by the Geoprobe and hand-auger. Regolith was partitioned into soil and saprock.  

Saprock was identified as having brittle consistency and rock fabric (Graham et al., 

2010). With hand augers, the depth of transition from soil to saprock was identified in the 

field by a change in color and consistency. Within saprock, layers were identified based 

on color and fabric features including mineral grain size and orientation.  

CARBON AND NITROGEN ANALYSES  

Soil and saprock materials were air-dried, gently crushed by a rolling pin, and sieved (2 

mm mesh openings). Percentage of fine-earth fraction (< 2 mm) and coarse earth fraction 

(> 2 mm) were measured based on air-dry mass. The coarse fraction was assumed to have 

no OC. Gravimetric water content was determined on air-dried subsamples by drying 

overnight at 105 °C. Total C and N concentration (%) of the fine-earth fraction was 

determined on samples ground to pass a 180- μm sieve and analyzed by dry combustion 

(Costech Analytical ECS 4010 instrument, Costech Analytical Technologies, Inc., 

Valencia, CA). The average signal detected from samples of low concentration (354 ± 

162 (s.d.0), n=10) was significantly larger than the blank (15 ± 14 (s.d.), n=9). Most 

samples had pH values below 6.0, so we assumed no inorganic C was present in these 

samples. However, we pretreated a subset of samples having the highest pH values (6.8-

7.0) with hydrochloric acid and in all cases the acid pretreatment did not result in a 

significant reduction in total C. Hence, total C was equivalent to total organic C in our 

samples.  
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Bulk density of soil and saprock was measured using the core method (Dane et al., 2002). 

Three core samples were taken in each horizon from three soil profiles and averaged. 

They were oven-dried at 105 °C and the > 2 mm fraction and roots were removed. Bulk 

density of lower saprock was measured by cutting an exact volume from the bottom 5-cm 

of each core, which was sampled by the Geoprobe at 1 m depth intervals and oven-dried 

at 105 °C.  

Total OC inventory (Cs, kg C m-2) was calculated from total OC concentration (C, g kg-

1), thickness of the sample layers (dc, cm) and mean bulk density (ρb, Mg/m3), with 

correction for the weight percent of coarse earth fraction (Eq. 2-1).  

                                                        (2-1) 

Total OC density (Cd, kg C m-3) was calculated by OC concentration of total regolith 

thickness, soil thickness (d, cm), and saprock thickness (Eq. 2-2). 

                                                           (2-2) 

Multiple depth profiles (see Table 2-4 for n) of OC were aggregated over 0.10-m depth 

intervals to create an average OC depth profile (Fig. 2-2) using the R package Algorithms 

for Quantitative Pedology (AQP). Polynomial and linear regression models were 

performed to explore possible correlations between the climatic parameters (temperature, 

precipitation, and deep water percolation) and Cs and Cd. The square of the correlation 
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coefficient (adjusted R2) was calculated by the “Pearson” method on individual soil and 

saprock samples, and significance of regression model was evaluated by p-value ≤ 0.001.  

All analysis and graphs were conducted in R version 3.3.  

DIFFUSE REFLECTANCE INFRARED FOURIER TRANSFORM (DRIFT) SPECTROSCOPIC 

ANALYSES  

Soil and saprock subsamples were analyzed for OM composition via Diffuse Reflectance 

Infrared Fourier Transform spectroscopy. Mid-IR spectra (400 to 4000 cm-1) were 

recorded using an IR spectrophotometer (Bruker IFS 66v/s, Ettlingen, Germany) and a 

Praying Mantis DRIFT sampler (Harrick Scientific Corporation, Ossining, NY). Before 

analysis, all samples were finely ground to a powder consistency using a ball mill (SPEX 

Sample Prep Mixer Mill 8000C, Metuchen, NJ, USA) and then dried at 60 °C for 24 

hours; oven-dried samples were kept in a desiccator prior to analyses. Finely ground and 

oven-dried potassium bromide (Aldrich Chemical Company, Saint Louis, MO, USA, FT-

IR grade) was used as a background reference for all FTIR analyses. We used 500 

background scans and 500 sample scans with a 4 cm-1 resolution. All spectra were 

tangentially baseline corrected. Peak areas were calculated that corresponded to local 

baselines to remove impacts from larger spectral features and tails (Kalbitz & Kaiser 

2008). Using “approxfun” and “integrate” functions in R version 0.98.1028, the areas of 

peaks were calculated by subtracting the area of the baseline between each endpoint (Hall 

et al., 2018).    
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Several studies have used ratios of specific spectral bands to study chemical composition 

of soil OM (Artz et al., 2006; Calderón et al., 2006; Ellerbrock et al., 2005). The FTIR 

spectra were analyzed to determine level of OM transformation that is derived from 

decomposition using a ratio of peak heights at areas of interest. Peaks heights at 2925 and 

2850 cm-1 (spanning 2898–2976 and 2839–2870 cm-1) indicate aliphatic C–H 

asymmetric and symmetric stretches. Peak heights at 1648 cm-1 (spanning 1570–1710 

cm-1) indicate C=O stretch of amides, quinones, and ketones, with constituents coming 

from C=C. A clearly distinguishable shoulder at 1512 cm-1 (spanning 1500–1550 cm-1) is 

indicative of the aromatic C=C stretch. A pronounced peak at 1400 cm-1 (spanning 1360–

1450 cm-1) reflects the carboxylate C–O (COO) stretch. Ratios of these areas of peak 

heights were used as an index for degree of OM processing during decomposition (Kaiser 

et al., 2012; Ryals et al., 2014). 

RADIOCARBON ANALYSIS  

Radiocarbon analyses was conducted on soil samples after sealed-tube combustion of OC 

to CO2 (with CuO and Ag) that was then reduced onto Fe powder in the presence of H2 

(Vogel et al. 1984). Radiocarbon values were measured in 2018 on the Van de Graaff FN 

accelerator mass spectrometer at the Center for Accelerator Mass Spectrometry at the 

Lawrence Livermore National Laboratory. Organic matter δ13C values were determined 

at the University of California Merced using a DELTA V Plus Isotope Ratio Mass 

Spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Radiocarbon 

isotopic values were corrected for mass-dependent fractionation with measured δ13C 
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values and were reported in ᐃ-notation corrected for 14C decay since 1950 (Stuiver & 

Polach et al., 1977). 

ESTIMATING THE GLOBAL REGOLITH OC POOL  

A global scenario of regolith C was created from the World Soil Information Service 

(WoSIS) database (Batjes et al., 2016). Soil OC content and bulk density, corrected by 

coarse fraction percent, were used to calculate the C stock (Eq. 2-1) for four different 

conditions: 1. all soils in the database to a depth of 2.5 m or bedrock, whichever was 

shallower (6,947 soil profiles); 2. the C stock in the upper 1 m (6,947 soil profiles); 3. a 

hypothetical C stock assuming a saprock thickness of 4 m where the C concentration of 

the lower most depth was allocated to the entire theoretical (4 m) thickness; and 4. an 

entire regolith thickness (soil plus the theoretical saprock defined above). The land area 

for estimation of a global regolith OC pool was determined by aggregating climatic and 

lithological classes from the global ecological land unit (ELUs) database (Sayre et al., 

2014)  using ArcGIS. We created a scenario where thickness of regolith was 5 m under 

all rock types, which represented the mean thickness across the SSCZO gradient. The 

global area of estimation was limited to bioclimatic conditions that were conceivably 

warm and wet enough to have the capacity to form a thick regolith across all bedrock 

types (sedimentary, metamorphic and igneous). Thus, very cold environments and arid 

environments were excluded from this scenario. The scenario was further constrained to 

show the C stock in these bioclimates on igneous intrusive rocks (plutonic rocks) that 

more closely reflected the conditions of our measurements.  



26 

 

 

The soil OC pool was calculated by accumulated OC stock and land area (Eq. 2-3): 

                                                                  (2-3) 

where Ci is total OC inventory, Cs is accumulated OC stock, A is land area. 

The saprock OC pool was calculated by depth-weighted OC density, regolith thickness, 

and land area (Eq. 2-4): 

                                                                  (2-4) 

where Cd is depth-weighted OC density, d is thickness of regolith. 

DRIFT-FTIR MINERAL CONTENT TESTING  

DRIFT-FTIR was analyzed on regolith and soil samples before and after organic matter 

removal (by ashing in a muffle furnace) to subtract out the mineral signature to help 

determine if the regolith sample results showed evidence of mineral interference and if 

the regolith samples were too low in C to show peaks in the targeted areas. Samples were 

ashed with the furnace at 430 °C for 8 hours. This is an extra precaution to confirm the 

integrity of the results. All of the samples used for the ponderosa pine site (35 samples) 

from the pit and geoprobe samples were ashed with the furnace at 430 °C for 8 hours. 

Bulk soil and regolith results were compared with post-ashing samples and were analyzed 

in the same manner as all of the other samples. The bulk samples and post-ashing 

samples look almost identical with only minor differences in peak ratios of interest. This 

illustrates that even though regolith is low in OM the peaks do represent the OC in those 

samples and the mineral portion does not impact the OM peaks. 
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RESULTS 

Variability in OC concentration was low in saprock (Fig. 2-2; s.d.: 0.15-0.94 g/kg, n=27) 

suggesting that the effect of climate on deep regolith OC storage is primarily through its 

effect on thickness, not concentration of deep OC. Climate along the western slope of the 

southern Sierra Nevada exerts strong controls on weathering and net primary productivity 

(NPP) (Dahlgren et al., 1997). Plant productivity and weathering are limited by low 

precipitation in the lowest elevation oak savannah ecosystem, and low temperature and 

historic glaciation in the high-elevation subalpine forest ecosystem. Middle elevation 

sites (ponderosa pine/oak and mixed-conifer forests) have climatic conditions optimal for 

chemical weathering (Tian et al., 2019; Dixon et al., 2009) (regolith thickening) and NPP 

(Kelly et al., 2016). Regolith thickness ranged from 1.0 to 10.7 m across the 

climosequence and was thickest at the middle elevations (Fig. 2-1).  Soil OC 

concentration and inventory were highest at the mid-elevation sites, where NPP is not 

limited by climate (Kelly et al., 2016; Goulden et al., 2014). Average OC concentration 

decreased from 26 g/kg in surface soil (A horizon) to 0.2 g/kg in deep saprock. The range 

in OC concentration in saprock was consistent with previous studies (0.3 - 0.4 g/kg) in 

Australia where regolith thicknesses ranges from 5 to 38 m, and in eastern USA with 

regolith depths of 6 m (Richter & Markewitz, 1995; Harper & Tibbet, 2013).  

While soils exhibited the largest OC inventory at every site, saprock accounted for a 

substantial proportion (over 25%) of total OC stock at mid-elevations (Fig 2-1). In soil, 

OC stock increased with elevation to a maximum of 19 kg OC m-2 in mixed-conifer 

forest (2015 m), but decreased to 11 kg OC m-2 in subalpine forest (2700 m) to levels 
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near that of ponderosa pine/oak forest (13 kg OC m-2; Fig. 2-1; Table 2-4). The relative 

proportion of OC stock in soil (compared to saprock) decreased from oak savannah (405 

m), ponderosa pine forest (1160 m) to mixed coniferous forest (2015 m) except in 

subalpine forest (2700 m), because this site did not have deep regolith (Fig. 2-1). The 

proportion of OC stock in saprock had an opposite trend to that of soil; increasing with 

elevation in saprock; decreasing with elevation in soil (Fig. 2-1). This trend reflects the 

thicker saprock at the two mid-elevation sites.  

ORGANIC CARBON STORAGE IN SOIL AND SAPROCK  

While deep saprock Δ14C values suggest, on average, relatively old OC is present in 

saprock, fluctuations with depth imply a mixture of old and younger OM. This result is 

likely due to the mean Δ14C value of OM in saprock having input of relatively newer OM 

from overlying soil layers via downward percolation of dissolved organic matter (DOM), 

and deep regolith exploration of roots and mycorrhizae. Across all sites, topsoil (A-

horizon) Δ14C values indicated that soil OC was dominantly composed of modern OM 

(Δ14C -70 to 120‰, Fig. 2-2b). At all sites, Δ14C of OC became increasingly lower with 

depth. Surprisingly, the lowest Δ14C value (-921‰ or 20,300 y BP average radiocarbon 

age) was found in saprock at 6 m depth in mixed-conifer forest site, while younger OC in 

saprock was found at 9.5 m depth (-456‰ or 4,800 y BP average radiocarbon age).  
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CHEMICAL COMPOSITION TO INFER PROCESSING OF ORGANIC MATTER IN SOIL VS. 

REGOLITH 

Ratios of peak areas derived from Diffuse Reflectance Infrared Fourier Transform 

(DRIFT) spectroscopy were used to infer abundance of chemical functional groups, and 

biochemical proxies for decomposition-related processing of OM (Kaiser et al. 2012). 

We computed these ratios following methods outlined in Hall et al. (2018). Interestingly, 

at all sites, some samples below 2 m show similar ratios to topsoil (Fig. 2-2). This 

suggests that in places old OC in deep regolith is not necessarily more decomposed than 

it is in overlying soil. There was little change in the ratio of C=C/COO (Fig. 2-2d) for all 

sites, except for a few samples in mixed conifer pine/oak forest that have high C=C/COO 

ratios (~175 m) overlying relatively low ratios (~5.5 and 7 m; Fig. 2-2d). There was a 

gradual decrease in both C-H/COO (Fig. 2-2f) and C-H/C=O (Fig. 2-2g) with depth for 

all sites. There were sharp increases in these peaks in both of the mid-elevation sites at 

multiple points in soil and saprock. Infrequent sharp increases in this relationship, 

especially for ponderosa pine/oak forest and mixed conifer forest at mid-elevation sites, 

likely suggest presence of OM that is more plant/root derived in nature (Hall et al., 2019; 

Ryals et al., 2014). These attributes are further confirmed by the slight increase in the 

C=C/C=O (Fig. 2-2e) with depth. It is also interesting to note that soil OM chemical 

composition in the oak savannah is distinct from other sites, suggesting vegetation 

type/root depth plays a role in distribution and transformations of OM in soil.  

The C:N mass ratio decreased slightly with depth and aligns with FTIR indices of 

decomposition (Fig. 2-2). We observed a decreasing trend in C:N ratio with depth, except 
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at the oak savannah site, suggesting that OM in deep regolith is more processed OM than 

in topsoil (Rumpel & Kögel-Knabner, 2011; Batjes, 2016), or consists of mineral-

associated SOM that typically has a low C:N ratio (von Lützow et al., 2007). However, 

C:N values show variability with depth, possibly reflecting a mixture of OM processed to 

different degrees in saprock. It is also possible that variability in C:N ratio with depth is 

due to the nature of vegetation. Given the radiocarbon abundance of deep C, at around 4-

m depth for mid-elevation sites, it is possible that deep C:N ratios reflect a past 

vegetation type. For example, analysis of pollen records and packrat middens indicate a 

sagebrush steppe existed at mid-elevations in the Sierra during the last glacial maximum, 

and the transition from steppe to forest is believed to have occurred about 10,000 years 

ago (Anderson, 1990; 1996; Woolfenden et al., 1996).  

SOURCE OF DEEP C 

At the SSCZO, previous studies have shown that roots extend into saprock through 

fractures to access deep water (Bales et al., 2011; Stone & Kalisz, 1991; Hubbert et al., 

2001; O’Geen et al., 2018). Roots may extend to the base of the regolith profile to access 

water directly or with mycorrhizal hyphae that are associated with tree and chaparral roots 

(Witty et al., 2003; Egerton-Warburton et al., 2003). Considering the very old OM found 

in regolith, dead roots or root exudates could be a major source of this old OM as previous 

studies have shown that root derived OM can be preferentially retained by minerals (Bird 

& Torn 2006; Rasse et al., 2006), and can be more protected and readily stabilized in soil 

than other sources of OM (Denef & Six, 2006). In addition, this OM in saprock lacks 

readily available OC sources and constant cool temperatures at depth limiting microbial 
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activity and is likely to be protected by physical separation from soil microbes, and mineral 

protection (Salome et al., 2010). In soils derived from granitic parent material, soil OC 

enters saprock via deep percolation through the coarse overlying soil layers and via 

preferential flow paths created by rock fracturing during physical and biogeochemical 

weathering processes. If otherwise easily decomposable dissolved organic matter (DOM) 

leaches down the soil profile, it can persist in regolith for longer periods of time if it forms 

chemical association with secondary minerals. For example, if DOM is sorbed on surfaces 

of secondary minerals or it (co-)precipitates with aluminum (Al) and iron (Fe) oxides it can 

persist for long periods of time (Kalbitz & Kaiser 2008). However, regolith in the Sierra 

Nevada displays minimal degree of alteration by chemical weathering. The clay content is 

below 8% and the pedogenic iron concentration (dithionite extractable Fe) is well below 

that of overlying soil (Tian et al., 2019). Reactive soil constituents that can provide physical 

or chemical stabilization to OM in saprock are not uniformly distributed with depth. 

Elevated levels of secondary weathering products capable of stabilizing OC have been 

shown to be concentrated in zones around roots and fractures within saprock (Frazier & 

Graham, 2000). Hence, it is possible that stabilization of OM through association with soil 

minerals is limited to patches around roots and rock fractures. 

CLIMATE SENSITIVITY OF DEEP C 

An important question is how climate influences deep OC. To address this question, we 

tested the variability of soil and saprock OC storage with changes in MAT, MAP, and 

DWP across the SSCZO bioclimatic gradient. Soil OC inventory (kg C m-2) and density 

(kg C m-3) has a positive correlation with MAP and DWP and was negatively correlated 
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with MAT (Fig. 2-3). Correlations between soil OC and climatic variables reflected peak 

storage at mid elevations where temperatures were mild and precipitation was relatively 

high. Correlations were nonlinear likely because NPP is limited in subalpine forest by 

low temperatures (Goulden & Bales 2014). Correlation between soil OC and climate 

variables is consistent with other studies across different climatic life zones (Post et al., 

1982). Regression analysis shows that MAT explained more variability in OC inventory 

than other climatic variables tested (Fig. 2-3), suggesting that OC storage in soils is 

vulnerable to climate warming. The inventory of OC trends in saprock was similar to soil, 

however, OC density in saprock had a slightly different climatic response (Fig. 2-3). 

Changes in OC density and inventory across the climate gradient reveal an intricate role 

of deep regolith in C cycling. Overall, we observed different amounts of deep OC in 

regolith at four climatic zones, with highest OC storage at mid-elevations (Fig. 2-3 a-c) 

where climate is most conducive to weathering (i.e., regolith thickening) and NPP is 

high. With a slope near zero, OC density (g m-3) in saprock (Fig. 2-3 d-f) was insensitive 

to differences in climate. Uniformity of OC density in saprock across the gradient may be 

a result of the climatic effect being dampened by cool, stable temperatures at depth 

relative to soils, which experience dynamic swings in temperature and moisture (Tian et 

al., 2019). In deep regolith, year-round cool temperatures coupled with low microbial 

activity (Rumpel, C. & Kögel-Knabner, 2011; Chabbi et al., 2009) provides evidence to 

explain why old and new OC (OC input from dissolved OM and roots) coexist along with 

data suggesting fresh and highly degraded C mixtures (Fig. 2-2).  
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Climate can affect OC inventory in deep regolith indirectly through thickening of the 

weathering profile. This is indicated by positive linear correlations between climatic 

variables and OC inventory (kg C m-2) of saprock (Fig. 2-3a-c). Mid-elevation sites have 

thicker regolith due to climatic regimes that favor weathering (wetter and kinetically 

favorable temperatures), transforming bedrock into a friable and porous parent material 

that can accommodate roots and percolating DOC (Dahlgren et al., 1997; Tian et al., 

2019; Graham et al., 2010).  

GLOBAL EXTENT OF DEEP SOIL OC STORAGE IN REGOLITH 

We developed a conservative global estimate of OC stock in deep regolith from the 

World Soil Information Service (WoSIS) database and global ecological land units 

(Sayre et al., 2014)  to evaluate the potential magnitude of deep C relative to the global 

terrestrial OC budget. The global area of estimation was limited to bioclimatic conditions 

that were conceivably warm and wet enough to form a relatively thick regolith (5 m) 

across all rock types. Thus, very cold environments and arid environments were excluded 

from this scenario. To more closely mimic conditions of our measurements, the scenario 

was further constrained to show the OC stock in igneous intrusive rocks (plutonic rocks). 

The scenario demonstrates that subsoil and saprock OC can account for a significant 

fraction of the “hidden” OC sink in the global OC budget (Table 2-1). The hypothetical 

OC inventory for saprock in all rock types was on average 201 Pg (s.d. 257 Pg), in excess 

of the unbalanced global OC budget (118 Pg) (Houghton et al., 2007); although the 

median value was 79 Pg. Considering only igneous intrusive rocks (plutonics) in this 

global scenario saprock accounted for an average of 28 Pg C.  
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CONCLUSION  

Our findings demonstrate that regolith thickness, which is governed in part by climate, 

directly influences deep OC inventory and indirectly influences OC cycling. The large 

stock of persistent OC in saprock represents a previously unexplored pool of OC in the 

Earth system. Our analysis provides a deeper understanding of the processes regulating 

OC input, storage, and turnover to improve estimations of the true capacity of the critical 

zone to store OC and the vulnerability of deep OC to changes in climate. Overall, we 

observed significant and varying amounts of deep OC at the four climatic zones, with the 

highest OC storage occurring at mid elevations where climate is most conducive to 

weathering and NPP.  

Over the next century, subsoils are projected to warm at roughly the same rate as surface 

soils. Global average soil temperature is predicted to warm the entire profile by 4°C by 

2100 (Metz et al., 2007). The effect of a temperature increase on C cycling is less certain 

in deep saprock, were temperature swings are muted and OC is isolated from high rates 

of microbial activity. However, our results show that OC in saprock is a mixture of 

relatively young and old OM that has experienced different degrees of decomposition. If 

relatively younger OM is entering saprock and diluting the old OM pools (see 

supplemental information), then climatic factors are likely to influence not only the 

amount, but also the composition and persistence of OM in regolith. Specifically, 

temperature exerts a strong control on regolith OC storage and dynamics through both its 

effects on plant productivity and OC input into the deep regolith. Our study provides 

compelling evidence to justify further investigations in different ecosystems of soil and 
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deep regolith OC sensitivity to changes in temperature critical for predictions of future 

response of terrestrial OC to climate (Carvalhais et al., 2014). 
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FIGURES 

 

Figure 0-1 Allocation of organic carbon (OC) in soil and saprock across the bioclimatic 

gradient along the western slope of the southern Sierra Nevada. (a) Bar chart represents 

the OC pool (error bars are standard deviations, N=48) in soil and saprock. Pie charts 

represent the proportion of OC stock in soil and saprock among the four study sites: oak 

savannah (405 m, ponderosa pine/oak forest (ll60 m), mixed-conifer forest (2015 m), and 

subalpine forest (2700 m); (b) mean thickness of soil and saprock at each study site 

(Table 2-3). 
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Figure 0-2. Depth profiles across the bio-climatic gradient of: (a) total organic carbon 

(OC) concentration (%, n = 77); (a(i)) a rescaled portion (2 – 10 m) of the profile data to 

visualize the low OC trends; (b) radiocarbon ∆14C (‰); (c) carbon to nitrogen (C:N) mass 

ratio; (d) the ratios of integrated areas of C=C of aromatic rings to carboxylate COO- 

(1512 cm-1/1400 cm-1); (e) the ratios of C=C of aromatic rings to C=O of amides, 

quinones, and ketones (1512 cm-1/1648 cm-1); (f) the ratio of aliphatic C-H to carboxylate 

COO ((2850 + 2925cm-1)/1400 cm-1); and (g) the ratio of aliphatic C-H to C=O of 

amides, quinones, and ketones to aliphatic C-H ((2850 + 2925 cm-1)/1648 cm-1). Solid 
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color lines represent the mean value; transparent color shading (a) represents the values 

from first quartile to third quartile.   
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Figure 0-3 Correlations between climate variables (a) mean annual air temperature , (b) 

mean annual precipitation , and (c) deep water percolation, and carbon inventory, and 

climate variables (d) mean annual temperature, (e) mean annual precipitation, and (f) 

deep water percolation, and C density in soil and saprock. Note the highest elevation site 

did not contain saprock. Points are mean values; error bars represent the standard 

deviation; n = 55 for soil, n = 22 for saprock; y1 and x1 represent regressions of soil, y2 

and x2 represent regressions of saprock. 
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FIGURE 2-4 Representative of FTIR-DRIFT spectra of the topsoil (A horizon), subsoil 

(BC horizon), and the deepest regolith sample. From left to right depth is 270 cm, 467 

cm, 1067 cm, and 102+ cm, from the lowest elevation to the highest elevation site. 
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TABLES  

Table 0-1 Global scaling of OC stock in regolith. 

 

1. Estimated area of 52.7 million m2. Area includes major climate environments that are 

conceivably warm and wet enough to be relevant to OC inventory, namely: cold very 

wet, cold wet, cold moist, cold semi-dry, cool wet, cool moist, cool semi-dry, warm 

moist, warm semi-dry, hot very wet, hot wet, hot moist, hot semi-dry, very hot very 

wet, very hot wet, very hot moist, and very hot semi dry. 

2. Estimated area of 7.3 million m2. Area includes igneous intrusive rock type within the 

above climate zones that are relevant to our study environment, namely: acidic 

plutonics, intermediate plutonics, and basic plutonics.  

3. Analysis of 6,947 soil profiles from the World Soil Information Service (WoSIS) 

database were used. 
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Table 0-2 Site characteristics along a granitic-derived elevation gradient in the Sierra 

Nevada, California. 

Location 

Name 

Elevati

on 

Mean 

Annual 

Min/Max 

Temperatur

e1 

Mean 

Annual 

Precipitati

on2 

Soil 

Taxonomy3 

Vegetation Communities1 

   

Oak 

savanna

h 

405 9.3~23.5 531 
Coarse-

loamy, 

mixed, 

active, 

thermic 

Mollic 

Haploxeral

fs 

Blue oak (Quercus 

douglasii), interior live oak 

(Quercus wislizeni), gray 

pine (Pinus sabiniana), 

California Buckeye 

(Aesculus californica), 

poison oak (Toxicodendron 

diversilobum) and annual 

grasses 

Pondero

sa 

pine/oak 

forest 

1160 5.5~18.0 878 
Fine-

loamy, 

mixed, 

semiactive, 

mesic Ultic 

Haploxeral

fs 

Mix of Ponderosa Pine 

(Pinus ponderosa) with oak 

(Quercus kelloggii) 

Mixed-

conifer 

forest 

2015 2.7~14.8 1034 
Coarse-

loamy, 

mixed, 

superactive

, frigid 

Humic 

Dystroxere

pts 

Mix of white fir (Abies 

concolor), Ponderosa pine 

(Pinus ponderosa), Sugar 

pine (Pinus lambertiana) 

and incense cedar 

(Calocedrus decurrens) 

Subalpin

e forest 

2700 -1.9~10.2 1078 
Sandy-

skeletal, 

mixed, 

Lodgepole Pine (Pinus 

contorta) and Western 
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Typic 

Cryorthent

s 

White Pine (Pinus 

monticola) 

1 Data from Southern Sierra CZO website http://criticalzone.org/sierra/infrastructure/field-

areas-sierra/ 

2 Mean annual precipitation is extracted from PRISM database in 1981-2010 

3 Major soil units are identified from Web Soil Survey 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://criticalzone.org/sierra/infrastructure/field-areas-sierra/
http://criticalzone.org/sierra/infrastructure/field-areas-sierra/
http://criticalzone.org/sierra/infrastructure/field-areas-sierra/
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Table 2-3 Thickness of soil and saprock along an elevation transect of the Sierra Nevada, 

California. (0.15-0.94 g kg-1)  

Vegetation 

communities 

(elevation) 

Mean soil thickness  

(m) 

Mean saprock 

thickness  

(m) 

Mean regolith 

thickness  

(m) 

Oak savannah  

(405 m) 

1.23 (n = 7) 0.67 (n = 4) 1.62 (n = 7) 

Ponderosa pine/oak 

forest  

(1160 m) 

1.53 (n = 15) 2.45 (n = 10) 4.06 (n = 10) 

Mixed-conifer forest  

(2015 m) 

1.54 (n = 10) 7.55 (n = 6) 9.41 (n = 6) 

Subalpine forest  

(2700 m) 

1.00 (n = 4) 0.00 (n = 4) 1.00 (n = 4) 

Mean±standard error 1.33±0.13 (n = 4) 2.67±1.71 (n = 4) 4.02±1.91 (n = 4) 
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Table 2-4. Carbon stock (kg C m-2) in soil and saprock along an elevation gradient of the 

Sierra Nevada, California. 

 

 

 

  

Vegetation communities 

(elevation) 

Soil Saprock 

Mean Median s.d. Mean Median s.d. 

kg C m-2 

Oak savannah 

(405 m) 

4.51 

 (n=15) 

4.41 1.64 0.44  

(n=6) 

0.44 0.17 

Ponderosa pine/oak 

forest 

(1160 m) 

13.10  

(n=20) 

10.38 9.58 3.81 

(n=10) 

2.77 3.80 

Mixed-conifer forest 

(2015 m) 

19.40 

(n=14) 

15.67 14.93 7.99  

(n=6) 

4.33 5.80 

Subalpine forest 

(2700 m) 

10.70 

(n=6) 

9.60 5.16 NA NA NA 
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Table 3-5. Bulk density (Mg m-3) in pedogenic horizons of regolith profiles along an 

elevation gradient of the Sierra Nevada, California. 

Depth Bulk Density 

cm  

(pedogenic horizon) 

Mg m-3 

Oak savannah  

(405 m) 

Minimum Median Maximum 

0-15 (A) 1.38 1.41 1.69 

15-65 (Bw1) 1.43 1.65 1.80 

65-123 (Bw2) 1.52 1.67 1.83 

123-145 (C1) 1.52 1.56 1.67 

145-270 (C2/Cr) 1.56 1.69 1.80 

Ponderosa pine/oak  

forest  

(1160 m) 

Minimum Median Maximum 

0-25 (O/A) 0.78 0.93 1.07 

25-50 (Bw1) 1.01 1.16 1.28 

50-70 (Bw2/Bt1) 1.08 1.24 1.38 

70-110 (Bt2) 1.08 1.14 1.43 

110-153 (Bt3/BC) 1.12 1.16 1.64 
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153-220 (Cr1) 1.19 1.21 1.22 

220-300 (Cr2) 1.06 1.42 1.60 

300-400 (Cr3) 1.35 1.55 2.12 

400-467 (Cr4) 1.27 1.67 1.84 

Mixed-conifer forest  

(2015 m) 

Minimum Median Maximum 

0-15 (O/A) 0.64 0.84 1.15 

15-30 (BA) 0.91 1.20 1.21 

30-60 (Bw1) 1.23 1.33 1.34 

60-100 (Bw2) 1.07 1.34 1.55 

100-154 (BC/C) 1.13 1.21 1.55 

154-200 (Cr1) 1.20 1.22 1.43 

200-300 (Cr2) 1.23 1.51 1.69 

300-400 (Cr3) 1.35 1.56 1.83 

400-500 (Cr4) 1.54 1.66 1.89 

500-600 (Cr5) 1.44 1.59 1.87 

600-700 (Cr6) 1.48 1.60 1.95 
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700-800 (Cr7) 1.55 1.59 2.12 

800-900 (Cr8) 1.48 1.66 1.94 

900-1000 (Cr9) 1.58 1.70 1.72 

1000-1067 (Cr10) 1.64 1.66 1.67 

Subalpine forest  

(2700 m) 

Minimum Median Maximum 

0-10 (O/A) 1.08 1.28 1.45 

10-20 (AB/Bw1) 1.00 1.28 1.48 

20-30 (Bw2) 1.26 1.40 1.66 

30-50 (Bw3) 1.34 1.39 1.66 

50-90 (BC/C1) 1.52 1.59 1.79 

90-115 (C2) 1.06 1.12 1.36 
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Table 3-6. Carbon density (kg C m-3) in soil and saprock. 

Vegetation communities 

(elevation) 

Soil Saprock 

Mean Median s.d. Mean Median s.d. 

kg C m-3 

Oak savannah 

(405 m) 

3.67 

 (n=15) 

3.58 1.33 0.48 

 (n=6) 

0.47 0.19 

Ponderosa pine/oak 

forest 

(1160 m) 

8.56 

 (n=20) 

5.79 6.26 1.27 

 (n=10) 

0.92 1.27 

Mixed-conifer forest 

(2015 m) 

12.60 

 (n=14) 

10.17 9.70 0.99 

 (n=6) 

0.54 0.72 

Subalpine forest 

(2700 m) 

9.30 

 (n=6) 

8.34 4.49 NA NA NA 
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Table 3-7. C storage proportions of different zones in the entire regolith. 

Vegetation 

communities  

(elevation) 

Proportion of C storage in the entire regolith (%)   

A horizon 0-50 cm 0 - 100 cm Soil Weathered 

bedrock 

Oak savannah 

(405 m) 

32.0 66.2 86.5 91.1 8.9 

Ponderosa pine/oak 

forest  

(1160 m) 

35.5 54.7 71.1 77.5 22.5 

Mixed-conifer 

forest  

(2015 m) 

18.6 42.3 62.6 70.8 29.2 

Subalpine forest  

(2700 m) 

20.0 69.8 98.0 100 NA 

Mean±standard 

error 

26.5±4.2 58.3±6.2 79.6±7.9 84.9±6.6 20.2±6.0 
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CHAPTER 3:  CLIMATIC CONTROLS ON DEEP SOIL ORGANIC CARBON 

DISTRIBUTION AND PERSISTENCE  

ABSTRACT 

Soil stores more carbon (C) than the atmosphere and vegetation combined and plays a 

major role in regulating greenhouse gas fluxes between land and the atmosphere. 

However, most of our current knowledge on soil C dynamics is mainly based on 

observations from topsoil (to 23 cm), yet the average global soil thickness is greater than 

2 m. Large uncertainty remains in our quantification of the spatial distribution of deep 

soil C storage and process-level understanding of climatic controls on belowground C 

storage. Using a bio-climosequence in the Sierra Nevada, techniques including density 

fractionation, Fourier transformed infrared spectroscopy, and radiocarbon were used to 

understand climatic controls on deep soil organic C distribution, persistence, and 

chemical composition. We illustrate that SOC partitioning, persistence, and 

carbon:nitrogen (C:N) ratio of the density fractions varied the most in the transition from 

moisture-limited oak savannah to energy-limited conifer forests and finally to 

temperature-limited subalpine forest. Soil C in the oak savannah site had the lowest C 

concentration, lowest ∆14C value, lowest C:N ratio, highest aromatic:aliphatic ratio in the 

mineral associated heavy fraction pool (HF), and highest concentration of the total soil C 

is in the HF. Results illustrate that these moisture-limited ecosystems store very 

persistent, microbially processed C that it associated with minerals in the topsoil and 

subsoil. As elevation increased, we found more C in the free light and occluded light 

fraction suggesting that physical association of OM with soil minerals (including through 
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aggregation) plays important role in C persistence in locations with higher plant 

productivity. We tested mean annual temperature, mean annual precipitation, deep water 

percolation, actual evapotranspiration, and gross primary productivity on the radiocarbon 

values of the density fraction pools in the topsoil and subsoil. The results indicate that 

actual evapotranspiration and gross primary productivity accounted for a significant 

amount of variability in the persistence of free particulate C suggesting that this labile 

pool is most vulnerable to changes in climate. Variability in the persistence of the topsoil 

mineral associated HF was also significantly correlated to actual evapotranspiration and 

gross primary productivity, suggesting that this fraction is vulnerable to loss by changes 

in climate. Overall, deep soil organic carbon distribution and persistence varies as a 

function of direct and indirect influences of soil properties, including regolith thickness 

and vegetation, that is ultimately governed by climate.  

INTRODUCTION 

Currently, human activity releases 9.2-11.5 Pg of carbon (C) into the atmosphere every 

year causing Earth’s climate to change (Friedlingstein et al., 2019). Limiting global 

warming to 1.5 ºC compared to pre-industrial levels is expected to require a reduction of  

CO2 emissions by 50% before 2030 (IPCC, 2018). The soil system is one of the most 

important and promising solutions for climate change mitigation because it stores more 

than 3,195 Pg of C in the upper 3 m (Jobbágy & Jackson, 2000) amassing more C than all 

of the C in vegetation and the atmospheric combined (Amundson, 2001). The majority of 

soil C research has historically focused on the top 23 cm, even though 30-80% of OC is 

stored below 23 cm and despite studies showing that mean residence time of C in 
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subsoils can reach 20,000 years (Batjes, 1996; Billings & de Souza, 2020; Jobbágy & 

Jackson, 2000; Paul et al., 1997; Paul, 2016; Rumpel & Kögel-Knabner, 2011; Tian et al., 

In review).  

Increasing soil organic C (SOC) persistence and stabilization with depth is one of the 

most important reasons why studies on SOM dynamics should include deep soils. SOC 

stability determines how long SOC persists in a given soil by limiting loss of 

thermodynamically unstable organic compounds from soil (Berhe & Kleber, 2013). 

Generally, with increased depth, SOC concentration decreases and its stability increases 

(Eusterhues et al. 2003; Paul et al., 1997; Scharpenseel et al. 1989). Even though key 

works have expressed the importance of soil depth in understanding the C cycle (Shi et 

al., 2020), an astounding 60% of papers published in four soil journals did not include 

depth in their report and the average depth studied in the 2000s is 23 cm (Yost & 

Hartemink, 2020). This is a major knowledge gap in our understanding of SOC dynamics 

as 85% of soil is estimated to be deeper than 2 m and could be deeper than 50 m 

(Shangguan et al., 2017). Therefore, at a minimum, we currently lack understanding of up 

to 90% of the soil profile. Hence, we only have a cursory understanding of the role of 

deep SOC stocks and its persistence that is needed for developing informed and effective 

set of solutions to mitigate climate change. 

Climatic influence on deep soil C dynamics has not received a lot of attention. This is 

partly due to a long-held assumption that deep C pools do not change with time and that 

they are not likely to be vulnerable to changes in atmospheric warming. However, recent 

studies are showing that changes in temperature affects subsoil OC storage, stability, and 
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stabilization mechanisms, potentially altering the stocks and flux of carbon dioxide (CO2) 

from deep soil to the atmosphere. There are even fewer studies looking at how changes in 

precipitation impact subsoil SOC storage and stabilization. Although C turnover rates are 

slower in deeper soils than in surface soils, recent studies have shown that deep SOC is 

more vulnerable to loss than previously thought (Hicks Pries, et al. 2017; Jia et al., 2019; 

Cornelia Rumpel & Kögel-Knabner, 2011). One soil warming study reported that the 

mean Q10 (increase of soil respiration per 10 °C increase in temperature) value was 25% 

higher in deep soil than surface soil, reflecting a higher sensitivity of deep soils to 

changes in temperature (Hicks Pries et al., 2017).A conservative global extrapolation 

from a in situ warming experiment to 1 m, suggest that the subsoils could lose 3.1 Pg C 

y−1 as a result of 4 °C warming (Hicks Pries, et al. 2018). These findings contribute to the 

growing concern that small changes in the SOC pool could have dramatic impacts on the 

concentration of CO2 in the atmosphere. Unfortunately, a comprehensive analysis on the 

dynamics of deep soil C has not happened until now as few past studies had investigated 

relevant factors (e.g., carbon amount, distribution, persistence mechanisms) at depths 

greater than 1 m (Fierer et al. 2003; Hicks Pries et al., 2017; Jia et al., 2019;  Rumpel & 

Kögel-Knabner, 2011; Zhang et al. 2016).  

Our understanding of how deep soil conditions enable storage and persistence of large 

amount of persistent C remains incomplete. It was long thought that oxygen limitation, 

low microbial biomass, and chemical ‘recalcitrance’ controlled deep C turnover (Jobbágy 

& Jackson, 2000). However, studies show that the primary control on turnover time is 

likely microbial access to C as deep soils are still biologically active (Brewer et al., 2019; 
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Preusser et al., 2019; Stone et al., 2014). However, there is less diverse bacterial and 

archaeal diversity than top soil layers and some taxa become proportionally more 

abundant with depth (Brewer et al., 2019; Schmidt et al., 2011). Recent work has shown 

deep soil organic matter (SOM) can be a mixture of new and old organic matter (Chabbi 

et al., 2009; Tian et al., 2020), that is rendered relatively stable due to burial, aggregation, 

its disconnection with decomposers, and chemical association with soil minerals (Marin-

Spiotta et al., 2014; C Rumpel et al., 2002). C that is protected via physical and chemical 

association with soil minerals typically has slower turnover times than less protected 

pools (Jobbágy & Jackson, 2000). Improved quantification of deep C distribution into 

fractions, mean residence times, and chemical composition can help us to determine how 

C is stored for long periods of time and better understand future trajectories of 

belowground C storage ((IPCC) Intergovernmental Panel on Climate Change, 2014). 

Numerous studies have shown that climate warming is causing species to shift 

geographic ranges to higher latitude and altitude (Root et al., 2003). For example, 

western United States forests are experiencing an upward shift of warmer/drier 

ecosystems influencing a narrowing of climate envelopes where a range of ecological 

communities are adapted to (Crimmins et al., 2010). It is unknown how this shift will 

impact deep SOC turnover. In particular, temperate forests in the western United States 

store a significant amount of SOC (Homann et al., 2007). Despite occupying 25% of the 

land surface, conifer forests in California and Arizona account for ~45% of the regional 

SOC (Rasmussen et al., 2006).  
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In this study, we conducted a whole soil profile accounting of C amount, distribution, 

stability and chemical composition with a goal of deriving mechanistic understanding of 

deep SOC dynamics across a range of vegetation and climates. Our goal is to improve the 

overall understanding of the vulnerability of SOC under anticipated climate change 

scenarios. We conducted this study across soil depth profiles from a series of study sites 

located within the transition from oak savannah to high alpine forests in the Southern 

Sierra Nevada Critical Zone bio-climosequence, where all of the soil state forming 

factors are similar, except climate and consequently vegetation (Dahlgren et al., 1997; 

Trumbore et al., 1996). Specifically, we investigated two critical questions: 

1. How does climate drive partitioning of deep soil C into free particulate, occluded, 

and mineral associated OC fractions? and  

2. How does climate affect persistence of SOM in topsoil compared to subsoil 

horizons? 

Answering these questions will allow us to infer the effects that anticipated climate 

change will have in the Sierra Nevada and implications of upward migration of plant 

communities on the C persistence in the subsoil. 

METHODS 

This study took place in the Southern Sierra Critical Zone Observatory (SSCZO) that 

spans an elevation gradient of 400 to 3,000 m.a.s.l. in elevation among the Southern 

Sierra Nevada Mountains in California. The SSCZO site exhibits a Mediterranean-type 

climate. Along the SSCZO elevation gradient, as elevation increases, air temperature 

decreases, potential evapotranspiration demand is lowered, and precipitation increases 



64 

 

 

(Goulden et al., 2012). Vegetation and changes with elevation due to climate that controls 

soil physico-chemical properties and organic matter (OM) concentrations (Fig. 3-1). The 

oak savannah site receives all of its precipitation from rain. At higher elevations, the 

ponderosa pine, mixed conifer and sub-alpine sites receive precipitation as a mix of rain 

and snow, with higher proportion arriving as snow at highest elevation sites. The percent 

tree cover and height are highest at the mid-elevation sites and lowest at the oak 

savannah. Soils at the oak savannah are classified as Alfisols, Inceptisols and Entisols 

and the ponderosa pine site are classified as Alfisols. The mixed conifer site has both 

Inceptisols and Entisols, and soils at the highest elevation site are classified as Entisols 

with some likely being Inceptisols. 

The SSCZO site is particularly well suited to address the research questions as it is 

located along an elevation transect that allows testing of the effect of climate. The space-

for-time substitution approach employed in our study allows us to infer the effect of 

climate changes on SOC dynamics. Previous studies at the SSCZO location in nearby 

areas (Dahlgren et al., 1997; Harrington, 1958; Jenny et al., 1949;  Trumbore et al., 1996) 

have documented a wealth of observations on a range of variables relevant to this study, 

including ecosystem C exchange, climate, soil water status along the soil profile at each 

elevation zone, geology, and soil development. Detailed description and properties of 

soils in our study sites are available in O’Geen et al., (2018). 

Along the SSCZO elevation gradient (from 400 to 2700 m), as elevation increases, 

average annual air temperature decreases from 14.4 to 4.1 ºC, actual evapotranspiration 

(ET) changes from 395 749, 584, to 260 mm/year, and precipitation increases from 515 
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to 1080 mm/year. Gross primary productivity (GPP) follows a similar pattern to ET with 

the oak savannah site having 480 g C m-2 yr-1, the ponderosa pine is 1900 g C m-2 yr-1, 

and then GPP slightly decreases in the mixed conifer site to 1700 g C m-2 yr-1 and finally 

the sub-alpine site has a GPP of 700 g C m-2 yr-1 (Goulden et al., 2012). Vegetation 

changes with elevation due to climate influencing soil physico-chemical properties and 

OM concentrations. Soils of all sites formed from granodiorite residuum and colluvium 

parent materials. The concentration of OM in soil increased with elevation, reaching a 

peak in the mid-elevation region where our ponderosa pine and mixed conifer sites are 

located, and decreases thereafter (Chadwick et al., 1995; Djukic et al., 2010; Tian et al., 

2020). Weathered bedrock thickness is limited by precipitation at the oak savannah and 

low temperature and glaciation at the high elevation subalpine forest. The bedrock 

thickness of the cooler and wetter mid elevation forests are not limited by climate and 

extend below 10 m (O’Geen et al., 2018; Tian et al., In review).  

APPROACH  

SAMPLING AND SOIL PHYSIO-CHEMICAL ANALYSES   

Four pits were excavated and sampled by genetic horizon at each of the four sites (Fig. 3-

1). Three pits per site that included samples from the soil-atmosphere interface down to the 

C horizon were selected for density fractionation. More detailed description of the sites 

and specific samples we used in this study are available in previous studies conducted at 

the study sites (O’Geen et al., 2018; Tian et al., 2020). Particle size analysis on bulk pit 

samples (40 g air dried and sieved) was performed by the hydrometer (ASTM 152H) 

method after treatment of soils with HCl (there is no carbonate in these systems, however, 



66 

 

 

this step was performed to match comparison of our samples with those from other sites 

outside of the SSCZO (Klute, 1986). Bulk density of soil was measured using the core 

method from three core samples in each horizon (Dane & Topp, 2020).  

Soil pH was measured on air-dried and sieved soil in deionized water with a 2:1 (5 g:10 

ml) mixture for thirty minutes, stirring every ten minutes and measuring the supernatant 

(Sparks et al., 1996). Lithium metaborate fusion was performed to determine total Fe and 

Al concentration in bulk soils (Robertson, 1999). The total elemental concentration was 

determined on an ICP-OES (Perkin-Elmer Optima 5300 DV Inductively Coupled Plasma 

Optical Emission Spectrometer) after soils were air dried, sieved, roots removed via 

floating, and crushed to a powder consistency using an agate mortar and pestle. Values are 

expressed as an oven dry weight using the air to oven conversion (105 ºC for 24–48 h).  

 

CARBON AND NITROGEN ANALYSES 

Bulk soil was air-dried, sieved (2-mm mesh openings), roots were removed, and soil was 

ball milled for 3.5 minutes with two tungsten carbide ball bearings. The light fractions 

(fLF and oLF, see below on separation procedure) were homogenized using an agate 

mortar and pestle and the heavy fraction (HF) was ball milled for 3.5 minutes. Percentage 

of fine-earth fraction (< 2 mm) and coarse earth fraction (> 2 mm) were measured based 

on air-dry mass. Gravimetric water content was determined on air-dried subsamples by 

drying overnight at 105 °C. We tested a subset of samples having the highest pH values 

with 0.01 M hydrochloric acid and in all cases, we did not notice effervescence and the 
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acid pretreatment did not result in a significant reduction in total C. From this we 

concluded that total C was equivalent to total organic C in our samples. Total C and N 

concentration (%) and stable isotope composition 13C were determined on samples 

ground to pass a 180-μm sieve and analyzed by dry combustion (Costech Analytical ECS 

4010 instrument, Costech Analytical Technologies, Inc., Valencia, CA).  

Total OC inventory (Equation 1; Cs, kg C m-2) was calculated from total OC 

concentration (C, g kg-1), thickness of the sample layers (dc, m) and bulk density (ρb, 

Mg/m3), with correction for the weight percent of coarse earth fraction.  

𝐶𝑠 =  ∑ 𝐶 ×  𝑑𝑐 × 𝑝𝑏                                           Equation 1 

DENSITY FRACTIONATION 

Density fractionation was used to separate the SOM into pools that are distinct in 

composition as well as mechanisms of stabilization: free light (debris outside aggregates, 

fLF), occluded (light fraction inside aggregates oLF), and heavy fractions (OM 

chemically bound to minerals, HF) using sodium polytungstate (SPT; Swanston et al. 

2005; Lybrand et al., 2017; McFarlane et al., 2012). To separate the fractions, 30 g of air-

dried, sieved (< 2 mm) soil was initially mixed with 1.7 g/ml of SPT for 24 hours. The 

fLF is first isolated by floating to the top as the supernatant and removed. To break up the 

aggregates and collect the oLF the remaining sample was mixed with more SPT, and 

dispersed using a benchtop mixer and using an ultrasonic energy at 440 J/ml with a 

Branson 450 Sonifier (Branson Ultrasonics, Danbury, CT, USA) probe tip 5 cm below 

the liquid surface (Kaiser & Berhe, 2014). The dense particles (i.e., organic matter 
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chemically bound to the mineral fraction, HF) was then determined from the residue at 

the bottom of the centrifuge tubes. All three fractions were thoroughly rinsed with 0.01 M 

CaCl2  and DI water and the fLF and oLF were filtered and rinsed using 0.8 µm filters 

(Lybrand et al., 2017) 

SOM COMPOSITION USING FOURIER TRANSFORMED INFRARED SPECTROSCOPY   

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy was used to infer 

abundance of chemical functional groups. We used ratios of peak areas under regions 

representing abundance of specific OM functional groups across the FTIR spectrum as a 

proxies for extent of decomposition related processing of OM (Kaiser et al., 2012). All 

bulk soil and density fractions were finely ground to a powder consistency using a ball mill 

(SPEX Sample Prep Mixer Mill 8000C, Metuchen, NJ, USA) prior to analyses. They were 

then dried at 60 °C for 24 hours; oven-dried samples were kept in a desiccator prior to 

analyses to minimize presence of water in the samples we analyzed.  We computed ratios 

of peak areas following methods outlined in (Hall et al., 2018). Mid-IR spectra (400 to 

4000 cm-1) presented in this study were recorded using an IR spectrophotometer (Bruker 

IFS 66v/s, Ettlingen, Germany) and a Praying Mantis DRIFT sampler (Harrick Scientific 

Corporation, Ossining, NY). Finely ground and oven-dried potassium bromide (Aldrich 

Chemical Company, Saint Louis, MO, USA, FT-IR grade) was used as a background 

reference for all FTIR analyses. We used 500 background scans and 500 sample scans with 

a 4 cm-1 resolution and all spectra were tangentially baseline corrected. Peak areas were 

calculated in reference to local baselines to remove impacts from larger spectral features 

and tails and all related calculations were conducted using the “approxfun” and “integrate” 
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functions in R version 0.98.1028 (Hall et al., 2018). Peak areas were used because peak 

area is less sensitive to influences of peak broadening compared to peak heights. 

The FTIR spectra were analyzed to determine level of OM transformation that is derived 

from decomposition using a ratio of peak heights at these areas of interest. Peaks heights 

at 2925 and 2850 cm-1 (spanning 2898–2976 and 2839–2870 cm-1) indicate aliphatic C–H 

asymmetric and symmetric stretches. Peak heights at 1648 cm-1 (spanning 1570–1710 cm-

1) indicate C=O and C=C stretch of amides, quinones, and ketones. A clearly 

distinguishable shoulder at 1512 cm-1 (spanning 1500–1550 cm-1) is indicative of the 

aromatic C=C stretch. A pronounced peak at 1400 cm-1 (spanning 1360–1450 cm-1) reflects 

the carboxylate C–O (COO) stretch.  For band interpretation,  both of groups functional 

overlapping  in frequencies vibration may have substances organic and mineral

wavenumbers (Demyan et al., 2012; Gerzabek et al., 2006; Hall et al., 2018; Ryals et al. 

2014).  

For band interpretation, it must be considered that functional groups of both mineral and 

organic substances may have vibration frequencies in some of the same or overlapping 

wave numbers. We conducted ashing experiment to ensure that the spectral features we 

interpreted for OM are indeed derived from OM (see Chapter 3) for more information on 

this). 

RADIOCARBON ANALYSES 

Radiocarbon analysis was conducted on all bulk soil and fractions after sealed-tube 

combustion of OC to CO2 (with CuO and Ag) that was then reduced onto Fe powder in 

the presence of H2 (Vogel et al., 1984). Radiocarbon values were measured in 2019 on 
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the 1 MeV NEC compact accelerator mass spectrometer at the Center for Accelerator 

Mass Spectrometry at the Lawrence Livermore National Laboratory. Radiocarbon 

isotopic values were corrected for mass-dependent fractionation with measured δ13C 

values, and were reported in ᐃ- notation corrected for ∆14C  decay since 1950 (Stuiver & 

Polach, 1977) through normalization of the absolute activity of Oxalic Acid 1. For this 

purpose, we relied on organic matter δ13C values that were determined at the University 

of California Merced using a DELTA V Plus Isotope Ratio Mass Spectrometer (Thermo 

Fisher Scientific, Inc.). Several secondary standards (TIRI wood, Oxalic Acid 2, ANU) 

and a coal background were run alongside the unknowns for quality control. Ten 

randomized samples were split and tested twice for ∆14C to determine precision of the 

measurements, which was 3 ‰ on average.  

We estimated turnover times of SOM in bulk soil and all the fractions using a time-

dependent steady-state model (Equation 3-2). The turnover time for a given fraction or pool 

is the inverse of mean residence time and estimates the average time C atoms spend in a 

given pool before leaving that pool (Rodhe, 1992; Trumbore, 2000). The proportion of C 

in the fractions and their ∆14C were averaged for all three pits and used to constrain the 

model (Marín-Spiotta et al., 2008; Torn et al., 2009). This model calculated the Δ14C of 

each of the pools by varying turnover times to align with the measured Δ14C of bulk soil 

(Gaudinski et al., 2000; McFarlane et al., 2013; Torn et al., 2002). Atmospheric Δ14C (used 

to calculate F′atm) was compiled from several references (Hua & Barbetti, 2004; Levin & 

Kromer, 2004; Stuiver et al., 1998). Values after 2003 are calculated as the global mean 

∆14CO2 taken from (Graven et al., 2012) assuming a 5 per mil/year decline. A three-pool 
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model was used to determine the fraction turnover time of all three fractions at the same 

time. Turnover time was estimated using the following equation (Torn et al., 2009): 

𝐹′𝑆𝑂𝑀 (𝑡) = [𝐼 × 𝐹′𝑎𝑡𝑚 (𝑡−1) + 𝐶(𝑡−1)𝐹′𝑆𝑂𝑀 (𝑡−1) (1 − 𝑘 − 𝜆)]/[𝐶(𝑡)]          Equation 3-2 

where F′ = (Δ14C × 1000−1) − 1 (or absolute fraction modern); I = inputs of carbon to a 

given SOM pool or fraction (g C m−2 y−1) which are calculated by 1/turnover 

time; C = Stock of C for the given SOM pool (g C m−2); k = Decomposition rate constant 

of the given SOM pool (year−1);  F′ atm = the ∆14C value of atmospheric 

CO2; F′ SOM = the ∆14C  value of the given carbon pool; λ = radioactive decay rate 

of ∆14C (year−1); and t = year in which calculation is being performed. Fit was determined 

by non-linear least squares using the solver function.  

This model (Equation 3-2) makes two important assumptions. The first assumption is that 

the system is in steady state were the inputs are equal to the outputs. The second assumption 

is that the pools are homogenous in regard to the ∆14C value. But it is important to note 

that inputs to a given SOM fraction or pool, especially in deep soils, likely have a longer 

lag time than surface soils and C may cycle from one fraction or depth to another as organic 

compounds are assimilated and transformed by microbes. Therefore, calculated turnover 

times are best interpreted as the residence time of C in the ecosystem rather than in the 

given fraction (McFarlane et al., 2013). 

DATA ANALYSES 

Data are presented with mean +/- standard error. ANOVA was performed on average clay 

%, pH, bulk density, and total Fe and Al concentrations to test if there existed statistically 
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significant differences in their means based on site. Pairs of means at the different depths 

and sites were also compared using the Tukey‐Kramer HSD test, and simple linear 

regression was used to assess the proportion of variability in the dependent variables 

(clay %, pH, etc.) that depends on variability in a series of independent variables (site). 

For all statistical tests, a significance level of p < 0.05 was set a priori. All statistical tests 

were performed using R version 1.1.456.  

Choosing a climatic variable or proxy that accurately depicts how elevation effects 

temperature and precipitation along a climosequence is complex because there is an 

increase in precipitation and decrease in temperature as you move up in elevation. 

Numerous soil science studies have reported mean annual temperature (MAT) and mean 

annual precipitation (MAP) as the key climatic variables, however these variables highly 

covary with each other in our sites, and these atmospheric variables are also expected to 

be less relevant for deep soil layers because they do not portray microclimate variables 

and these soils formed a long time were the climate was different than current mean 

annual estimates. GPP and actual evapotranspiration (ET) had the lowest covariation 

amongst the climate variables tested (MAT, MAP, deep water percolation (DWP=MAP-

ET), ET, GPP). We choose to analyze all of their relationships to C stabilization to see 

their impact and compare to other studies that often report MAT and MAP with C 

dynamics. We used  mixed effects models to assess at the relationship on how climate 

controls C stabilization. We used climatic variables (i.e., GPP and evapotranspiration) as 

the fixed effects and the independent variable of ∆14C (per mil) of each topsoil and 
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subsoil fraction combined for all of the sites. R-squared and p-values were calculated for 

each fraction within either topsoil (< 30 cm depth) or subsoil (> 30 cm depth).  

 

RESULTS 

Bulk density generally increased with depth across all of the sites and ranged from 0.92 

kg/m3 in the topsoil A horizon to 1.67 kg/m3 in the Cr horizon (Table 3-1). Clay % 

increased from the A to B horizons in all sites, and in the mid-elevation sites showed an 

increase from the B to C horizons. The highest and lowest elevation sites had lower clay 

concentration compared to mid-elevation sites. Soil pH of all sites remained within a small 

range of 5.20 to 6.14 and was relatively constant with depth across all of the sites (Table 

3-1). Total Fe and Al in bulk soil were highest at the mid-elevation sites, showing slight 

increases with depth only in the soil profiles at the mid-elevation sites. At the oak savannah 

and sub-alpine sites total Fe and Al concentrations decreased with depth (Table3-1). Total  

Fe and Al exist in the Cr horizons at the mixed conifer site with 10.13 mg/g of Fe and 49.85 

mg/g of Al. Simple linear regressions were performed to test if there are significant 

differences between site for all of the variables in Table 3-1. None of the variables varied 

significantly with site; with the exception of Al (p = 0.002, adj. R2 = 0.65) and Fe (p = 0.02, 

adj. R2 = 0.47, n=14) that showed statistically significant differences across the SSCZO 

bio-climosequence.  

The concentration of C of the fLF and oLF were relatively similar with depth, while the % 

C in the HF showed a drastic decrease with depth across all sites (on average about 50%), 

especially below 30 cm soil depth (Fig. 3-2. a,f,k). The ponderosa pine site had the highest 

% C in the fLF and oLF (Fig. 3-2 a,f). We found higher %C in the topsoil oLF (42–47 %) 
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compared to the other fractions (oLF ranged from 26-36% C and HF ranges from 0.5 to 

1.5% C), which stayed consistent with depth. The proportion of total C recovered in the 

fLF decrease with depth, for the oak savannah and mixed conifer, while the fraction of C 

in the HF generally increases with depth for the oak savannah and sub-alpine sites (Fig. 3-

2. b,g,i). Radiocarbon concentration (∆14C) increased with depth for all fractions, with the 

most depleted samples being found in the aggregate and mineral associated HF pools, 

except in the ponderosa pine site where the pattern with depth was variable (Fig. 3-2. 

c,h,m). The C:N ratio of the fLF and oLF increased with depth. However, in the HF, as in 

bulk soil, C:N ratio consistently decreased with depth (Fig. 3-2. d,i,n). The oak savannah 

displayed the lowest C:N in all fractions with depth. The mixed conifer site had the highest 

C:N typically but not always (Fig. 3-2. d,i,n). The stable C isotopic composition of 13C in 

the fLF and oLF across the depth profiles was observationally identical, where the 13C in 

the HF became heavier with depth below 25 cm. We observed a very small change in 13C 

of fLF and oLF with depth across all sites, except in the oak savannah site where 13C 

decreased with depth below the A-horizon. The oak savannah site was lighter in 13C  in 

every fraction compared to the other sites (Fig. 3-2. e,j,o).  

C PARTITIONING ACROSS FRACTIONS IN TOP VS. SUBSOIL 

The largest difference in partitioning of C among the density fractions was driven by 

ecosystem differences between the lowest elevation oak savannah and the forested sites. 

Relative partitioning of the soil C in fractions showed that greater than 80% of the C in the 

oak savannah subsoil is in the HF pool and with increases in elevation more fLF and oLF 

are in the three forested systems (Fig. 3-3). The highest proportion of C in oLF, and the 
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largest difference between the topsoil and subsoil, was also found in the oak savannah. As 

elevation increases beyond the mid-elevation ponderosa pine site, we observed the 

proportion of C in the oLF progressively decreased. The highest proportion of fLF was 

observed in the subsoil at the two highest elevation. The proportion of C in the mineral 

associated HF fraction accounted for the largest proportion of C throughout all of the sites 

from the topsoil to subsoil.  

PERSISTENCE OF OC IN TOPSOIL VS SUBSOIL 

The ∆14C values show the oak savannah site had the most depleted free light (-238‰) and 

heavy fractions (-570‰) out of all of the ecosystems we studied (Fig. 3-4). The most 

depleted oLF was in the mixed conifer subsoil at (-359‰). We observed a relatively 

smaller difference in ∆14C of fLF in topsoil compared to the subsoil across the elevational 

gradient (Fig. 3-4). Generally, in the A horizon the fractions where all enriched in ∆14C 

with modern values. In the mid-elevation sites, there was less depletion in topsoil in all 

fractions. However, at the highest elevation site, we observed a slight depletion in ∆14C in 

the topsoil. Most surprisingly, we found that OC in fLF can persist in subsoils from 

centuries to millennia. Overall, the subsoil C in oLF and HF had a lower value (older) than 

topsoil. Mid-elevation sites, with highest proportion of soil C stock in subsoil, had oLF that 

is similarly depleted compared to HF.  

Soil C distribution and ∆14C data were combined in a three-pool steady-state model (Eq. 

3-2) to estimate mean turnover time of the fractions. We found that SOM in all fractions 

was older with depth (except the sub-alpine site), with the oLF and HF being the oldest. 

The turnover time of the fLF ranges from 1 to 1,366 years, with the longest turnover times 
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recorded in the B horizons. The ponderosa pine fLF turnover time is less than 10 years in 

the top and subsoil and the mixed conifer site exhibited a slightly longer fLF turnover time 

with depth and is generally consistent with depth below the A horizon. The fLF turnover 

time of the oak savannah and sub-alpine site peak in the B horizon. The turnover time for 

the oLF ranged from 177 to 4,685 years with the longest turnover times in the deepest soil 

samples with peaks in the B horizon. Except in the mixed conifer and oak savannah that 

had the longest turnover times in the deepest sample. The HF turnover time ranged from 

207 to 4,924 years, with a general observed increase in turnover time with depth with the 

longest times being in the deepest samples. Except for the sub-alpine site where the 

turnover time mirrors the fLF and oLF turnover times peaking in the B horizon.  

Table 1 presents results from the mixed effects models in the all the fractions in the topsoil 

and subsoil and five measures of climate in order to determine the relative contribution of 

climate to C persistence. Out of all of the climatic variables tested, GPP and ET have the 

lowest p-values and largest conditional R-squared values (explains R2 of the entire model 

and not just the fixed factor alone) with the topsoil fLF and HF and subsoil fLF. The 

strongest observed variation in C persistence in the topsoil and subsoil fLF can be 

explained by GPP and ET with up to 70% of the variability in subsoil fLF can be explained. 

The second highest correlated climatic variable to ∆14C is MAT and MAP, however it has 

much lower conditional R-squared values compared to ET and GPP. The topsoil fLF was 

the only pool that correlated to MAT (p=0.044, r2c =0.171). The subsoil HF was the only 

pool that correlated to MAP (p=0.010, r2c= 0.17). The topsoil oLF was the only pool that 
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correlated to DWP (p=0.049, r2c=0.166). Most of these relationships are not statistically 

significant. 

CHEMICAL COMPOSITION OF FRACTIONS  

DRIFT-FTIR spectra, that we used to determine bulk composition of SOM in the density 

fractions, showed peaks at 2925 cm-1 that correspond with aliphatic C-H vibrations 

(Stevenson, 1995). Topsoil peaks at 2925 cm-1 were sharper for the fLF and oLF compared 

to the HF. At the oak savannah site HF has sharper peaks at the 2925 cm-1 in both the topsoil 

and subsoil compared to the other sites, except the topsoil ponderosa pine peak (Fig. 3-6). 

The fLF and oLF peak at 1620 cm-1 corresponds with aromatic C=C stretching and/or 

asymmetric COO- stretching but can also indicate C=O vibrations (Stevenson, 1995). The 

1620 cm-1  peak is observed to be higher in the fLF and oLF compared to the HF at all sites 

and depths (Fig. 3-6). The peak at 1512 cm-1 corresponds to aromatic C=C stretching 

vibrations and the 1390 cm-1 peak is the OH deformation and C-O stretching (Stevenson, 

1995). The HF samples in both the topsoil and subsoil for all sites, except the ponderosa 

pine, exhibited a sharp peak at 1390 cm-1 compared to the fLF and oLF (Fig. 3-6). Peaks 

at 1980 and 1870 cm-1 are indicative of Si-O vibration of quarts mineral, while peaks at 

915, 810, 690, 670 cm-1 represent clay and quarts minerals. Sharp peaks at 3696 and 3622 

cm-1 that are of O-H stretching of clay minerals (Nguyen et al., 1991). The HF exhibited 

higher peaks and larger peak areas at 1980 cm-1 and 3696 cm-1 especially in the subsoil oak 

savannah and mixed conifer sites, reflecting higher relative abundance of Si-O and clay 

minerals compared to the fLF and oLF (Fig. 3-6).  
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Our DRIFT-FTIR analyses showed presence of complex and heterogeneous mixture of 

compounds in SOM across the fractions and depth gradients in the bio-climosequence (Fig. 

3-6). To determine level of OM transformation that is associated with decomposition, we 

used an index of decomposition based on ratio of peak area under aromatic to aliphatic 

chemical constituents (Hall et al., 2018; Kelly & Goulden, 2016). Different stabilities of 

these functional groups of SOM were  of strength or state energy the of basis the used as 

 than stable being less H–C aliphatic as such groups, functional the of chemical bonds

 bonds. C = C aromatic FTIR based composition of SOM shows an increase in the area 

under the peak in aromatics in HF (leading to a ratio range 4-8) compared to both fLF and 

oLF (ratio range 1-2; Fig. 3-7). Both fLF and oLF had a similar ratio with depth and among 

sites with a small range between 1 and 2. In the HF, the oak savannah had a lower ratio 

compared to the other sites. The fLF and oLF exhibited higher peaks at both aliphatic and 

aromatic regions compared to the HF, with higher peak heights and larger peak areas in the 

aliphatic region, whereas HF exhibited higher peaks in the aromatic region and much lower 

peaks in aliphatic regions (Fig. 3-6). 

DISCUSSION 

Recent studies suggest that subsoil SOC is vulnerable to future change in climate and that 

the subsoil (down to 1 m) alone could respire equivalent to 30% of current fossil fuel 

emissions if the temperature increases by 4 ºC (Hicks Pries et al., 2017). In order to 

improve our understanding of how climate controls the current state of subsoil SOC, we 

quantified how soil C stock and stabilization mechanisms vary with depth. Across the 

SSCZO bio-climosequence we covered in this study, previous studies had shown that the 
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soils’ physico-chemical properties show a systematic response to changes in climate 

(Dahlgren et al., 1997; Jenny et al., 1949; Pellegrini et al., 2018; Trumbore et al., 1996) 

making it an ideal location to answers our questions on climatic controls on deep soil C 

distribution and persistence. 

CLIMATIC CONTROLS ON DISTRIBUTION OF SOC INTO FLF, OLF, AND HF  

Worldwide, SOC stocks generally increase as MAT decreases and cool/cold, humid 

regions typically have C-rich soils (Hobbie et al., 2000; Post et al., 1982; Stockmann et 

al., 2013). Along the SSCZO bio-climosequence, GPP was highest at ponderosa pine and 

mixed conifer sites which were located at mid elevation and climate was most conducive 

to plant productivity (Dahlgren et al., 1997; Goulden et al., 2012). Our results show that 

there was an increase in the proportion of unprotected fLF OC in both topsoil and subsoil 

with increasing ET except at the highest elevation subalpine site (Fig. 3-3), following the 

observed pattern in GPP (Goulden et al., 2012). A similar pattern was observed in 

another climosequence in Arizona that transitions from a desert arid ecosystem to conifer 

forest (Lybrand et al., 2017). Across the elevation gradient, we observed that the HF 

started to account for an increasing proportion of total C with depth, while contribution of 

the fLF declined. Typically, studies that analyze density fractions over the entire soil 

profile have shown declining contributions of fLF OC to total OC with soil depth due to 

increases in input of OM from plants in various degrees of decomposition (Kögel-

Knabner et al., 2008). We observed that the amount of fLF in the soil profiles mirrored 

increases in GPP (Fig. 3-1). At the subalpine site, which is colder and had lower GPP 

compared to the other sites, we observed that the oLF comprises the lowest proportion of 
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total SOC and has a shorter turnover time compared to other sites (Fig. 3-3,3-5). This 

aligns with previous work in our study bio-climosequence that confirmed that high plant 

productivity in our mid-elevation sites is driven by optimal climate for biological 

processes and soil weathering (Dahlgren et al., 1997; Goulden et al., 2012). Our results 

show that climate indirectly controls C partitioning in to the different fractions through its 

influence on above and below-ground sources of OM (vegetation) and extent of soil 

aggregation (as dictated by weathering, colloid and ionic redistribution in the soil profile, 

and availability of OM) that plays important role for soil C persistence.   

CLIMATIC INFLUENCE C PERSISTENCE IN TOPSOIL COMPARED TO SUBSOIL  

Subsoil SOC can be a mixture of new and old SOC (Chabbi et al., 2009; Rumpel & 

Kögel-Knabner, 2011; Tian et al., 2020) that is stabilized through physical and chemical 

association with soil minerals (Marin-Spiotta et al., 2014; Rumpel et al., 2002). 

Generally, with increased depth, SOC concentration decreases and its stability increases, 

as inferred from radiocarbon-based turnover rates or decomposition rates derived from 

incubation experiments (Eusterhues et al., 2003; Paul et al., 1997; Scharpenseel et al., 

1989). This general trend with depth (SOC decreases and stability increases) was also 

observed in our study for all subsoil fractions, indicating that deep soils effectively store 

C over millennial timescales, especially in the drier oak savannah site (Fig. 3-3 and 3-4).  

Much of our previous understanding of belowground C turnover was based on data 

collected from topsoil and bulk soil samples, overshadowing the important role of depth 

in persistence of SOC across all fractions. In dry conifer forests of the western United 

States, fLF typically consist of intact and partially degraded plant parts and pyrolyzed C, 
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with a relatively fast turnover time (Lybrand et al., 2017; Wagai et al., 2009). The 

occluded fraction is mix degraded plant parts and pyrolyzed C with a relatively long 

turnover time (Fig. 3-5). Longer turnover times of oLF was also seen in Arizona 

(Lybrand et al., 2017; Rasmussen et al., 2005). The relative stability of C in dry western 

US conifer forests contrasts with results from wet temperate and tropical systems, where 

the occluded fraction generally exhibits residence times similar to that of free light C, and 

mineral C fractions exhibit the longest residence times (Crow et al. 2007; Marín-Spiotta 

et al., 2008; McFarlane et al., 2013). Moreover, current studies, particularly ones that 

have a topsoil focus, indicate that the most effective storage mechanism for SOC is 

attachment to minerals (Hemingway et al., 2019) and some studies included the oLF as 

being important to persistent C (Rasmussen et al., 2005). Our results expand this 

understanding of C persistence in western conifer forests and oak savannah by indicating 

that all three topsoil fractions stored C with turnover times up to 1,500 years and the oLF 

and HF had consistently more depleted 14C (older) signatures than fLF (Fig. 3-2,3-4).  

This suggests that studies that focus solely on topsoil and mineral association may skew 

our understanding of C persistence as they overlook long-term C persistence in the fLF 

and oLF. 

We showed that fLF becomes more depleted in ∆14C (i.e. older) (Fig. 3-2) with depth at 

all sites suggesting that transport and existence of particulate OM to deeper soil layers 

can lead to long term persistence of C, for up to millennia. Large portions of fLF exist at 

all sites, with ∆14C ages ranging from modern in near surface layers and up to ~1,000 

years old in deep soil and the longest turnover times being 1,360 years (Fig. 3-2 and 3-4). 
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The fLF in our study systems was composed of plant/root-like structures identified by 

microscopic observations (not included). This suggests that subsoil drier conditions likely 

limit rates of OM mineralization specifically in oak savannah. The shorter turnover rates 

of topsoil fLF along with slower turnover fLF in deep soil layers suggests that this 

typically faster cycling pool (more labile) of OM could persist for a longer time period if 

it was translocated to deep soil layers. However, we also show that fLF is likely most 

vulnerable to changes in climate in both the topsoil and subsoil, as suggested by the 

correlation of proportion of C in fLF with ET and GPP (Table 3-1). Our FTIR work also 

showed that the mostly plant/root like fLF is enriched in typically labile aliphatic 

compounds (compared to aromatics; Fig. 3-7) compared to the HF OC. The persistence 

of fLF in deep soil layers is then likely attributed to both its source of OM and reduced 

microbial activity with depth (Brewer et al., 2019).  

Chemical binding of organic compounds to reactive soil minerals (as represented with 

proportion of C in HF) was most effective at the drier sites along our study bio-

climosequence. We found that top- and sub-soil HF OC is most depleted in ∆14C (oldest, 

longer turnover time) in the oak savannah and subalpine site (Fig 3-3). Specifically, in the 

subsoil, the mineral-OC becomes less depleted (younger, faster turnover time) as the sites 

increase in elevation (higher GPP, vegetation, lower MAT, higher MAP). Even though 

the HF stores C for similar periods of time compared to the oLF, the mineral portion of C 

accounts for over 50% of C at all sites (Fig. 3-1), suggesting that it is important for at 

least 50% C that is remaining in the profile.   
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Clay content is positively correlated with preservation of SOM and higher clay 

percentages typically leading to lower decomposition rates because the clay minerals 

protect SOM from decomposition (Balesdent et al., 2000; Xu et al., 2016). All of our 

study sites had low clay content, with the highest percent clay values observed in soils at 

the oak savannah and ponderosa pine sites (lower elevation sites) and in the B horizons 

(Table 3-1). The type of dominant association mechanisms of organic matter and 

minerals depends on various factors, including OM characteristics, reactivity of minerals, 

surface area, cation availability, presence of Fe and Al oxides (produced by weathering), 

pH, and redox conditions (Lehmann & Kleber, 2015; von Lutzow et al., 2006). The 

topsoil (0–50 cm) clay mineralogy at these sites displays a general trend with increasing 

elevation of increasing desilication and hydroxy-Al interlayering of 2:1 layer silicates 

(Dahlgren et al., 1997). As elevation increases there is more extensive weathering, which 

leads to lower CEC and higher concentration of Fe and Al oxides in soil that may 

facilitate mineral-OM associations with ligand exchange reactions that were previously 

shown to be associated with longer turnover times of SOM (Mikutta et al., 2007). Even 

though we did not explicitly test abundance of metal oxides in this study, based on 

previous data collected at our study sites (Dahlgren et al., 1997; O’Geen et al., 2018; 

Rasmussen et al., 2005) and other temperate forests (Porras et al. 2017), we can infer that 

OM at the lower elevation is more likely to be stabilized through ion exchange while OM 

is more likely stabilized by ligand exchange type reactions at higher elevations. If this 

holds true, it could help to explain why the temperature-limited subalpine site and water 

limited oak savannah site store millennia old C (Fig. 3-2) in the B horizon. Even though 

the pH and clay are not statistically different between sites and total Fe and Al 
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concentration is lower in the highest and lowest elevation sites compared to the mid-

elevation sites (Table 3-1).  

Mineral protection has been proposed to be the most effective storage mechanism 

globally because of the high activation energy required to mineralize C that is bound to 

minerals (Hemingway et al., 2019; Lybrand & Rasmussen, 2015). However, our data 

suggests that C persists longer inside aggregates (as indicated by lower values of oLF 

∆14C) while mineral protection of C (as indicated by ∆14C of the HF and proportion of 

HF) is strongest at the driest site. It is likely that physical association and chemical 

binding of organic compounds with minerals protects SOC from loss as abundance and 

strength of aggregates and the amount of C protected as oLF are heavily influenced by 

organo-mineral and mineral-mineral interactions (Oades et al., 1991; Six et al., 2000, 

(Lehmann et al., 2007). 

The results from the mixed effect model that included the ∆14C of the topsoil and subsoil 

fractions and several climate parameters (GPP, MAT, MAP, DWP, and ET) indicated 

that the persistence of the fLF significantly correlates to GPP and ET (Table 3-1). A 

previous study along the same bio-climosequence indicated that bulk SOM turnover in 

topsoil was sensitive to temperature (Trumbore et al., 1996), in agreement with our 

findings that show fLF in the topsoil is responsive to climate. Furthermore, subsoil fLF 

and HF correlate to climate, especially GPP and ET suggesting that climate change may 

influence the persistence of C in these pools (Table 3-2). The oLF may be more resistant 

to changing climate because it does not show strong variability as function of any of the 

climate variables we investigated, except for slight association with DWP (p = 0.049, r2 = 
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0.166). This suggests that more labile fLF throughout the profile is likely to be more 

vulnerable to changes in climate than the other fractions. ET and GPP also significantly 

correlated to the topsoil HF, suggesting that only in the topsoil is mineral associated HF 

C vulnerable to changes in climate. In contrast, findings of this study show that topsoil 

and subsoil oLF and subsoil HF persistence are not closely tied to climate.   

CLIMATIC CONTROLS ON PERSISTENCE OF TOPSOIL COMPARED TO SUBSOIL C 

Higher aromatic:aliphatic ratios derived from FTIR indicate more OM processing (Hall et 

al., 2018; Ryals et al., 2014). Faster turnover times have been associated with SOM with 

hydrolysable chemical bonds of saccharides and aliphatic-C, and the more persistent 

fraction is made up of aromatic or other macromolecules derived from lignin, lipids, 

waxes, suberins, cutins and pyrogenic OC (von Lutzow et al., 2006). Our FTIR results 

showed there is an increase in aromatics in the HF compared to both fLF and oLF (Fig. 3-

7). Overall, the most significant relationships are between the topsoil and subsoil fLF 

persistence and ET and GPP, aligning with our ∆14C results and estimated turnover time 

(fLF being younger, faster cycling time).  Likely associated with higher GPP and 

belowground root abundance (not measured). The fLF and oLF are similar in the entire 

spectra to one another for all sites and depths (Fig.3-6). Both the fLF and oLF have a 

similar aromatic:aliphatic ratio across all depths and sites. Interestingly, even though oLF 

is not highly processed, it is depleted in ∆14C suggesting that chemical composition is not 

always a good indication of persistence (Fig. 3-3 and 3-4).  

The spectra for all sites show similar patterns from the topsoil to the subsoil. Aliphatic-C 

intensities are higher in the topsoil and decrease with depth indicating less processing in 
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the topsoil (Fig. 3-7). Decreases in peaks assigned to aliphatic methyl, polysaccharides, 

and alcohol functional groups from the topsoil to subsoil are likely due to preferential 

degradation of these compound types by soil microbes compared with condensed 

aromatic structures, at least in the short-term (Hsu & Lo, 1999; Paul, 2016; von Lutzow 

et al., 2006). This pattern matches the decrease in the C:N ratio with depth, indicating 

that it is a useful proxy for decomposition (Fig. 3-2). Subalpine and ponderosa pine sites 

have varying intensities in the topsoil compared to the other two sites, that is likely due to 

differences in clay content (aromatic OM selectively sorbs to clay minerals (Mikutta et 

al., 2007), vegetation type, Al and Fe content, and soil genesis (Falloon & Smith, 2006); 

Table 1).  

We expected the C:N ratio to decline from fLF to oLF reflecting oxidation of organic C 

compounds by heterotrophic microbes, while N is relatively conserved in the microbial 

biomass owing to microbial N demand (their biomass has a much lower C:N ratio than 

plant biomass). However, this is not the trend we observed in both aromatic:aliphatic and 

C:N ratios with depth across the bio-climosequence (Fig. 3-1,3-6). (Wagai et al., 2009) 

compiled density separations and found that most soils had a higher C:N ratios in oLF 

than fLF, with differences in C:N of up to 10–20 units in some forest soils consistent with 

our results. HF had consistently lower C:N ratios implying that post-sonication, HF is 

dominated by microbially processed compounds and/or N-rich compounds, such as 

peptides, with little inclusion of high C:N fresh plant detritus. Lower C:N in the oak 

savannah site compared to the forested sites possibly exists because forest soils contain 

source materials with wider ranges of chemical compositions or different avenues that 
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SOM gets into soil: as litter deposition in forests and as root cell exudation in grasslands 

(Dietz et al., 2020). This trend was also noted in a meta-analysis of grassland and forested 

soils (Wagai et al., 2009). We observed a observable difference between the of C:N ratio, 

13C, and 14C of the oak savannah compared to the forested sites likely driven by 

differences in rate of OM decomposition (consistent to findings of (Wagai et al., 2009)).   

Past studies in this area suggested that major portions of the oLF is derived from selective 

preservation of char or other persistent biomolecules that are typically lighter in  13C 

(Badeck et al., 2005). One study cited that the reason for older OC in the oLF is due to 

abundance of char in this fraction (Lybrand et al., 2017). However, our FTIR results do 

not suggest that OC in this fraction are enriched in char, as was also the case in (Lavallee 

et al., 2019). 

FATE OF SUBSOIL C AFTER CLIMATE CHANGE 

Climate change has and is expected to shift distribution of precipitation types with 

significant implications for a range of ecosystem processes. Along the SSCZO bio-

climosequence (Dahlgren et al., 1997; O’Geen et al., 2018) the expected change in 

climate includes shifting of the winter rain-snow transition zone to higher elevations with 

accompanying upward movement of the upper tree line by 300-500 m (Dahlgren et al., 

1997). Dahlgren et al., (1997) suggested that the change caused by this shift would cause 

a net loss of SOM and no appreciable net change in rates of carbonic acid weathering. 

Our data show that that climate change and consequent shifting of the rain-snow 

transition zone and upper tree line could unfold via climate’s impact on multiple key 

processes that play major role in soil C cycling. Our results show how vegetation (GPP) 
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exerts important influence on C partitioning into the three fractions (C free from 

association with minerals, C that stabilization through formation of physical associations 

with soil minerals, and C that is chemically bound to the surfaces of soil minerals). 

Furthermore, the variability in soil C turnover rates that we found in this study suggest 

that if vegetation changes it will likely shift the partitioning and turnover times of OC 

throughout the soil system. In lower elevations (oak savannah and ponderosa pine) that 

are expected to become drier/hotter, we can expect larger shift towards mineral protection 

and less C stored in the soil overall that is older (with slower transit time). Due to cooler 

temperatures, less biota (micro and macro), substrate availability (more roots, less fLF), 

and increased association with minerals, the subsoil may have much longer turnover 

times. In the highest elevation subalpine site weathering may be intensified with warming 

and shift of precipitation from that dominated by snow to rain, increasing the thickness of 

saprock and concentration of Fe and Al oxides leading to higher rate of C stabilization in 

soil over longer periods of times. Our results indicate that topsoil fLF, HF and the subsoil 

fLF are likely to change in response to changes in ET and GPP possibly indicating that 

with future changes in temperature and precipitation the fLF pool is likely to be most 

susceptible to climate change in the subsoil. We expect the changes in C stored in fLF to 

be highest in the lowest and highest elevation sites. 

CONCLUSIONS 

Our results show major differences in SOC partitioning and persistence that are driven, at 

least partially, by climate. We showed that lower-elevation, moisture-limited ecosystems 

store highly persistent and microbially processed C that it associated with minerals in the 
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topsoil and subsoil. We also found that with increases in elevation there is non-linear 

increases in soil C driven by interactions among ET, GPP, and decomposition rates along 

elevational transect. Our data indicate that the fLF and oLF OC proportion increased with 

elevation, suggesting mineral protection is important for long term storage in locations 

with lower ET/GPP. In contrast, aggregation plays important role in OC persistence in 

locations with higher ET/GPP. We demonstrate that even unprotected OC can persist 

over long periods of time and that physical association of OM with minerals in soil can 

play an important role in long-term stabilization of subsurface OC across the bioclimatic 

gradient. Moreover, our results show that C in fLF in both the topsoil and subsoil is likely 

to be vulnerable to changes in climate. We conclude that deep SOC stock and persistence 

as a function of climate cannot be easily predicted from observations of near-surface soil 

C dynamics. Deep soil OC inventory and persistence varies as a function of direct and 

indirect influences of climate on soil physical and chemical properties, including regolith 

thickness. Along the SSCZO elevation gradient, climate exerts strong influences on 

weathering and vegetation ultimately influencing partitioning and persistence of OC 

throughout the soil profile, specifically the more labile fLF portion.  
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FIGURES  

 

Figure 0-1. Conceptual  model of the SSCZO, showing elevation and climate gradient, 

with regolith properties, vegetation, and temporal feedbacks in the study site. 

 

  



105 

 

 

 

Figure 0-2. Mean percent C, soil C distribution in each fraction, Δ14C, C:N, and the 13C 

in (a-e) fLF, (e-h), oLF, and (k-o) HF. n=3 for each point in every fraction. 
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Figure 0-3. Mean proportion of C in each fraction in the topsoil (0-30 cm) and subsoil (30-

150 cm) for each site. Means were normalized to 100 to account for any loss during the 

fractionation (less than 15% compared to bulk soils). 
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Figure 0-4. 14C (‰) in each fraction across the sites. The line indicates C that would be 

considered modern. The x represents the mean and the o are the individual data points. 
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Figure 0-5. Estimated mean turnover time of the fractions with depth. Reported turnover 

times are the means of the three pits sampled at each site. Elevations are in the legend. 
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Figure 0-6. Representative FTIR-DRIFT spectra of the topsoil (A horizon) and subsoil 

(BC horizon) fractions for all sites chosen by the uppermost sample and the deepest 

sample. 
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Figure 0-7. Mean aromatic:aliphatic ratio (1512 cm-1/(2925 cm-1+2850 cm-1/2)) with 

depth of the fractions and bulk soils. n = 3 for fraction samples and n = 4 for bulk samples. 
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TABLES  

Table 0-1. Mean bulk sample bulk density, clay %,  pH, total Fe and Al concentrations 

from each master horizon along the climosequence.  Means are of each soil pit and from 

each master horizon. The error term represents standard error. n for A horizon is 6–10, n 

for B horizon is 7–12, n for C horizon is 3–6, and n for Cr horizon is 4–5. n/a values 

indicate that the soil profile at the subalpine system did not have Cr horizon. Data 

rounded to smallest error. *Total Fe and Al obtained from Morgan Barnes. 

Site 

Master 

Horizon 

and Cr 

Bulk 

Density 

(g/cm3) 

Clay 

% 

pH 

(DI) 

Total Fe 

(mg/g) 

Total Al 

(mg/g) 

Oak savannah A 1.46 ± 0.10 5.53 ± 0.81 5.38 ± 0.57 7.54 ± 3 41.57 ± 4 

  B 1.63 ± 0.13 9.83 ± 5.06 5.70 ± 0.77 4.53 ± 3 38.54 ± 5 

  C 1.64 ± 0.14 4.31 ± 0.94 6.14 ± 0.97 5.65 ± 7 37.08 ± 9 

  Cr 1.67 ± 0.06 2.72 ± 2.52 5.81 ± 0.78 4.17 ± 4 37.52 ± 6 

Ponderosa pine A 0.92 ± 0.33 5.40 ± 1.86 5.50 ± 0.38 8.17 ± 1 41.54 ± 3 

  B 1.02 ± 0.46 6.84 ± 1.93 5.29 ± 0.56 7.35 ± 2 37.58 ± 12 

  C 1.45 ± 0.18 10.97 ± 6.38 5.72 ± 0.85 8.53 ± 1 48.27 ± 6 

  Cr 1.42 ± 0.00 8.50 ± 5.86 5.57 ± 0.65 7.97 ± 1 45.17 ± 4 

Mixed conifer  A 0.98 ± 0.22 3.26 ± 2.82 5.55 ± 0.08 3.73 ± 5 42.10 ± 2 

  B 1.39 ± 0.13 6.08 ± 1.93 5.34 ± 0.27 9.96 ± 2 43.28 ± 4 

  C 1.41 ± 0.09   6.91 ± 1.96 5.25 ± 0.45 9.20 ± 2 45.86 ± 6 

  Cr 1.54 ± 0.13 5.44 ± 2.10 5.22 ± 0.18 10.13 ± 1 49.85 ± 4 

Subalpine A 1.25 ± 0.10 3.23 ±  0.61 5.25 ± 0.30 3.64 ± 1 32.15 ± 4 

  B 1.42 ± 0.14 4.27 ±  1.73 5.60 ± 0.29 3.44 ± 0 32.36 ± 2 

  C 1.33 ± 0.09 3.66 ±  0.68 5.69 ± 0.25 3.91 ± 1 34.40 ± 2 

  Cr n/a n/a n/a n/a n/a 
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Table 3-2. Mixed effect model results between ∆14C and climate variables (Elevation, 

MAT, MAP, DWP, ET) with conditional R-squared and P-value (p < 0.05, * p < 0.01, **). 

Topsoil n = 25, subsoil n = 38. Topsoil was grouped by A horizons and typically fell above 

30 cm. Subsoil was classified as the B and BC horizons going down to 150 cm.  

  
GPP MAT MAP DWP ET 

  
R2C 

P-

value R2C 

P-

value R2C 

P-

value R2C 

P-

value R2C P-value 

Topsoil fLF 0.260 0.011* 0.17 0.04* 0.15 0.78 0.16 0.24 0.31 0.004** 

Subsoil fLF 0.675 0.024* 0.70 0.91 0.69 0.33 0.83 0.70 0.70 0.05* 

Topsoil oLF 0.026 0.555 0.16 0.21 0.12 0.11 0.17 0.04* 0.08 0.18 

Subsoil oLF 0.268 0.421 0.26 0.46 0.25 0.29 0.26 0.43 0.27 0.66 

Topsoil HF 0.238 0.012* 0.08 0.17 0.05 0.83 0.20 0.07 0.31 0.003** 

Subsoil HF 0.088 0.071 0.08 0.08 0.17 0.01** 0.09 0.07 0.02 0.43 

 



                                                                                                                                                       

CHAPTER 4:  CLIMATIC CONTROLS ON SOIL NITROGEN STOCK, 

DISTRIBUTION, COMPOSITION, AND PERSISTENCE IN DEEP VERSUS 

NEAR SURFACE SOIL LAYERS  

 

ABSTRACT 

Nitrogen (N) is a major plant essential nutrient in soil that regulates plant growth, microbial 

community dynamics, terrestrial sequestration of atmospheric carbon dioxide, and 

persistence of organic compounds in soil. However, major knowledge gaps remain about 

how climate change may impact N accumulation and persistence, in particular in deep soil 

layers. In order to gain a better understanding whole soil profile N stock and the controls 

on N accumulation and persistence, we investigated the concentration, distribution of soil 

N, and estimated persistence of soil N along a bio-climosequence in the southern Sierra 

Nevada in California. We found that climate exerts both a direct and indirect control on 

soil N accumulation and persistence. Analysis of the entire soil profile illustrated that in 

the cooler/wetter mixed conifer site held 37% of profile N in weathered bedrock, 

accounting for more than the entire drier/hotter oak savannah soil system N. This indicates 

that the effect of climate on deep weathered bedrock N storage might be indirect, primarily 

through climate and subsequently biota’s influence on thickness of the weathered bedrock. 

Statistical analyses of effect of climate on amount and distribution of soil N in density 

fractions indicated that the majority of N in soil, which is mineral-associated and persistent, 

is not influenced by the climate proxies tested. Soil N in topsoil and subsoil unprotected, 

and occluded fractions stock increased with elevation. Both the unprotected and occluded 

fractions of N are strongly influenced by climate, suggesting a direct climatic effect on 

these more labile pools of soil N. Modeled turnover rate of N in the soils across the bio-
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climosequence showed that drier/hotter climates have a shorter turnover time compared to 

mid-elevation sites with climates that are cooler/ wetter. Our results also suggest that 

climate likely, indirectly influences N cycling across the entire critical zone from the top 

of the trees down into soil through a variety of other biological and chemical processes.  

  



115 

 

 

INTRODUCTION 

Nitrogen (N) is a major plant essential nutrient that controls microbial functioning, plant 

growth, and the cycling of soil organic matter (SOM; (Chapin et al., 2011; Houlton & 

Morford, 2015; LeBauer & Treseder, 2008). The concentration, and availability of N in 

both its organic and inorganic forms is closely related to biological productivity in 

terrestrial and aquatic systems. The majority of N in soils is found in the form of organic 

biomolecules and its distribution parallels that of soil organic carbon (C) (Berhe & Torn, 

2017; Weil & Brady, 2016). Globally, soils store up to 50% of N below 30 cm (to 100 

cm) (Batjes, 1996). But, our understanding of soil N dynamics in deep soil layers is 

limited as the average maximum depth of previous studies in the top four soil journals is 

23 cm (Yost & Hartemink, 2020). This is concerning because the estimated average soil 

thickness is 2 m, meaning we are missing a massive portion of the soil system 

(Shangguan et al. 2017). Recently, controls on availability of soil N and how it is likely 

to affect C sequestration in a world with a changing climate has been a focus of growing 

number of studies (Craine et al., 2015; van Groenigen et al., 2015; Wieder et al., 2015). 

Consequently, there is now a pressing need to improve our understanding of whole soil 

profile N dynamics, including variables controlling subsoil N stocks, distribution, 

stability, and climate sensitivity. 

Climate is one of the fundamental variables that controls soil N dynamics, including total 

N input, rate of N fixation, N abundance, and contribution of rock weathering to soil N 

(Houlton & Morford, 2015; Jenny, 1928). Changes in climate are expected to 

significantly influence overall soil nutrient cycling with consequent effects on N cycling 

(Conant et al., 2011), and hence the structure, functioning and diversity of terrestrial 



116 

 

 

ecosystems (Sistla & Schimel, 2012). Among different climatic parameters, soil 

temperature and moisture stand out as key drivers that control soil N cycling (Bell et al. 

2008), where lower soil moisture has been shown to lead to reduced N mineralization, 

availability, and increase ammonia oxidation (Manzoni et al., 2012; Niboyet et al., 2011). 

Studies investigating the impacts of warming temperature on N show contrasting results: 

For instance, a meta-analysis (Rustad et al., 2001) and a lab incubation (MacDonald et 

al., 1995) reported that with warming N mineralization rates increased by 46%, with 

highest impacts observed in forested ecosystems.  

(Hart, 2006) found that even small increases in mean annual temperature can greatly 

impact soil N cycling. On the other hand, Niboyet et al., (2011) found little influence of 

warming on the nitrite and ammonia oxidation. In addition to this uncertainly, lack of 

studies that have explicitly quantified climate sensitive of soil N below 50 cm means 

there are major gaps in our ability to extrapolate these findings to whole soil profile scale 

N response to changing climate.   

Recent studies have shown that persistent N in soil tends to be made up of mixture of 

intact plant-derived biomolecules and microbially processed organic matter (Kleber et al., 

2011). Aggregation and sorptive interaction of organic compounds with reactive soil 

minerals have been shown to be responsible for stabilization of N over century and longer 

timescales (Berhe & Torn, 2017). Nitrogen-containing compounds can adsorb directly 

onto mineral surfaces via  H-bonding, van der Waals, hydrophobic interactions, and 

through cation bridging (Bingham & Cotrufo, 2016) and ammonium ions can sorb onto 

mineral surfaces or become fixed within the crystal structure of silicate minerals such as 

micas (Hall, 1999). Binding of N-containing organic compounds to the surfaces of 
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minerals prevents their vertical translocation within the soil profile with moving water or 

as particulate matter and reduces the vulnerability of the N containing organic 

compounds to mineralization (Kögel-Knabner et al., 2008).  

Historic conceptual and process based models of N are based upon the understanding that 

N enter ecosystems solely from the atmosphere via biological fixation of N2, and wet and 

dry deposition (Delwiche, 1970; Fowler et al., 2013; Galloway et al., 2004; Houlton & 

Morford, 2015). But, recent studies have shown that weathering of bedrock can 

contribute large amount of N to soil that becomes available to plants via mycorrhizal 

associations (Dynarski et al., 2019; Houlton & Morford, 2015). The availability of N in 

soil and its form is governed by the extent of weathering and mineralogical properties of 

soil along with its subsequent incorporation in OM and association with soil minerals 

(Berhe & Torn, 2017).  

To further our understanding of how projected climate change can influence subsoil N 

accumulation and stabilization, we set out to conduct a complete accounting of soil N 

stocks including topsoil, subsoil, and weathered bedrock (part of the soil profile where 

the parent material maintains the original rock texture but is porous and friable) and 

derive mechanistic insights on the controls of whole soil N accumulation and persistence. 

The major objective of this research was to determine how climate affects accumulation 

and stabilization mechanisms of near surface compared to deep soil N. Specifically we 

asked two targeted questions:  

(1) Does climate affect the accumulation of N in soil and weathered bedrock? and 

(2) How does climate influence the distribution of N in soil and the mechanisms 

of N stabilization?  
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Results derived from our study along the bio-climosequence in the Southern Sierra 

Nevada Critical Zone Observatory in California are critical for our ability to infer the 

effect of climate on soil N dynamics across a range of environmental conditions (i.e., soil 

thicknesses, physical and chemical properties, vegetation and soil types). 

 

METHODS 

SITES DESCRIPTION 

The SSCZO sites are well suited to answer questions related to climate changes because 

the bio-climosequence has soils developed under similar state factors of soil formation 

except climate and consequently vegetation. All the sites experience a Mediterranean 

climate, with cool, moist winters, and warm, dry summers. As elevation increases from 

400 to 2700 m, the mean annual temperature decreases (14.4 to 4.1 ºC) and the mean 

annual precipitation increases (515 mm/year to 1080 mm/year). Actual 

evapotranspiration (ET) is highest in the mid-elevation sites (749 and 584 mm/year) and 

lowest at the lowest elevation (395 mm/year) and highest elevation (260 mm/year) sites. 

The ET pattern has a positive correlation with the gross primary productivity (GPP). The 

oak savannah site GPP is 480 g C m-2 yr-1, the ponderosa pine is 1900 g C m-2 yr-1, and 

then the GPP slightly decreases in the mixed conifer site to 1700 g C m-2 yr-1, and the 

subalpine has a GPP of 700 g C m-2 yr-1 (Goulden et al., 2012). The parent material for all 

of the sites is residuum granodiorite with igneous-felsic intrusive lithology, and is 

hypothesized to be of comparable age except the highest elevation site where bedrock 

was scoured by glaciers during the last glacial maximum (Giger & Schmitt, 1983). Plant 

productivity and weathering are limited by low precipitation in the lowest elevation oak 
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savannah ecosystem, and by low temperature and historic glaciation in the high elevation 

subalpine forest ecosystem causing changes in the thickness of the weathered bedrock 

(O’Geen et al., 2018; Tian et al., In review).  

SOIL AND REGOLITH SAMPLING 

A total of thirty-six regolith profiles were analyzed: three Geoprobe (a hydraulic coring 

device, model DT22) cores and four pits excavated by a backhoe were sampled at the oak 

savannah site (405 m); five Geoprobe cores, five hand augers, and five pits were sampled 

at the ponderosa pine (1160 m); five Geoprobe cores, one hand auger, and four pits were 

sampled at the mixed-conifer forest site (2015 m); and four pits were excavated by hand 

or excavator at the subalpine forest site (2700 m). Soil pits were sampled by genetic 

horizons. Regolith is characterized as weathered bedrock that retains the relative 

positions of mineral grains of the parent bedrock. A Geoprobe sampler was used from 

soil surface to depth of refusal. The total depth measured at the oak savannah was 270 

cm, the ponderosa pine deepest depth was 467 cm, the mixed conifer depth was 1067 cm, 

and the sub alpine site deepest depth was 115 cm. Weathered bedrock was identified as 

having brittle consistency and rock fabric (Graham et al., 2010). With hand augers, the 

depth of transition from soil to weathered bedrock was identified in the field by a change 

in color and consistency.  

Particle size analysis on bulk pit samples (40 g air dried and sieved) was performed by 

the hydrometer (ASTM 152H) method. Bulk density of soil and weathered bedrock was 

measured using the core method (Dane & Topp, 2020). Three core samples were taken in 

each horizon from three soil profiles and averaged. They were oven-dried at 105 °C until 



120 

 

 

there was no mass change (24-48 hours) and the >2 mm fraction and roots were removed. 

Bulk density of lower weathered bedrock was measured by cutting an exact volume from 

the bottom 5-cm of each core, which was sampled by the Geoprobe at 1 m depth intervals 

and oven-dried at 105 °C. Soil pH was measured on air-dried and sieved soil in deionized 

water with a 2:1 (5 g:10 ml) mixture for thirty minutes, stirring every ten minutes (Sparks 

et al., 1996). The pH meter used was an Accumet Basic, Model AB15, Fisher Scientific 

with an Ag/AgCl electrode. 

ABOVEGROUND VEGETATION SAMPLING 

Foliage from dominant vegetation at each of our study sites were collected in 2018 to 

determine the plant N and C concentrations. Leaf samples were collected from the upper 

1/3 of the canopy of all plants, cut by a pole clippers or by climbing. Leaf samples were 

air-dried prior to being ground to pass a 180-μm sieve and analyzed for total C and N 

concentration (%) using dry combustion (Costech Analytical ECS 4010 instrument, 

Costech Analytical Technologies, Inc., Valencia, CA). At the oak savannah site, we 

sampled overstory tree species Quercus douglasii, Quercus wislizenii, Pinus sabiniana, 

and understory species Bromus diandrus, Bromus hordeaceus, , Aveca barbata, Croton 

setiger, and Ceanothus leucodermis. At the ponderosa pine site we sampled overstory 

tree species Quercus chrysolepis, Quercus kelloggii, Pinus ponderosa, and understory 

species Arctostaphylos biscida, Ribes montigenum, and chamaebatia foliolosa. At the 

mixed conifer site, we sampled overstory Quercus kelloggii, Pinus jeffreyi, and 

understory species Arctostaphylos patula, Ribes montigenum, Lupinus, and Ceanothus 

velutinus. At the subalpine site we sampled overstory Pinus contorta and understory 
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Eriogonum ovalifolium, and Lupinus. Results of elemental and isotopic composition of 

foliage are grouped by site.  

CARBON AND NITROGEN ANALYSES  

Soil and weathered bedrock materials were air-dried, gently crushed by a rolling pin, and 

sieved (2-mm mesh openings). Percentage of fine-earth fraction (< 2 mm) and coarse 

earth fraction (> 2 mm) were measured based on air-dry mass. Coarse earth fraction was 

assumed to have no OC. Gravimetric water content was determined on air-dried 

subsamples by drying overnight at 105 °C. Total C and N concentration (%) of the fine-

earth fraction was determined on samples ground to pass a 180-μm sieve and analyzed by 

dry combustion (Costech Analytical ECS 4010 instrument, Costech Analytical 

Technologies, Inc., Valencia, CA).  

Total N inventory (Ns, kg C m-2) was calculated from total N concentration (N, g kg-1), 

thickness of the sample layers (dc, cm) and bulk density (ρb, mg/m3), with correction for 

the weight percent of the coarse earth fraction (Eq. 4-1).  

𝑁𝑠 =  ∑ 𝑁 ×  𝑑𝑐 × 𝑝𝑏 × 100                                                  Equation 4-3 

DENSITY FRACTIONATION 

Density fractionation was used to separate the SOM into pools that are distinct in 

composition and to infer dominant mechanisms of SOM stabilization: light (debris 

outside aggregates, LF), occluded (light fraction inside aggregates oLF), and heavy 

fractions (OM bound to minerals, HF) using sodium polytungstate (Lybrand et al., 2017; 

McFarlane et al., 2013; Swanston et al., 2002). 30 g of air-dried, sieved (<2mm) soil was 
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initially mixed with 1.7 g/ml of SPT for 24 hours. The fLF is first isolated by floating to 

the top as the supernatant and removed and rinsed. To break up the aggregates and collect 

the oLF the remaining sample was dispersed with ultrasonic energy at 440 J/ml with a 

Branson 450 Sonifier (Branson Ultrasonics, Danbury, CT, USA) probe tip 5 cm below 

the liquid surface. This fraction can also include OM that coated minerals making it not 

float to the top for the fLF. The dense particles, mineral fraction (HF), formed a pellet at 

the bottom. All three fractions were extensively rinsed with 0.01 M CaCl2 and DI water 

and the fLF and oLF were filtered and rinsed using 0.8 um filters (Lybrand et al., 2017). 

All samples lost less than 15% of the bulk N after fractionation. 

RADIOCARBON ANALYSIS  

Radiocarbon analyses was conducted on soil samples after sealed-tube combustion of OC 

to CO2 (with CuO and Ag) that was then reduced onto Fe powder in the presence of H2 

(Vogel et al. 1984). Radiocarbon values were measured in 2018 and 2019 on the Van de 

Graaff FN accelerator mass spectrometer at the Center for Accelerator Mass 

Spectrometry at the Lawrence Livermore National Laboratory. Organic matter δ13C 

values were determined at the University of California, Merced using a DELTA V Plus 

Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Inc.). Radiocarbon isotopic 

values were corrected for mass-dependent fractionation with measured δ13C values and 

were reported in ᐃ- notation corrected for 14C decay since 1950 (Stuiver & Polach, 

1977).  
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SOIL N ACCUMULATION MODEL 

To estimate the rate of N accumulation in bulk soil, the radiocarbon analysis and % total 

N was used in a first-order kinetic model of N accumulation (Berhe et al. 2008; Berhe & 

Torn, 2017; Hilton et al. 2013; Jenny, 1994; Trumbore & Harden, 1997) where: 

𝑑𝑁𝑖𝑛𝑣

𝑑𝑡
= 𝐼 − 𝑘 ∗  𝑁𝑖𝑛𝑣                                                             Equation 4-4 

Ninv  is the N inventory in the bulk soil profile (kg m−2); I is the net N input to a soil pool 

from combined processes of atmospheric deposition, biological N fixation, and 

deposition of eroded topsoil (kg m−2 year−1), I does not account for N that leaves the soil 

profile soon after it enters the system; and k is the coefficient for first-order loss of N 

from soil through all particulate, dissolved and gaseous pathways (year−1). Equation (4-2) 

is solved subject to the initial conditions N inv = N 0 at t = 0 at the start of N accumulation 

in the soil profile. Hence, assuming that N 0 = 0 at the beginning of soil development, 

equation (4-2) is solved as:  

 

𝑁𝑖𝑛𝑣(𝑡) =  
𝐼

𝑘
[1 − exp (−𝑘𝑡)]                                                        Equation 4-5 

For each site, all four pits and the geoprobe samples (after the deepest pit sample ~3m 

geoprobe samples were used to extend the profile to bedrock to 5 m) were used in 

calculations of Ninv. Samples were only used to 5 m at the mid-elevation sites to avoid 

skewing of the turnover time from the abundance of older radiocarbon ages from 5 to 10 

m. When testing the model, the mean residence times of the mixed conifer site were 

skewed by thousands of years due to the use of samples past 5 m that have radiocarbon 
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ages up to 20,000 years therefore, we only used samples to 5 m. The soil Ninv and the 14C 

radiocarbon ages from each pit and geoprobe samples were used to derive cumulative N 

and estimated turnover rate of the N in each profile (Berhe et al., 2008; Berhe & Torn, 

2017). For each soil profile, the Ninv in each horizon and then geoprobe samples 

(thickness ~50-70 cm) were amassed at each depth increment to estimate the N 

accumulation between successive time stages. Because there is no tracer that allows us to 

trace N cycling specifically, here we used radiocarbon ages to approximate N residence 

time in soil. This decision is based on our data and numerous other past studies that have 

shown that more than 95% of N in soils is organic and most organic N is covalently 

bonded to carbon-based SOM (Allison, 1973; Batjes, 1996; McGill & Cole, 1981). In 

addition, we found that the concentration of the bulk sample C and N are strongly 

correlated at (R2=0.84 p=0.049, n=400), as was previously shown in other past studies 

(Berhe & Torn, 2017). For each pit, the N that is accumulated between the successive 

time stages is amassed into a total profile N accumulation, as estimated from radiocarbon 

based ages of each soil layer. The total profile N inventory vs. years of accumulation (t) 

was used to estimate I and k by fitting the data with equation (4-3) using the solver 

function in Excel (MS Office 2011). Model fit was assessed by non-linear least squares. 

This is a first-order approximation of N accumulation and residence time using the solver 

function to fit the data over time. The accumulation starts from the bottom up because of 

the assumption that the deepest soil formed first and the organic matter associated with 

the soil layers on top formed later (Riebe et al. 2017). 
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DATA ANALYSES 

Data are presented with mean +/- standard error. ANOVA was performed on average clay 

%, pH, bulk density, and Fe and Al concentrations to test if they significantly varied by 

site. Pairs of means at the different sites were compared using the Tukey‐Kramer HSD 

test and simple linear regression was used to assess the proportion of variability in these 

variables. For all statistical tests, an a priori significance level of p < 0.05 was used. All 

statistical tests were performed using R version 1.1.456. 

We used a random mixed effects model to assess at the relationship on how climate 

controls N concentration. We used climatic variables (GPP, evapotranspiration, mean 

annual temperature, mean annual precipitation, and deep water percolation) as the fixed 

effects and the independent variable of TN (mg N/g) of each fraction. R-squared and p-

values were calculated for each fraction within topsoil (> 30 cm) or subsoil (< 30 cm).  

RESULTS 

Table 4-1 summarizes results from physical characterization of soils across the bio-

climosequence we studied. Across the elevational gradient, bulk density generally 

increased with depth for all sites and ranged from 0.92 kg/cm3 in the topsoil A horizon to 

1.67 kg/cm3 in the Cr horizon (Table 4-1). The soils were generally coarsely textured 

with clay below 11%. Clay % increased from the A to B horizons (average 1.6%)  in all 

sites, and from the B to C horizons (average 2.5%) in the mid-elevation sites. At the other 

two sites, clay % decreased from the B to C horizon (average decrease if 2.2%). Soils 

across the study system were acidic, ranging from 5.20 and 6.14, with little variability in 

pH across depth or elevation gradients. There was no clear or consistent trend in pH 
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change with depth for all of the sites (Table 4-1). ANOVA and linear regression 

determined that there is no statistically significant difference between sites for bulk 

density, clay %, and pH.   

TOTAL NITROGEN STORAGE IN SOIL AND WEATHERED BEDROCK  

The concentration and total inventory of N were highest in soils that typically extended to 

depths greater than 1.5 m in all sites. However, weathered bedrock (the portion of the soil 

profile that retains structural parent rock fabric after having been weathered into a friable 

substrate in situ and has substantial porosity) accounted for a large proportion of total TN 

inventory at mid-elevation sites (Fig. 4-1). In soil, TN inventory increased with elevation 

to a maximum of 0.75 kg N m-2 at the mixed conifer forest (2015 m) but decreased to 

0.25 kg N m-2 at the subalpine forest (2700 m; Fig. 4-1). Soil TN increased (relative to 

weathered bedrock) at the subalpine forest (2700 m), because this site did not have deep 

regolith (Fig. 4-1). The proportion of TN inventory in weathered bedrock had a similar 

trend to that of soil OC; the OC proportion in weathered bedrock from 4% in the oak 

savannah, 23% in the ponderosa pine and 37% in mixed-conifer forest (Fig. 4-1). The 

regolith alone of the mixed-conifer forest (2015 m) stored 0.432 kg N m-2 compared to 

soil profiles in oak savannah (405 m) that stored 0.387 kg N m-2  and the weathered 

bedrock stored 0.015 kg N m-2  (Fig. 4-1).  

NET N ACCUMULATION OVER TIME ALONG THE BIO-CLIMOSEQUENCE 

The rate of N accumulation varied considerably between sites. During the early years of 

model simulation, the rate of N accumulation is fastest at the ponderosa pine and sub 

alpine sites and occurs within a few hundred years. The ponderosa pine and sub alpine 
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site, reaches steady state N stock in about 500 years, compared to the oak savannah that 

reaches steady state right before 5,000 years and the mixed conifer reaches steady state 

between 7,500 to 10,000 years.  

Results from our model runs show that the rate of soil N accumulation is distinctly 

different in the hotter oak savannah  and ponderosa pine site compared to the 

wetter/cooler  higher elevation forested sites. The whole profile averaged mean residence 

time of N in our study sites was calculated and increased in elevation from 64 years for 

the oak savannah to a maximum of 652 years for the mixed conifer, and then decreased to 

117 years for the sub alpine (Table 4-2). The modeled rate of N input in the mixed 

conifer site was 5-50 times higher than the oak savannah site and ponderosa pine site. 

The general trend indicates that a drier and hotter climate (low elevation) have a faster 

turnover time and climates that are cooler and wetter have slower turnover times (Table 

4-2). 

N PARTITIONING ACROSS FRACTIONS IN TOP VS. SUBSOIL 

All fractions exhibit a decrease in % N from the topsoil to the subsoil. Both fLF and oLF 

decrease in %N drastically (average 0.5%) from 0 to 25 cm and stayed consistent after 

that depth. Comparatively, the heavy fraction decreases most with depth from 0 to 50 cm 

(Fig 4-6. a,f,k). The N in each fraction decreases substantially with depth for both the fLF 

and oLF with more N in the topsoil fLF compared to the topsoil oLF. The proportion of 

total N that was recovered in the fLF and oLF decreased with depth, for both fLF and 

oLF, while the fraction of N in the HF generally increases with depth (Fig 4-6. b,g,i). 

Radiocarbon concentration (∆14C) increases with depth for all fractions with the most 

depleted samples being found in the aggregate and mineral associated pools (Fig 4-6. 



128 

 

 

c,h,m). The stable N isotopic composition of 15N in the light fraction across the depth 

profiles at all sites mirror each other, where the 15N in all fractions gets heavier from the 

A to B horizon and from the B to C horizon the fractions become lighter (Fig 4-2. e,j,o).  

The proportion of N in the mineral-associated HF fraction accounts for the largest 

proportion (over 50%) of N across all of the sites and with depth (Fig. 4-3). Relative 

partitioning of the soil N in fractions varied from greater than 95% of the N in the oak 

savannah below 1 m being located in the HF pool, to more partitioning of both the fLF 

and oLF in the three forested systems (Fig. 4-3). The highest proportion of N in the oLF 

and the largest difference, between the top and subsoil, was also found in the mid-

elevation sites. In the highest elevation site, we observed progressive decreases in 

proportion of N in oLF. With depth, N in the fLF and oLF decreases in at every site. As 

elevation increases, there is greater proportion of N into the fLF and oLF.  

Table 4-3 presents mixed effect model results for N distribution in the different fractions 

with elevation and five climate variables or proxies in order to determine the relative 

contribution of climate in explaining variability of N partitioning in top compared to sub-

soil layers within the fractions. The most variation in the dependent variables tested was 

using the independent variables topsoil fLF and oLF were GPP and MAP explaining 57-

68% of the variation in 14N (Table 4-3). Topsoil and subsoil fLF were the only fractions 

that variation could be explained by MAT, with up to 68% of the variation being 

accounted for by MAT in the topsoil and 26% of the variation in subsoil fLF. The topsoil 

oLF was the only fraction that significantly correlated with ET, with 28% of the variation 

being explained by ET (p=0.008). The HF did not significantly correlate to any of the 

climate proxies in the topsoil and subsoil (Table 4-3).   
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In the topsoil layers, we compared the 15N values in above- and below-ground 

vegetation, fLF, oLF, and HF to determine if the OM in each pool shows any evidence of 

progressive processing associated with  15N  fractionation due to oxidative 

decomposition. We observed a trend of  15N going from lower to higher as we move 

from the A to B horizons and then as the profile transitions from the B to C horizon the  

15N gets lighter (Fig 4-6. e,j,o). For example, the most drastic examples of this trend are 

in the mixed conifer site for all three of the fractions; the average topsoil  15N is 1.9 ‰ 

and then increases to 6.3‰ in the B horizon and then decreases to -1.5‰ (Fig 4-3., o). 

Foliar  15N values have the lightest mixture of  15N isotopes compared to roots, density 

fractions, weathered rock, and bulk (Fig 4-5).  

DISCUSSION 

ALLOCATION OF N IN SOIL AND WEATHERED BEDROCK ACROSS THE BIOCLIMATIC 

GRADIENT 

The regolith (including soils and parent rock) represents the literal foundation for 

terrestrial life. Regolith provides physical substrate, a water-air-nutrient reservoir, and is 

the primary source of most of the essential elements for primary producers. Over time the 

parent material is weathered as a function of the five state factors of soil formation: 

climate, time, parent material, relief and biota that regulate the input of material and 

efflux of byproducts, via a combination of abiotic and biotic weathering processes (Pope, 

1995). The mid-elevation sites in the SSCZO extends down to more than 10 m depth, 

illustrating that the conditions are optimal for extensive weathering of the bedrock (Tian 

et al., In review). Recent studies are highlighting that, in addition to biological fixation of 
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atmospheric N2, this weathering of parent material can contribute to soil N stocks and 

availability (Houlton & Morford, 2015).  

Our results show that, in the southern Sierra Nevada elevation gradient, soil total N 

inventory was highest at the mid-elevation sites (ponderosa pine and mixed conifer 

forest) where GPP is not limited by climate (Fig. 4-1; (Goulden & Bales, 2014; Kelly & 

Goulden, 2016)). Our findings are consistent with previous studies using a bio-

climosequence that have shown that soil development and weathering rates are 

maximized in warm and wet sites, such as the mid-elevation ponderosa pine and mixed 

conifer forests we studied (Dahlgren et al., 1997; Egli et al., 2003; Jenny, 1980; 

Rasmussen et al., 2007). Total N concentration was low in weathered bedrock at all sites 

suggesting that the effect of climate on deep regolith N storage might be primarily 

influenced by its effect on soil thickness, not necessarily concentration of N in the 

regolith. This low concentration of N in weathered bedrock mirrors the trends seen in the 

relative concentrations of C inventory in soil compared to weathered bedrock in the same 

study sites, where weathered bedrock C represents 8 to 30 percent of the profile C 

inventory (Tian et al., In review), compared to the 0 - 37% profile N being accounted by 

weathered bedrock that we found in this study. 

Despite the overall low N concentrations in weathered bedrock in our study bio-

climosequence, we found significant differences between sites in the amount and relative 

proportion of N in soils versus weathered bedrock. At the mixed conifer site, total N 

inventory in weathered bedrock was greater than the total N stocks of the other sites 

throughout the entire soil profile (soil plus weathered bedrock; i.e., regolith Fig. 4-1). The 

higher N inventories of the weathered bedrock of the ponderosa pine and mixed conifer 
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forests was largely due to high regolith thicknesses that averaged 2.45 m in the ponderosa 

pine site compared to 7.55 m in the mixed conifer forest. Climate, through its influence in 

presence of thick regolith in the mid-elevation sites enables weathered bedrock to 

contribute a considerable amount of N to the total soil profile N inventory. Our results 

suggest that climates that are either too cold (highest elevation sub-alpine ecosystem) or 

too hot and dry (lowest elevation oak savannah ecosystem) are not conducive to large 

scale weathering of bedrock and hence in these regolith’s, weathered bedrock’s 

contribution to the total soil N inventory is low to none. Our findings highlight that the 

link between climate and total profile N inventory in soil is likely indirect, mediated 

primarily through the effect of climate on soil weathering.  

DIFFERENTIAL RATES OF ACCUMULATION AND MRT OF N ALONG THE BIO-

CLIMOSEQUENCE 

Results from our model simulations on N accumulation in the soil profiles at the four 

sites illustrate that the rate of soil N accumulation and profile-averaged mean residence 

time of N is distinctly different in the hotter oak savannah and ponderosa pine site 

compared to the wetter/cooler higher elevation forested sites. The ponderosa pine and sub 

alpine site reach steady state N accumulation around 500 years in the soil profiles, 

compared to the oak savannah site that reached steady state N accumulation right before 

5,000 years and the mixed conifer that reached steady state between 7,500 to 10,000 

years (Fig. 4-2). The modeled rate of N input into the forested sites was 5-50 times higher 

than the oak savannah site. The general trend indicates that a drier and hotter climate (low 

elevation) have a shorter turnover time and climates that are cooler, and wetter have 

longer N residence times in soil until it’s the temperature limits primary production like 
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in the sub alpine site (Table. 4-2). Previous work in a similar site as the mixed conifer, in 

the Sierra Nevada’s, estimated that the mean residence time of N of the forest floor was 7 

years and the mineral soil below that had a residence time of 34 years. The authors 

suggest that this is due to microbial immobilization of N that is substantial within this 

forest floor layer and that a greater proportion of the total organic N pool is mineralized 

annually within the forest floor compared to the surface mineral soil (Hart & Firestone, 

1991). This suggests that N is coming into the mineral soil system and a larger proportion 

of the N stays in the mineral soil as opposed to the faster cycling forest floor. These 

results suggest that climate influences N turnover rate, time to steady state, and 

persistence.  

CLIMATIC INFLUENCE ON THE DISTRIBUTION OF N IN SOIL FRACTIONS 

Results from the density fractionation show that most N throughout the profiles and 

ecosystems we studied is mineral-associated (Fig. 4-3). Across the sites, the mineral-

associated N accounts for over 50% of total N and in some cases, such as soil >1 m in the 

oak savannah, accounts for over 95% of total N. This is consistent with the density 

fractionation data from grassland sites in Northern California reported by Berhe and Torn 

(2017) where 90% of N was in the mineral associated pool with parent material types of 

chert, greenstone, and Franciscan sandstone. The majority of soil organic nitrogen (SON) 

tends to be in the form of amides and amide containing compounds such as proteins, 

which are more likely to be charged molecules, increasing their affinity for mineral 

attachment (von Lutzow et al., 2006). It was previously proposed that N-containing 

organic compounds sorb mainly electrostatically were the hydrophobic interaction 

between protein and clay minerals govern adsorption compensating for electrostatic 
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repulsion (Sollins et al., 2006). Exchange between cations on the surfaces of layer 

silicates (permanent charge) and organic cations usually occurs between pH 5 and 6 (soils 

from all our sites have values within this range) suggesting that part of the persistent N in 

the HF is sorbed via electrostatic interactions contributing to the persistent N pool (Table. 

4-1; (Jones, 1999; Oades, 1989).  

Despite the major importance of mineral-associated N discussed above, we found 

important trends in the relative proportion of the light fractions (fLF and oLF) between 

sites that vary with climate, indicating that accumulation of mostly N in the fLF and oLF 

is sensitive to changes in climate. As elevation increases, we observed more partitioning 

of N into the fLF and oLF, mimicking C trends at these sites (Rasmussen et al. 2005; 

Tian et al., In review). This is partly due to the higher GPP at the higher elevation sites 

where there are greater inputs from aboveground plant and root sources (Goulden et al., 

2012). Furthermore, the mixed effect model results indicate that variability in the topsoil 

and subsoil fLF and oLF can be explained by most of the climate parameters, especially 

GPP and MAP. Trends in the models (lower R2 in subsoil) suggest that less variability in 

the subsoil fLF and oLF can be explained by climate indicating more persistent N in the 

subsoil that is not as vulnerable to changes in climate compared to topsoil fractions 

(Table. 4-3). The indication that climate directly influences the N accumulation in the 

fLF and oLF helps to understand why the lower elevation (hotter/drier) sites have a faster 

turnover time compared to the higher elevation sites (Table 4-2). This also suggests that 

the higher elevation sites have more N in the fLF and oLF because of higher GPP 

resulting in greater N cycling as GPP increases. 
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We observed increases in N:C ratios in soil with depth in the mineral associated and soils 

with more depleted (older) 14C in deep layers suggesting more effective retention of N 

compared to C (Fig. 4-5; (Berhe & Torn, 2017)). Previous studies suggested that this bulk 

soil N:C trends with depth, in particular if combined with increasing DON concentration 

(not measured in this study), could indicate enrichment of more microbially-derived N in 

deeper soil layers while the topsoil primarily consists of plant-derived compounds 

(Kaiser & Kalbitz, 2012; Ros et al., 2009). This understanding is also supported by the 

Fourier Transformed Infrared spectroscopy (FTIR) at these sites where we found more 

microbially processed organic matter in the mineral associated pool compared to the fLF 

and oLF (Moreland et al., In Prep, Chapter 3). The N:C and FTIR results suggest that the 

more active cycling N pool is more labile in composition and the more labile N is 

vulnerable to changes in climate (especially in the topsoil). Whereas the mineral 

associated N pool is more processed N sorbed with minerals that is not vulnerable to 

changes in climate. Overall, this suggest that the more labile N in the fLF and oLF may 

be vulnerable to changes in climate.  

VARIABILITY OF ISOTOPIC COMPOSITION OF N WITH DEPTH AND ELEVATION 

Stable isotopic ratios of N (δ15N) is commonly used to help understand N cycling 

processes in ecosystems (Craine et al., 2015). Many processes in the N cycle alter the 

15N/14N ratios of SOM, and the δ15N of bulk soil reflects a mixture of litter input, root 

input, rock sources, and kinetic isotopic fractionation during biotic and abiotic 

transformations of N in soil (Craine et al., 2015; Houlton et al., 2018; Robinson, 2001). 

Previous works that measured the  15N of soils showed a significant increase in  15N 

between topsoil and subsoil (Amundson et al., 2003; Berhe & Torn, 2017; Natelhoffer & 
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Fry, 1988). This depth trend was attributed to kinetic fractionation during the microbial 

degradation of polymeric N-containing biomolecules at depth and the preferential 

utilization of low  15N material in microbial processes. The enrichment of δ15N with 

depth trend matches what we observed in our data (Fig 4-3. e,j,o): topsoil values 

approximately match that of live aboveground foliage and increase through the B 

horizon. In addition, our results also indicate that deeper in the profile, δ15N decreases to 

a value similar to the topsoil δ15N values (Fig 4-3. e,j,o). This reversal was not seen in the 

majority of previous studies, which designated the topsoil to be 0-10 cm and subsoil to be 

10-20 cm or 10-50 cm. However, Nadelhoffer and Fry (1988) acknowledged that the 

shallow depths of their study limited their understanding of whole profile dynamics. 

Because this deeper soil trend was not seen in key earlier studies, current models have 

focused solely on describing the increase in δ15N with depth and have not addressed the 

potential mechanisms controlling soil 15N in deeper soils (Amundson & Baisden, 2000; 

Baisden et al., 2002). Our findings highlight important differences in δ15N with depth that 

warrant reassessment of some of the fundamental mechanisms that were presumed to 

govern this pattern.  

Recent studies on soil δ15N have led to major evolution of our interpretation of the 

reasons behind increase in δ15N with depth from the A to B horizon overturning the 

previous explanation that the δ15N of SOM increased with depth because of fractionation 

during microbial degradation of peptides (Macko & Estep, 1984; Macko et al. 1987; 

Philben et al., 2018). Philben et al. (2018) suggest that N isotopic fractionation only 

occurs when there is transamination (removal of terminal amine) and does not occur 

during catabolism (peptide hydrolysis). Because enzymatic peptide hydrolysis is the 
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primary mechanism of peptide degradation, the observed increase in  15N with 

increasing degradation would not be expected to occur. Instead, Philben et al. (2018) 

hypothesize that the reason for the δ15N increase with depth likely stems from the 

preferential uptake of low δ15N material by mycorrhizae at depth, which acts to increase 

the δ15N of residual soil N. Previously, Hobbie et al. (2009) showed that soil δ15N is on 

average 4.5‰ higher in ecosystems dominated by ectomycorrhizal symbioses than in 

ecosystems dominated by arbuscular mycorrhizal symbioses, likely due to arbuscular 

mycorrhizal mainly taking up soluble compounds that are available and ectomycorrhiza 

releasing enzymes to degrade complex SOM. Thus, providing further evidence that 

mycorrhizea are an important factor controlling the 15N of soil ecosystems (Chalot & 

Brun, 1998).  

Mycorrhizae (not quantified in this study) could then at least partially explain observed 

differences in subsoil  15N between sites. In the oak savannah site, the average bulk  15N 

is 4.6‰ and ranges from 7.5‰ to 8.5‰ in the forested sites. The oak savannah site is 

dominated by grass species often associated with arbuscular mycorrhiza (oaks can have 

arbuscular and ectomycorrhizal associations (Dickie et al. 2009)). The forested sites are 

dominated by species often associated with ectomycorrhiza, which are associated with 

higher soil  15N values (Hobbie & Ouimette, 2009). The differences in soil  15N 

between sites can potentially be further influenced by climatic factors. MAP and MAT 

significantly correlate with bulk soil δ15N and foliar δ15N in several review papers, where 

soil and foliar δ15N is higher in warmer tropical ecosystems and lower in colder regions 

(Amundson et al., 2003; Handley et al., 1999). However, this is opposite to the trend we 

observed across our sites, where the highest foliar values are in the coldest and wettest 



137 

 

 

sites, suggesting that mycorrhizal type may be a factor in determining soil  15N values. 

We speculate that since the types of mycorrhizae that are present in soils change with 

climate, climate may impose indirect controls on  15N composition throughout the entire 

system (trees, roots, soil, weathered bedrock) through its effect on plant species 

distribution and mycorrhizae type.  

The lower  15N values in the C horizon we observed in this study could also suggest an 

important mechanism by which mycorrhizae may increase soil  15N in the B horizon. We 

observed a lower abundance of roots (and consequently mycorrhizae, however infection 

rates can vary dramatically) in the C horizon compared to the A and B horizons. This 

would suggest that there is likely not as much mycorrhizal uptake at this depth, leading to 

significantly less fractionation and resulting in isotopic values more similar to the A 

horizon. An alternate explanation for the decrease in  15N from the B to C horizons could 

be dissolved organic nitrogen (DON), which is the most mobile fraction of OM in the soil 

system (Glatzel et al. 2003). The DON fraction (not measured) constitutes an important 

pool of N and its flux controls many processes in the soil system. The DON from the 

topsoil could be transported down the profile and become immobilized by attachment to 

clay minerals that increase in abundance with depth in these systems. Another alternative 

explanation could be 15N-depeted N as product of enzymatic hydrolysis, ammonification, 

nitrification, or denitrification that is then translocated by leaching, gaseous losses, or 

uptake of the 15N-depleted N by plants (Hobbie & Ouimette, 2009). Overall, without 

measuring the mycorrhizae type and abundance and inorganic/organic forms of N with 

depth, it is difficult to understand why the trend with depth exists and justifies further 

investigation.  
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N isotope compositions of granites indicates a relatively wide range of δ15N values (+1 to 

+10‰), reflecting heterogeneity of the N sources and complex metamorphic–magmatic 

processes (Bebout et al., 1999; Boyd et al., 1993). Data on  15N of granites is rare and 

the two reported here are different in composition from the igneous granodiorite that exist 

in the southern Sierras. The weathered rock values in our study are closest to the mineral 

associated δ15N values in both the topsoil and subsoil for most of the sites (Fig.4- 4) 

indicating that some of the  15N in the bulk, weathered bedrock, and heavy fraction could 

be coming from the weathered rock.  

 

CONCLUSIONS 

Climate exerts both a direct and indirect control on soil N accumulation and persistence. 

Our bulk soil and weathered bedrock results evaluating the entire profile N from topsoil 

to bedrock suggest that the effect of climate on deep weathered bedrock N storage might 

be primarily through its effect on thickness, not necessarily concentration of N in the 

regolith. The density fractionation results suggest that the mineral associated pool 

contributes substantially to the persistence of N, especially in the subsoil and is only 

indirectly influenced by climate via weathering. Overall, our findings suggest that N in 

the mineral associated pool will not be vulnerable to changes in climate and will continue 

to contribute to the persistent soil N pool. The amount of topsoil and subsoil unprotected, 

and occluded N variability can be explained by GPP and MAP indicating that changes in 

climate can likely influence how much N is partitioned into these pools. Subsoil N in the 

fLF and oLF contains more persistent N and is only slightly less influenced by climate 

compared to the topsoil fLF and oLF. The modeled rate of N turnover and input indicated 
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that a drier and hotter climate (low elevation) have a shorter turnover time and climates 

that are cooler, and wetter have longer N residence times in soil that are driven mainly by 

smaller regolith N pools. Lastly, we speculate that climate indirectly influences  15N 

cycling from the top of the trees down to soil likely through its control over mycorrhiza 

type abundance.  
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FIGURES  

 

 

Figure 4-1. Allocation of N in soil and weathered bedrock across the bioclimatic gradient 

only using geoprobe data. (a) Bar charts represent the total N pool (error bars represent 

standard deviations) in soil and weathered bedrock. Pie charts represent the proportion of 

N inventory of soil to weathered bedrock among the four study sites: oak savannah, 

ponderosa pine, mixed-conifer forest, and subalpine forest. Standard deviation is 

represented as the error bars. 

 



141 

 

 

 

 

Figure 4-2. Model results vs. the measured values of net accumulation of N over time for 

all four sites. Samples include pit and geoprobe down to 5 m. Years of accumulation were 

calibrated with radiocarbon ages of bulk samples in each horizon and geoprobe samples. 

Note scale for mixed conifer site on both axis is increased. 
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Figure 4-3. Average percent N, soil N distribution in each fraction, Δ14C, C:N, and the  

15N in (a-e) fLF, (e-h) oLF, and (k-o) HF. n=3 for each point in every fraction, except some 

of the deepest samples were n=1. *Note that panel k has a different axis scale than the fLF 

and oLF (panels a and f). 
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Figure 4-4. Average proportion of N in each fraction in the topsoil (0-30-cm), subsoil (30-

100-cm), and below 100 cm for each site. Averages were normalized to 100 to account for 

any N loss during fractionation (>less than 15% lost). 
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Figure 4-5. Boxplots of topsoil and subsoil δ15N of live aboveground foliage, roots, fLF, 

oLF, HF, weathered bedrock, bulk soil with all data grouped together.   
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TABLES 

Table 4-1. Average bulk density, clay % and pH from each master horizon along the 

climosequence.  Averages are of each soil pit and from each master horizon. The error 

term represents standard error.  n for A horizon ranges from 6-10, n for B horizon ranges 

from 7-12, n for C horizon ranges from 3-6, and n for Cr horizon ranges from 4-5. Cr in 

sub alpine site not present because there was no Cr material present. 

Site 

Master  

Horizon 

and Cr 

Bulk Density 

(Mg/m3) 

Clay 

(%) 

pH  

(DI) 

Oak Savannah A 1.46 ± 0.10 5.53 ± 0.81 5.38 ± 0.57 

  B 1.63 ± 0.13 9.83 ± 5.06 5.70 ± 0.77 

  C 1.64 ± 0.14 4.31 ± 0.94 6.14 ± 0.97 

  Cr 1.67 ± 0.06 2.72 ± 2.52 5.81 ± 0.78 

Ponderosa Pine A 0.92 ± 0.33 5.40 ± 1.86 5.50 ± 0.38 

  B 1.02 ± 0.46 6.84 ± 1.93 5.29 ± 0.56 

  C 1.45 ± 0.18 10.97 ± 6.38 5.72 ± 0.85 

  Cr 1.42 ± 0.00 8.50 ± 5.86 5.57 ± 0.65 

Mixed Conifer  A 0.98 ± 0.22 3.26 ± 2.82 5.55 ± 0.08 

  B 1.39 ± 0.13 6.08 ± 1.93 5.34 ± 0.27 

  C 1.41 ± 0.09 6.91 ± 1.96 5.25 ± 0.45 

  Cr 1.54 ± 0.13 5.44 ± 2.10 5.22 ± 0.18 

Sub Alpine A 1.25 ± 0.10 3.23 ±  0.61 5.25 ± 0.30 

  B 1.42 ± 0.14 4.27 ±  1.73 5.60 ± 0.29 

  C 1.33 ± 0.09 3.66 ±  0.68 5.69 ± 0.25 

  Cr n/a n/a n/a 
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Table 4-2.  Average total profile soil N inventory (Ninv) and modeled values of whole soil 

profile-integrated net input of N to the soil N pool (IN), modeled coefficient for first-order 

N loss from for the soil profile (k), and modeled mean residence time of N (MRTN) in soil 

profiles at each site.  

Site Ninv 

(kg/m2) 

IN (kg/m2 

year-1) 

k  

(year-1) 

MRTN 

(year) 

Sum of squares of 

errors 

Oak savannah 0.5 6.4E-03 1.5E-02 64 0.0013 

Ponderosa pine 0.9 1.1E-02 1.4E-02 70 0.0007 

Mixed conifer 4.7 7.5E-03 6.9E-04 652 0.5100 

Sub alpine 0.6 3.8E-03 8.5E-03 117 0.0100 
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Table 4-3. Mixed effect model results between N in fractions (mgN/g) and climate 

variables and proxies (GPP, mean annual temperature, mean annual precipitation, deep 

water percolation, and evapotranspiration) with conditional R-squared (includes random 

and mixed effects) and P-value (* p<.05, ** p<.01, *** p<.001). Topsoil n = 25, Subsoil n 

= 38. Topsoil was grouped by A horizons and typically fell above 30 cm and subsoil was 

classified as the B and BC horizons going down to 150 cm.  

  
GPP MAT MAP DWP ET 

  
R2C P-value R2C P-value R2C P-value R2C P-value R2C P-value 

Topsoil fLF 0.654 <0.01** 0.681 0.051* 0.662 <0.01*** 0.682 0.042* 0.680 0.171 

Subsoil fLF 0.261 0.146* 0.263 0.054* 0.251 <0.01** 0.26 0.041* 0.252 0.701 

Topsoil oLF 0.574 <0.01*** 0.332 0.141 0.663 <0.01*** 0.493 0.053* 0.283 <0.01** 

Subsoil oLF 0.528 0.010 0.561 0.072 0.542 <0.01** 0.561 0.051* 0.554 0.191 

Topsoil HF 0.136 0.065 0.001 0.873 0.221 0.173 <0.01 0.963 0.141 0.065 

Subsoil HF 0.242 0.579 0.221 0.241 0.018 0.512 0.221 0.232 0.232 0.980 
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CHAPTER 5:  CONCLUSION  

 

SUMMARY 

It remains unclear how the whole soil profile, from topsoil to bedrock, will respond to 

projected changes in climate. Over the next century, subsoils are projected to warm at 

roughly the same rate as surface soils with the potential to release an equivalent of 30% 

of annual fossil fuel derived carbon dioxide (CO2) emission (Hicks-Pries et al. 2017). In 

my dissertation research, I addressed major knowledge gaps in our understanding of 

climatic controls on subsoil organic matter (OM) dynamics. Specifically, I investigated 

how climate exerts both indirect and direct controls on whole soil profile organic carbon 

(OC) and nitrogen (N) storage, composition, stabilization mechanisms, and persistence, 

making explicit comparisons between dynamics in subsoil versus topsoil.  

Results from my dissertation research suggests that the effect of climate on N and OC 

storage is primarily through its effect on weathered bedrock thickness, and not 

necessarily concentration of carbon (C) or N in the regolith. My research showed that C 

and N in the free light fraction (fLF) in both the topsoil and subsoil is most vulnerable to 

changes in climate compared to the occluded light and mineral-associated C fractions. I 

found that subsoil mineral-associated C is also vulnerable, but to a lesser degree than fLF. 

Furthermore, I showed that C in the occluded fraction and the N in the mineral-associated 

fraction are not responsive to variability in climate, suggesting that that these pools of 

OM likely significantly contribute to persistent of OM in soil, even under changing 

climate scenarios. Findings from my dissertation research led to the logical conclusion 
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that climate exerts fundamental controls on amount of C and N stored in subsoil and their 

persistence highlighting the need to consider subsoil OM dynamics in future global soil C 

and climate modeling efforts.  

Below I summarize the main take away message from each of my dissertation chapters.  

Chapter 2: Deep in the critical zone: weathered bedrock represents a large and 

potentially active pool of soil carbon 

Large uncertainty remains in our quantification of the spatial distribution of deep soil C 

storage and process-level understanding of climatic controls on belowground C storage. 

In chapter 2 of my dissertation, I presented whole-regolith C stocks, residence times, and 

organic matter (OM) composition, including C stores in deep weathered bedrock, for 

diverse set of soils along a bio-climatic gradient in the Sierra Nevada of California. I 

found that up to 78% of soil C is stored below a 0.3 m depth, with up to 29% of total C 

stored below 1.5 m. I observed significant and varying amounts of deep OC at the four 

climatic zones, with the highest OC storage occurring at mid-elevations where climate is 

most conducive to weathering and higher net primary productivity.  A conservative 

global scaling of these results points to deep weathered bedrock storing over 200 Pg of 

organic carbon (OC), that is so far not accounted for in global carbon accounting. 

Radiocarbon, Fourier transformed infrared spectroscopy, elemental, and isotopic analyses 

revealed that deep soil and weathered bedrock OC is made up of mixture of both 

relatively fresh material and older, more decomposed OC. Collectively, this work 

illustrates that OC in weathered bedrock represent a massive, previously unrealized OC 
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pool, which is potentially susceptible to losses caused by changes in climate and the 

introduction of new organic matter at depth. 

My findings demonstrate that regolith thickness, which is governed in part by climate, 

directly influences deep OC inventory and indirectly influences OC cycling. The large 

stock of persistent OC in weathered bedrock represents a previously unexplored pool of 

OC in the Earth system. This analysis provides a deeper understanding of the processes 

regulating OC input, storage, and turnover to improve estimations of the true capacity of 

the critical zone to store OC and the vulnerability of deep OC to changes in climate.  

Chapter 3: Climatic controls on deep soil organic carbon distribution and persistence  

To investigate how climate drives persistence and stabilization mechanisms of SOM in 

topsoil compared to subsoil layers, I performed density fractionation and analyzed the 

fractions (free light fraction [fLF], occluded light fraction [oLF], and heavy fraction 

[HF]) using elemental analysis, radiocarbon, and Fourier transformed infrared 

spectroscopy (FTIR). SOC persistence, partitioning into each fraction, and the C:N varied 

the most from the moisture-limited oak savannah to the energy-limited conifer systems. 

The oak savannah ecosystem we studied had the lowest C concentration, C:N ratio, most 

depleted ∆14C value of SOM, oldest modeled turnover time in the free light and mineral 

associated fractions, highest aromatic:aliphatic ratio in the mineral-associated pool and 

stored the majority of C in the mineral associated pool. Most surprisingly, I found that 

SOC in the free light fractions at the lowest elevation oak savanna ecosystem can persist 

in subsoils from centuries to millennia. These results suggest that moisture limited 

ecosystems can store very persistent, microbially processed C that it associated with 
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minerals and the unprotected pool in both the topsoil and subsoil. The mineral associated 

HF exhibited decreasing C:N ratios, increased aromatics:aliphatics, and increasing δ13C, 

suggesting that microbial-derived OM may contributes higher proportions to OM in 

subsoil horizons than plant-derived OM in this fraction. As elevation increases, and 

climate changes towards lower temperature and higher precipitation, I found that more 

soil C partitions into the fLF and oLF, compared to the oak savannah. The mid-elevation 

sites had the highest proportion of soil C stocks in subsoil, the occluded light fraction had 

similar turnover times (if not longer) compared to the mineral associated HF pool. The 

oLF pool did not correlate significantly with climate proxies, suggesting that aggregation 

plays important role in C persistence.  

I used a mixed effects statistical model to analyze how climate impacts C persistence in 

the topsoil and subsoil fractions and showed that actual evapotranspiration and gross 

primary productivity (GPP) account for a significant amount of variability in the 

persistence of free particulate C fraction throughout the profile and the subsoil mineral 

associated HF pool. The model results coupled with the faster turnover times of free light 

fraction indicate that this pool is most vulnerable to changes in climate in both the topsoil 

and subsoil. Overall, results I reported in this chapter suggest that the most active pool of 

C in the entire profile is the fLF, and that aggregate protected C (oLF) stores persistent C, 

for similar timescales as we found in HF. One of the most important findings in this 

chapter is the presence of actively cycling C in the subsoil that is vulnerable to changes in 

climate, suggesting an important mechanism for how subsoil C is likely to respond to 

predicted changes in climate.   
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Chapter 4: Climatic controls on soil nitrogen stock, distribution, composition, and 

persistence in deep versus near-surface soil layers 

The third chapter focuses on climatic impacts on total N (TN) in bulk soil (including 

weathered bedrock) and density fraction. Concentration of TN was low in weathered 

bedrock (similar to C). However,  weathered bedrock accounted for up to 37% of profile 

N in the mid-elevation site where the weathered bedrock was thickest. Climate, through 

its controls on regolith thickness regulated amounts of N weathered bedrock, and hence 

the whole soil profile N accounting. Climates that are either too cold (highest elevation) 

or too hot/dry (lowest elevation) are not conducive for large scale weathering of bedrock 

providing further proof to my conclusion on the indirect link between climate and N 

storage that is mediated through profile thickness.  

Modeled turnover rate of N increased with elevation to a maximum at the mixed conifer 

site and then decreased in the highest elevation sub alpine site indicating that the mid-

elevation sites with thicker weathered bedrock store more persistent N in the subsoil. The 

density fractionation results illustrate that, as elevation increases, N partitions more into 

the fLF and the oLF, mimicking C trends at these sites. These results suggest that 

accumulation of N in our study bio-climosequence relies on the physically protected 

(occluded) and free particulate pools of N, as we previously reported for C in chapter 3. 

Similar to the conclusions I drew for Chapter 3, I also found an indirect impact of climate 

on soil N stock and distribution that is mediated via climate’s impact on GPP and soil 

weathering. The fractionation results also suggest that OM with long turnover times store 

N in physically protected and mineral-associated pools in soil (oLF and HF, respectively) 
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and the majority of the stable N in subsoil is associated with minerals in the HF. A mixed 

effect statistical model that was used to test climatic effects on the fraction N 

accumulation in the topsoil and subsoil showed that the free particulate and occluded 

light fraction TN significantly correlate with the climatic proxies tested, especially GPP, 

mean annual precipitation, mean annual temperature, and deep water percolation. The 

mineral associated HF pool TN did not correlate significantly with any of the climate 

parameters tested. My results indicate that TN is most persistent in the mineral-associated 

HF pool that is not impacted by climate whereas, the N contained within the free light 

and occlude light fractions are vulnerable to changes in climate. Lastly, the stable isotope 

15N composition of soils along the southern Sierra elevation gradient suggests likely 

indirect influence of climate on soil N composition through its impact on mycorrhizal use 

of N in deep soils. Overall, I found that climate exerts both a direct and an indirect 

control on soil N accumulation and persistence.  

FUTURE DIRECTIONS  

Climate change is one of the most challenging problems facing humanity today. Millions 

of human lives and the health and wellbeing of countless species and ecosystems are at 

stake as we grapple with global climate changes that threaten the future habitability of 

our planet. The 2018 IPCC report stating we have to cut our emissions by half by 2030 in 

order to save the planet from a temperature increase of 1.5 ºC globally (IPCC, 2018). If 

we continue to release CO2 and other greenhouse gases at the same rate as today, our 

world will be different in coming centuries. Fortunately, scientific and policy solutions 

for climate change mitigation and adaptation do exisit. Soils are meaningful piece to the 
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solution to address climate change, if they are managed right. My dissertation builds the 

foundation for considering deep soil carbon sequestration as part of a comprehensive 

approach to use natural climate change solutions as it contributes to the current 

knowledge base of how the entire soil profile responds to climate.   

Past research mostly focused on the topsoil (30 cm), based on the assumption that deep 

soils do not interact with the atmosphere. However, this dissertation illustrates that 

subsoil C and N can be vulnerable to changes in climate and therefore dynamics of 

subsoil process deserve further investigation in order to improve our understanding of the 

amount and rate of the response of the entire soil OM stock to climate change. This work, 

covering samples that were collected from topsoil to bedrock contact (past 10 m), 

importantly illustrates the need to go below 1 m in our soil C and N studies.  

Over the next century, if subsoils warm at roughly the same rate as surface soils as 

expected, our ability to predict the effect of the temperature increase on C cycling is so 

far uncertain. This is particularly true for the large amount of carbon stored in deep 

weathered bedrock, where ambient temperature swings are muted, and OC is isolated 

from high rates of microbial activity. However, results from my dissertation research 

clearly show that OC in weathered bedrock is a mixture of relatively young and old OM 

that has experienced different degrees of decomposition. If relatively younger OM is 

entering weathered bedrock and diluting the old OM pools (as we observed with the 

FTIR results from Chapters 3 and 4), then climatic factors are likely to influence not only 

the amount, but also the composition and persistence of OM in regolith. Specifically, 

temperature may exert a strong control on regolith OC storage and dynamics under a 
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changing climate scenario through both its effects on plant productivity and OC input 

into the deep regolith.  

My study provides compelling evidence to justify further investigations in different 

ecosystems of soil and deep regolith OC sensitivity to changes in temperature critical for 

predictions of future response of terrestrial OC to climate. Similarly, it is important to 

highlight major knowledge gaps that exist in our understanding of how changes in 

precipitation, amount, and timing might affect flow of water and dissolved C and N 

through soil, further highlighting the gaps in our current understanding of deep soil’s 

response to climate change. Many more critical questions remain unanswered about the 

magnitude of loss of soil C that can be expected with anticipated scenarios of climate 

change. Most importantly, how will different subsoil systems respond to climate change 

and at what rate? Hans Jenny’s five state factors of soil formation can be a useful guiding 

framework to explore subsoil dynamics under changing climate by allowing us to focus 

on systems with different degrees of variability with climate and vegetation type 

(especially permafrost), parent material minerology (soils with varying amounts of short-

order range, iron and aluminum available for sorptive stabilization of OM), microbial 

abundance and community composition, topography, or time (weathering extent).  

Secondly, my dissertation research showed that specific pools of OM show distinct 

degrees of vulnerability to climate change. For C the topsoil and subsoil free light and 

subsoil mineral associated pools showed a stronger association with GPP and ET, while 

for N the topsoil and subsoil free light and occluded light fraction showed significant 

correlation with climate. These results highlight the need for more in-depth investigation 

on specific compound classes in these fractions and if SOM composition contribute to 
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stabilization and destabilization of C and/or N in deep soil, under varying climatic 

conditions. 

The current average depth of soil covered in most studies including SOM dynamics and 

carbon sequestration today is about 23 cm, while the average thickness of soil is 

presumed to be more than 2 m (Yost and Hartemink 2020). My dissertation research 

highlighted the need to dig deeper (preferably to bedrock contact) in order to derive 

sufficiently accurate estimations of soil organic C and N stocks and determine stability 

and vulnerability of soil C and N pools at depth. The previous focus of most soil and 

biogeochemistry studies on topsoil dynamics has skewed our understanding of how the 

entire soil system works. Findings from all three chapters (2 - 4) of my dissertation 

highlight that subsoil C or N dynamics cannot be predicted from topsoil alone. Attempts 

to generalize soil C and N patterns based on observations of topsoil is likely to prove 

inadequate and could lead to subsequently loss of political will that is needed for 

protection of subsoil C and N from loss. Accurate accounting for the role of subsoil is 

also critical from a management perspective as currently, the focus for soil management 

is on the top 30 cm and my study demonstrated the need for management options to 

sustain the current and potential subsoil SOM stocks and prioritization of subsoil C 

sequestration. Better accounting of deep soil C and N dynamics, and its contributions to 

climate change mitigation are of paramount global significance. A robust understanding 

of key biological, physical and chemical processes that control biogeochemical cycles of 

C and N along the entire soil profile is critical for accurate prediction of response of soil 

C and N to warming that is needed to fine tune accurate Earth system and land models 
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that predict our future climate and devise informed and innovative solutions to address 

climate change. 
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