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PREFACE

Fossil fuel extraction and unregulated emissions have altered the planet’s climate

at a rate never before seen in Earth’s recorded history. Under the auspices of

then-President Ronald Reagan, the Environmental Protection Agency released their

Global Warming Greenhouse study (EPA, 1983). They warned a 2°C increase in

global temperature was possible by 2050, they also write in the executive summary:

“Temperature increases are likely to be accompanied by dramatic changes in pre-

cipitation and storm patterns and a rise in global average sea level. As a result,

agricultural conditions will be significantly altered, environmental and economic sys-

tems potentially disrupted, and political institutions stressed.”

Approximately five years prior to that EPA report, Exxon contracted scientists

to build climate models and create a mini-ocean acidification experiment to examine

their own impact on the climate. Senior researchers concluded “mankind is influ-

encing the global climate [..] through carbon dioxide release from the burning of

fossil fuels.” (Hall, 2015 Scientific American). Exxon withheld that knowledge and

instead began setting a culture of climate misinformation that has hindered any

meaningful climate action until August of this year (Mulvey and Shulman, 2015).

The year the I was born, the IPCC released their first report whose predictions have

not meaningfully changed in their 5th or 6th IPCC iterations released in 2013 and

2019 respectively (IPCC 1990, IPCC 2013, IPCC 2019). As reported by Mufson et

al. (2019) – and earning the Pulitzer Prize in the process for explanatory journal-



ism – the 2°C rise in average temperature has already arrived in some places in the

United States, thirty years earlier than predicted by the 1983 EPA report.

The passage of the Inflation Reduction Act in August of 2022, without a single

Republican Senator voting in favor, allows for many more positive futures (Yarmuth,

2022). Those alternative futures largely depend on the moral clarity and political

will of citizens and elected politicians. While the solution to a rapidly warming

climate is abundantly obvious, it remains economically and politically inconvenient.

Nonetheless, scientists are tasked with identifying as many potential climate solutions

that are technically feasible. Political ecologists, water policy analysts, economists

and local communities can better translate those technical recommendations to the

practical world and whether they are plausible, an efficient use of resources, and

justice oriented. Although this author believes academic researchers should more

meaningfully engage with other fields to understand the practical limitations of our

land/soil/water management prescriptions (van Groenigen, 2018; van Groenigen et

al., 2017; Janzen et al., 2022; Schlesinger and Amundson, 2019; Poulton et al., 2018;

McGill et al., 2018; Powlson et al., 2011; Sultana and Loftus, 2020; Cha and Pastor,

2022), especially in the current political context that limits idealized science-based

decision making (Lajtha et al., 2017), these concerns are not the purpose of this

dissertation. My purpose in directing readers towards decades of inaction to address

the climate crisis is that we should be wary of over promising how much soils can

serve as an effective natural climate solution while our emissions continue nearly

unabated.
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Chapter 1: Introduction

1.1 Soil Science History

Soils are integrators of past and present climates, geologies, plant and human com-

munities (Jenny, 1941). As one of my first soil science professors said, “in addition

to the sun shining and the rain raining, we humans would be cold and hungry and

– worst of all – sober without soil.” Dr. Lynn Moody is indeed correct, and it’s a

testament to how many ecosystem services soils provide. But in addition to relying

on soils for food and clothing and clean water, many are now hoping soils can absorb

our excess fossil fuel emissions (Wozniacka, 2020).

Due to human’s large land footprint, we have the opportunity to alter our agricul-

ture and wildland management practices that could theoretically result in globally-

meaningful reductions in atmospheric greenhouse gasses (Minasny et al., 2017; Lal,

2018; Nave et al., 2018; Sanderman et al., 2017; Bernhardt and Schlesinger, 2013).

Even with a better understanding of soil organic matter (SOM) dynamics, we may

not be able to translate that technical knowledge into actionable policy because of the

many additional hurdles in between (Poulton et al., 2018; Setzer and Vanhala, 2019;

Fleischman et al., 2021; Schlesinger, 2022). For example, increasing agriculture SOM

would also require a large addition of nitrogen, phosphorus, and potassium fertilizers

to maintain stoichiometric constraints (van Groenigen et al., 2006; van Groenigen

et al., 2017; Schlesinger and Amundson, 2019; Amundson et al., 2022). Since the
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1950’s, the excess application of these fertilizers, in addition to warming oceans and

nitrogen pollution from nearby emitting facilities, has resulted in a large dead zone

in the Gulf of Mexico negatively affecting wildlife and the communities who depend

on oceans for jobs and sustenance (Rabalais et al., 2002).

Tree plantings have also begun to emerge as another natural climate solution.

To combat deforestation across the world and increase the land carbon sink, tree

planting schemes have quickly accelerated as a win-win scenario. It is relatively

easy to count how many trees were planted and create the illusion of ecosystems

benefits (Fleischman et al., 2021b), but it is exceedingly difficult to keep young

trees alive when local communities responsible for seedling maintenance are excluded

from consideration (Fleischman et al., 2020; Fleischman et al., 2022). Even within

intensively managed forests in the western Oregon cascades, wildfires have caused

considerable losses in aboveground timber and belowground soil carbon stocks (In

Review, McCool et al., 2022). Independent of a warming climate, these large wildfires

are consistent with dendro-ecological records (Reilley et al., 2022). With the advent

of forest carbon markets, relying on a 100-year permanent time horizon, we must

recognize that they may fail to practically sequester any meaningful amount of carbon

because of how quickly ecosystems are changing (Badgley, et al., 2022). Taken

holistically, we should be careful not to over-promise how much carbon we can add

to soils especially as a carbon crediting mechanism.

Despite the general understanding that more soil organic matter (SOM) is bene-

ficial for a host of ecosystem services (e.g. increased water holding capacity, reduced

fertilizer usage, stronger bioremediation effects), soil scientists have yet to develop a
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unifying predictive theory of why some SOM can persist for millenia, or return to the

atmosphere within hours of being photosynthetically captured by plants. It is note-

worthy that soil scientists rarely dig past the surface horizon (Yost and Hartemink,

2020), we barely have a standardized way to collect bulk density (Wendt and Hauser,

2013), and sample storage practices can significantly alter certain soil nutrient status

(Rhymes et al., 2020). These are all rather simple process issues that limit the scope

of our research; but having a large-scale systematic study design will begin to help

us validate past work, and allow us to engage in more mechanistic questions.

Modern soil science research has pushed out the old humic-substances view of or-

ganic matter that had been ubiquitous since the 1800’s (Lehman and Kleber, 2015).

We now understand SOM to be a continuum of plant debris and microbially altered

organic matter that is in various stages of decomposition with a number of different

protection mechanisms (e.g. physical occlusion, extreme temperature or moisture

controls), that likely requires some microbial processing of plant organic matter be-

fore it can attach onto soil particles (Cotrufo, et al., 2013; Liang et al., 2017; Kopittke

et a;., 2020). Despite our advancements, there remain many unknowns (Stockmann

et al., 2013). Despite its awareness in popular press (Wozniacka, 2020), organic mat-

ter represents only ≈5% of the total soil volume, minerals occupy ≈50% and is also

an evolving field of research.

The original 1900’s concept of Gouy and Chapman’s Double Diffuse Layer (DDL)

theory attempted to describe sorption behavior between ions and a charged surface

(Sparks, 2003 and references therein). The theory had many limitations, but has un-

dergone improvements by Stern (1924) to account for ion size as opposed to diffuse
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ion clouds, and later iterations by van Raji and Peech (1972) rectified the obser-

vations showing surface charge density decreasing as a function of greater distance

from the particle. We now appreciate sorption phenomenon to include many pro-

cesses (e.g., mineral edges, weathered pits) that interact with organic molecules in

highly complex ways leading to a proliferation of sorption models to describe the nar-

rower window of mineral-ion interactions (Goldberg, 1992; Sparks, 2003; Possinger

et al., 2020). These nano- to micro-scale interactions between minerals and organic

matter continue to be explored today with modern spectroscopic techniques (Kogel-

Knabner, et al., 2008; Masoom et al., 2016). Despite the increasing complexity of

these mathematical models, they generally rely on the basic assumption that as the

distance of ions to mineral surfaces decreases, stronger sorption phenomena occur.

For example, outer-sphere complexation (mineral-water molecule(s)-ion association)

is thought to be rapid and reversible, but inner-sphere complexation (mineral-ion as-

sociation, in the absence of an ion-hydration sphere) is slower and irreversible. The

kinetics of these mineral-organic attachments and soil solution continue to be refined,

but the assumption generally remains the same: direct mineral-ion associations are

more permanent and potentially irreversible (Bailey et al., 2019).

Unlike the humic-substances paradigm that has been thrown out, modern re-

search emphasizes that the stability of SOM is linked to their physicochemical prox-

imity to mineral surfaces. As we expect land-uses to shift considerably in the near

future (Lambin and Meyfroidy, 2011), the types of OM that build up and have been

stabilized by soils over the Holocene period are likely to shift in the quality and total

quantity of plant-derived inputs (Six et al., 2002). Therefore it is essential that we



5

understand the current sources of SOM, and how they may be susceptible to losses,

or gains, in response to environmental changes if we are to consider soils a natural

climate solution.

Globally, soils down to 1 m hold more carbon (≈1,500 Pg) than the atmospheric

(≈867 Pg) and terrestrial vegetation pools (≈560 Pg) combined (Batjes, 1994).

About half of these carbon (C) stocks are in subsoils (Batjes, 2014; Lal, 2018). If

accounting for permafrost soils and deeper profiles (3 m), the estimated soil C pool is

≈3,000 Pg (Scharlemann et al., 2014). Plant and soil respiration returns CO2 to the

atmosphere at almost the same rate as photosynthetic carbon enters the soil; on an

annual basis soils are only a net sink of carbon by <5 Gt C/yr (IPCC 2013; Minasny,

et al., 2017). Furthermore, despite the importance of deep soil C pools (Gross and

Harrison, 2019; Button et al., 2022), the average maximum depth of studies from

four prominent soil science journals is only 24 cm (Yost and Hartemink, 2020). This

lack of sampling deep soils, and dearth of soil data where there is the most C limits

our ability to develop a holistic understanding of global scale C dynamics. The pur-

pose of this general field of research is to try and fill that knowledge gap because the

co-benefits of global increases in SOM are vast and undervalued. But the purpose of

this specific dissertation is simply an attempt to push those larger aims forward, in

any small way possible.
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1.2 Overview of Manuscripts

The first manuscript presented in this dissertation focuses exclusively on a highly

productive, andic-influenced, forest soil supporting industrial timber production.

Leveraging a standardized biomass manipulation study design replicated across the

world, we examine how SOM changed as a result of experimental biomass removal

treatments. This manuscript exemplifies the strength of the cupric oxidation (CuO)

method in identifying and tracking sources of plant-derived OM. We used soil density

separation techniques to identify more sensitive indices of SOM losses that are not

apparent when examining only bulk soil samples. Using stable isotopes, we show that

‘stable’ carbon on mineral soils, are not always stable. Using a variety of methods

we explain how this unique forest soil is resilient to major disturbances, likely due

to the root biomass stores that have developed over millennia. But we also caution

that not all soils are as productive, and if only examining surface bulk soil samples

the signal of disturbance is still present, but heavily obscured.

The second and third manuscripts use an observational study that incorporates

nearly every major biome type present in North America. As part of the construc-

tion and installation of the National Ecological Observatory Network (NEON), we

received soil cores that regularly exceeded 100 cm in depth. We identified three

representative soil horizons, in a continuum of soil pedologic processes, and exam-

ined patterns in SOM using the CuO method. Through a collaboration with the

USDA Forest Service, we also separated these soils based on density to better un-

derstand how different pools of SOM are shaped by climatic conditions and local

plant communities. The second manuscript focuses on characterizing how certain
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classes of plant-derived biomarkers change across ecosystems. We find a surprising

consistency in the lignin contributions to SOM stores across ecosystems, and suggest

these ecosystems - and their microbial counterparts - push the diverse range of plant

OM inputs towards a more homogenized SOM composition. The third manuscript

uses the full suite of CuO extracted organic compounds to compare the OM signa-

ture of plant endmembers (aboveground vegetation and roots) to the A-horizons,

upper-most illuvial B-horizons, and the deepest B-horizons. We find exactly half

of A-horizons studied reflect a more root-derived signature, with the other half re-

sembling a more aboveground vegetation signature. While the proportion of organic

compounds between vegetation endmembers and mineral soils vary, mineral soil hori-

zon OM compositions were somewhat uniform down soil profiles, with some notable

exceptions. This reinforces the view that despite a wide range in the quantity and

quality of plant inputs there is a homogenizing effect on SOM composition, but that

site-specificity is still an integral part in the observed soil organic matter composition

across sites and down soil profiles.
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2.1 Abstract

Global forest carbon studies have shown mineral soil carbon stocks to be largely

resilient from harvesting yet no robust mechanism for this resilience has been shown.

We examine the immediate effects of forest harvesting and surface biomass removals

on belowground carbon and nutrient stores to identify the mechanisms responsible

for the apparent resilience in forest mineral-soil organic matter. We used a Douglas-

fir dominated plantation in the Oregon Cascades with three levels of harvest and

experimental biomass treatments representing a 10-fold range in surface biomass re-

tention (190 to 20 Mg-C/ha). Six-months following all treatments the surface and

subsurface soils increased soil organic carbon (SOC) stocks by 8-42%. Two years

later surface soil SOC returned to pre-treatment values but subsoils lost 8-17% of

their original stocks. Surface and subsurface enrichment of δ13C began immediately

post harvest, but δ15N enrichment required two years to manifest suggesting a time-

dependent decoupling in carbon and nitrogen cycling rates. Biomarker analysis indi-

cates the remaining soil carbon after two years shifted towards a more root-derived

signature with a stronger microbial imprint. Separating the soil using density frac-

tionation, representing particulate and mineral-associated organic matter fractions,

we find significant losses in carbon and nitrogen pools from the free light and inter-

mediate fractions. Heavy fraction carbon pools appeared not to change, however all

heavy fraction depths and treatments exhibited strong δ13C enrichment suggesting

this ‘stable’ carbon is dynamic. The apparent resilience of forest soil C is likely due

to root-carbon pools rapidly decomposing and replacing native organic matter. If

forest harvest rotations shorten before root-carbon pools can be replenished, forests
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may lose their resilience.
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2.2 Introduction

Forests contain a large proportion of the carbon stores in terrestrial systems. Nat-

ural disasters (e.g. wildfires, pathogens) (Nave et al., 2011) and decreased time of

tree harvest rotations are shifting how terrestrial systems are cycling organic matter

(Nave et al., 2010; James and Harrison, 2018). Increasing demand for wood prod-

ucts in high income countries places market pressures on lower-income countries to

increase timber production (Zhang et al., 2020), often at unsustainable levels.. In

the Pacific Northwest, which accounts for 12% of the total US forest sector carbon

sink (Nave et al., 2022), high timber demand puts pressure on increasingly smaller

areas of intensively managed forested lands to provide a disproportionate amount

of wood products (Food and Agriculture Organization, 2006). The expected higher

intensity of timber harvesting occurring on smaller land areas that increase organic

matter removals and decrease time for ecosystems to recover will require site-specific

knowledge to sustainably manage (Fox, 2000). Therefore, we need a better un-

derstanding of soil organic matter (SOM) dynamics immediately following different

timber harvest regimes to predict the long-term sustainability of our current forest

practices.

Long-term forest soil productivity studies on compaction and surface biomass

removal effects have shown that soil carbon (C) is surprisingly resilient to these per-

turbations (Powers et al., 2005). Although forests that are already dry or contain

low nutrient holding capacity remain at risk of site degradation (Fox, 2000; Paz

2001; Evans 1992). Deep soils are understudied compared to surface soil horizons,

but they tend to show larger SOC losses (James and Harrison, 2018; Gross and
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Harrison, 2019). The mechanism underlying the resilience – or lack thereof – to

extreme biomass removals require long-term studies (e.g. detrital input and removal

treatments – DIRT; long-term soil productivity – LTSP), but it is less common to

examine the site’s immediate resistance to change following these biomass removals.

Identifying changes in bulk soil C stocks is both difficult to find statistically signifi-

cant differences due to large pool sizes relative to small shifts in stocks (Holub and

Hatten, 2019). They may also be too slow to identify responses given shortened rota-

tions of intensively managed plantations (Fox, 2000). For example, afforested lands

require at least 20 years to see consistent changes to SOC (Nave et al., 2013). To

address this knowledge gap, we examined the immediate effects of intense biomass

removal treatments using more sensitive indices of SOM cycling using operationally

defined pools of SOM that can provide a mechanistic understanding of SOM cycling

to infer how other forests are responding to shorter forest harvest rotations and their

long-term sustainability.

Separating SOM based on density is thought to represent a more effective distinc-

tion between rapidly cycling and more stable forms of organic matter that cannot

be obtained from bulk soils alone (von Lutzow et al., 2007 and references therein).

The free light fraction (FLF) is generally composed of particulate organic matter

(POM) and has a relatively lower density compared to the heavy fraction (HF)

which generally consists of mineral associated organic matter (MAOM). The FLF

is often composed of less decomposed plant and animal fragments (Lavelle et al.,

2019; Lehmann and Kleber, 2015), with short turnover times on the scale of years to

decades (von Lutzow et al., 2007; Sollins et al., 2009). The MAOM has a much lower
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carbon density, usually 0.1-1.0% C, and longer turnover times (hundreds to thousands

of years (Heckman et al., 2022 GCB). The greater turnover times of MAOM com-

pared to POM is thought to be due to physical protection due to the majority of the

mass fraction being mineral material allowing organic matter to be directly sorbed

to mineral surfaces by stronger sorption phenomenon such as inner-sphere complex-

ation rather than weaker outer-sphere ionic exchange. Furthermore, the rates of

MAOM stabilization are generally slower than the rates of destabilization (Bailey et

al., 2019). Thus, the partitioning of organic matter into the FLF vs MAOM fractions

may be able to capture both near term responses to changes in organic matter inputs

and long-term SOM dynamics.

The LTSP experimental design has been replicated globally that includes three

levels of biomass harvesting treatments crossed with compaction. The three biomass

treatments include bole only (BO) that removes only the merchantable wood, whole

tree (WT) that removes the merchantable wood and branches, needles, tree tops and

any legacy wood; and whole tree plus forest floor (WTFF) that removes the whole

tree and any forest floor, but leaving stumps, resulting in bare exposed mineral soil.

After a decade of LTSP research, Powers et al. (2005) observed mineral soil car-

bon concentrations were mostly unaffected by BO or WT removals, but decreases

in carbon concentration following WTFF. Mineral soil carbon resilience following

forest biomass removals has many possible mechanisms, one of which is the root

biomass pool rapidly decomposing and contributing to the mineral soil carbon pool

thus buffering any losses from aboveground removals that we explore below. Based

on previous research conducted on this site, we showed that the average and max-
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imum daily soil temperature increased as a function of increased biomass removals

with limited evidence of any moisture limitations on any treatment even through

the summer seasons (Gallo et al., 2022). However, we also found soil respiration

rates on these sites were not statistically different across the three biomass removal

treatments, even when accounting for different sources of respiration (Gallo, 2016).

We posit the physical disturbance of harvesting on all plots masked the microbial

respiration response in the ensuing two years, but that other metrics of SOM cycling

should be more sensitive to these soil biophysical shifts. Furthermore, research at

this site (Little et al. 2021) reported strong 0-3 year seedling growth responses com-

pared to other PNW LTSP sites, and that the warmest plots with the least amount

of residual organic matter (WTFF) had the highest foliar N content of any other

treatment. This is despite a decade of findings from the LTSP network showing

that WTFF removals were the only treatment to consistently reduce soil C and N

concentrations as well as reduce mineralizable N (Powers et al., 2005).

In this study, we used a combination of soil separation techniques and biomarker

analysis to better understand the biochemical dynamics of a newly installed LTSP-

affiliate site. We hypothesized that bulk SOC pool sizes would remain stable on BO

and WT treatments, but that WTFF removal treatments would see a decrease in

both soil C and N stocks due to losses from the FLF fraction. We expected the CN

ratio to decrease in BO treatments due to increased high-N inputs from needle litter.

We also expected bulk soil δ15N and δ13C would become depleted in BO treatments

as a result of new fresh C and N inputs and become enriched in WT and WTFF

treatments due to a lack of aboveground inputs, and that these bulk soil responses
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would be mirrored in FLF but the intermediate and heavy fractions would remain

stable. Finally, we expected the composition of SOM to shift towards an overall

root-derived signature that would be greater as more residual biomass was removed.

Based on our emerging understanding of forest response to differing harvest

regimes the objectives of this study were to (1) quantify changes to SOM pool sizes

immediately following harvests and two years post-biomass removal treatments, and

(2) assess whether the SOM composition shifted within individual SOM pools. By

examining the stock sizes and the composition of soil organic matter we hope to iden-

tify the mechanisms that contribute to a site’s apparent resistance and/or resilience

to perturbations in biomass inputs or removals.

2.3 Materials and Methods

2.3.1 Site description

A complete site description and study design are provided in Gallo et al. (2022).

Briefly, the study site is along the western side of the Cascades east of Springfield,

OR on a uniform 15-25% south facing slope. This was installed as an affiliate site of

Long-term Soil Productivity (LTSP) Experiment (Powers et al., 1990), with funds

provided by the Northwest Renewables Alliance (NARA). In accordance with other

research on this area, this site is described herein as the “NARA LTSP Springfield”

site (Gallo et al., 2022; Littke et al., 2021). The soils are best represented by the

Kinney series described as Fine-loamy, isotic, mesic Andic Humudepts with clay and

clay loam textural classes to 100 cm depth and an average surface soil pH of 5.2
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(Soil Survey Staff, 2015). The andic influence of this site likely results in higher than

average extractable Fe and Al compared to other forest soils (Wada, 1980; Strahm

et al., 2006). During the two years of observation, the mean annual temperature was

10°C with a mean annual precipitation of 135 cm falling as rain mostly from October

to May. The area had an original harvest in ≈1950, presumably an old mature stand,

that used a broadcast burn and natural regeneration to re-seed the site entirely with

Douglas-fir (Pseudotsuga menziesii) and with a mid-rotation thinning. The second

harvest, occurring in 2013, recorded a King’s site index of 37 m (121 ft) at 50 years

(King, 1966).

2.3.2 Experimental design and sampling

As an LTSP affiliate site, only five of the original nine treatments were established

that manipulated residual surface biomass and the bulk density of mineral horizons

(Powers 1990, 2005). The three biomass removal treatments include: bole only (BO)

harvests that removed the merchantable stem but retained the branches, tops, and

other needle litter on site. Whole tree (WT) biomass harvests removed all above-

ground tree biomass and legacy wood, but retained stumps and an intact O-horizon.

The whole tree plus forest floor (WTFF) treatments removed all merchantable and

non-merchantable tree biomass, the O-horizon, and legacy wood but retained all

stumps. Compaction was measured using bulk density hammer cores for 0-15 and

15-30 cm depths prior to treatments and immediately post-treatments. Moderate

compaction (denoted with a “C”) was fully crossed in the bole only and whole tree
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removals, resulting in BOC and WTC treatments. Due to practical limitations of

removing the forest floor, likely inducing compaction, we only have WTFFC treat-

ments and lack a non-compacted pairing. Each plot (n = 20) is 0.4 ha in area, with an

internal measurement area 0.2 ha (1-acre), with all five treatments assigned to four

blocks based on 0-100 cm soil nitrogen stores. Treatment installation (harvesting,

compaction, and/or forest floor removal if necessary) concluded during the summer

of 2013.

Compared to pre-harvest values, moderate compaction increased the bulk den-

sity of the surface mineral soil by 16, 17, and 23% for the BOC, WTC, and WTFFC

treatments respectively (Gallo et al., 2022). However, the andic mineralogy of this

site is apparent from the average pre-treatment mineral soil bulk density values of

≈0.60 and ≈0.70 g/cm3 for the 0-15 and 15-30 cm depths respectively. The residual

surface biomass post-treatment retained approximately 190, 80, and 20 Mg/ha for

the BO/C, WT/C and WTFFC treatments respectively. The WTFF treatments

were never conceived as a forest management practice for industrial or public land

management agencies and they should only be viewed as a purely experimental prod-

uct (Powers, 1990). Additional details of compaction application can be found in

Gallo et al. (2022).

Soil sampling occurred during three time-points: pre-harvest in 2012, immedi-

ate post harvest in late 2013, and two years post-harvest in 2015. During pre- and

immediate-post harvest sampling, plots were sampled from 25-unique locations col-

lecting forest floor biomass, 0-15, 15-30, and 30-100 cm bulk density samples. These

25 points were then composited (herein described as ‘bulk soils’) for final analysis,
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with the bulk density data used to calculate pre and post bulk soil C and N stocks.

The 2015 sampling effort only collected forest floor, 0-15, and 15-30 cm samples at

25 unique locations to form the composite sample for final analysis. We assumed

bulk density did not change from immediate-post to two-year post sampling.

2.3.3 Density fractionation

We performed sequential density separations on the 0-15 and 15-30 cm soil sam-

ples pre- and two-year post treatment following the standard procedures outlined

in Sollins et al. (2009). Briefly, 7 g of 60°C dried soils were mixed with a total

of 70 mL ultra-pure sodium polytungstate (SPT-0, GeoLiquids, Prospect Heights,

Illinois) to collect the light fraction (>1.8 g/cm3), the intermediate fraction (1.8-2.5

g/cm3), and the heavy fraction (>2.5 g/cm3). Each fraction was extracted twice

with the same density of liquid by mixing for 2 hours, centrifugation for 1 hr, aspi-

ration of the supernatant, followed by vortexing the remaining pellet to resuspend

the remaining material for the next round of SPT addition. The supernatant was

then rinsed with 1,000 mL of DDI water on a combusted GF/F filter attached to a

vacuum buchner funnel to efficiently remove any remaining polytungstate salt and

collect the remaining fraction on the filter. The fraction remaining on the filter was

quantitatively transferred with DDI water to an acid-washed and pre-weighed dish,

oven dried overnight at 40°C, then scraped off into a scintillation vial for final analy-

sis. The acid-washed dish was re-weighed to calculate masses of individual fractions.

Aliquots of the SPT solution were periodically collected throughout individual steps
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to ensure the density of the SPT solution remained consistent.

Each density fraction is thought to represent a unique pool of soil organic mat-

ter. The selection of 1.8 g/cm3 for the light fraction and 2.5 g/cm3 for the heavy

fraction was based on analysis conducted by Sollins et al. (2006) which also used

andic-influenced soils from Oregon. The light fraction is generally characterized by

a high organic matter content (≈30% organic carbon) composed primarily of plant

debris, and is considered sensitive to changes in management (Dalal and Mater, 1986;

Compton and Boone, 2000). The heavy fraction is dominated by mineral material

with low organic carbon content (≈1% or less) that tends to have lower 14C values

than bulk soil or light fractions implying some level of carbon persistence (Swanston

2005; Sollins et al., 2006, 2009). The intermediate fraction for this study (1.8-2.5

g/cm3) is likely to contain some plant fragments sorbed to mineral particles and mi-

croaggregates, but still dominated by a mineral matrix with an approximate organic

C concentration of 3-5 %. For ease of comparing across other density fractionation

studies, our FLF is generally consistent with particulate organic matter (POM) cat-

egory; the mineral associated organic matter (MAOM) fraction from other studies is

representative of the combination of our intermediate and heavy fractions (Sollins et

al., 2009; Lavallee et al., 2019; Heckman et al., 2022)

Using ultra-pure sodium polytungstate (SPT-0) ensures the individual fractions

can then be analyzed for carbon and nitrogen stable isotopes without C or N con-

tamination issues (Sollins et al., 2009). While there is substantial rinsing of the

density fractions with DDI water, there is little carbon lost in the dissolved fraction

(Helbling et al., 2021), and if the sum of the three density separated masses were less
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than 90% of the parent sample mass, the sequential density separation was repeated.

2.3.4 CN and stable isotopes

Bulk soil samples were air dried at 60°C then passed through a 2 mm sieve. All

samples were then pulverized with a KLECO ball-mill grinder to fully homogenize

the samples for further analysis. Depending on the sample type, between 3-30 mg of

sample were loaded in tin boats and combusted in a Flash EA112 Elemental Analyzer

for carbon and nitrogen with a precision of replicate samples of ±5% and reference

materials ±2% of measured values. We used isotope ratio mass spectrometry follow-

ing high-temperature combustion to determine the δ13C and δ15N values.

2.3.5 Cupric oxidation (CuO) procedures

We used the Cupric Oxidation (CuO) procedure to identify biomarkers that allow

us to trace the sources of soil organic matter, especially from unique plant-tissue

components (Hedges and Mann 1979). The procedure was originally developed by

Hedges and Ertel (1982), modified by Goñi and Hedges (1992), and finally refined

into our current working method by Goñi and Montgomery (2000). Due to practical

constraints, CuO analysis was conducted on both mineral soil depths for the pre-

and two-year post sample periods.

Briefly, each 55 mL Teflon bomb vessel (MARS Xpress) contains approximately 5

mg of organic carbon combined with cupric oxide, ferrous ammonium sulfate, and N2

degassed NaOH before microwave digestion (CEM Mars 6 Xpress) for 1.5 hours at
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150°C. Following the microwave-induced oxidation, internal recovery standards are

added (ethyl vanillin and cinnamic acid) before a quantitative transfer into centrifuge

tubes with an additional NaOH rinse. The solution is then centrifuged (Thermo

Scientific, Sorvall Legend XTR) with the supernatant transferred and acidified to

pH 1. Two rounds of ethyl acetate (HPLC grade) additions are used to extract

the organic matter, with the organic supernatant transferred to 12 mL vials for

efficient evaporation under heat (50°C) and N2 purging (LabConco RapidVac Vertex

Evaporator). The dried solution is then re-dissolved with pyridine and stored in

amber vials in a refrigerator until final analysis.

For more efficient sample behavior in the gas chromatograph, a 50 uL subsample

was derivatized with 50 uL BSTFA (+ 1% TCMS), vortexed, and heated to 40°C for

30 minutes. We used a Hewlett Packard (6890 series) gas chromatograph fitted to a

Agilent Technologies (5973 Network) mass spectrometer with a DB-5 column (Agilent

Technologies, 30 m length, 0.25 mm internal diameter, 0.25 um film thickness) for

all analysis. We employed a six point calibration curve with concentrations ranging

from 1-50 ug standard / mL. The calibration contained 22 commercially available

compounds that include all CuO oxidation products presented herein.

We present data for the following CuO oxidation products: lignin (the sum of

the vanillyl, syringyl, and cinnamyl phenols) (Hedges and Mann 1979, Hatten et

al., 2012), cutin (16-hydroxyhexadecanoic acid, 8,16-dihydroxydecanoic acid, 9,16-

dihydroxydecanoic acid, 10,16-Dihydroxydecanoic acid, 7-hydroxyhexadecane-1,16-

dioic acid, 8-hydroxyhexadecane-1,16-dioic acid, 18-hydroxyoctadec-9-enoic acid) (Hat-

ten et al., 2012, Goñi and Hedges 1995; Goñi and Hedges, 1990; Crow et al., 2009a),
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suberin (hexadecanedioic acid and ω-hydroxyoctadecenoic acid) (Crow et al., 2009a),

and non-lignin para-phenols that are designated with the letter P (the sum of p-

hydroxybenzaldehyde, p-hydroxyacetopheone, p-hydroxybenzoic acid) (Goñi et al.,

2008). These P compounds are predominantly of microbial origin, with higher P:V

ratios indicating more microbial processing of lignin products. Illustrations of these

lignin structures can be found in Hedges et al (1988), and non-lignin structures can

be found in Goñi and Thomas (2000) and Kogel-Knabner (2002). We normalized

these CuO indices to organic carbon, and use the term “lignin/suberin content” to

indicate the lignin contributions to the total soil organic carbon pool.

2.3.6 Statistics

All statistical comparisons were done relative to the pre-harvest values, positive

effect sizes indicate an increase in the response variable compared to pre-harvest,

and negative effect sizes indicating losses compared to the pre-harvest values. Linear

mixed-effect models were used to fit all data and comparisons of means were done

using paired two-sided t-tests in R statistical software (v.3.3) (Bates, 2005; Zurr

et al., 2008; Pinheiro et al., 2014; R Core Team, 2021). All models included year

(2012, 2013, 2015) and treatment (BO, BOC, WT, WTC, WTFFC) as fixed effects,

and plots nested within blocks as random effects. The interaction term between

organic matter removals and compaction were tested, but was removed due to a lack

of significant effect for any response variable at any depth or density fraction result

that is presented. To simplify the analysis, we show the average responses across both
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compaction treatments (with and without compaction) and are represented simply as

the three biomass removal treatments (BO, WT, WTFFC). A family-wise Bonferroni

adjustment was used for multiple comparisons, with α=0.10 used to assess statistical

significance for all tests.

2.4 Results

Soil carbon stocks increased immediately after treatment, but with a return to near

baseline after two years. Bulk soil stable isotopes exhibited different trends, with a

general enrichment over time that was more prominent in δ15N. The CuO biomarkers

trended towards a more root-derived origin across all treatments, but with stronger

effects in the surface horizon. Density fraction data show consistent losses of C from

the intermediate fraction in the surface, and the light and intermediate fractions in

the subsurface horizon. Stable isotopes of each density fraction show an enrichment

of δ13C across heavy and intermediate fractions, but δ15N show depletions in the

light fraction.

2.4.1 Soil carbon and nitrogen

There was a general trend of increasing SOC stocks and CN ratios in both soil depths

immediately after treatment, but a variety of responses two years post-treatment

(Figure 2.1). Surface horizons increased SOC stocks by 17-42% immediately post

treatment. Subsurface horizon SOC stocks increased by 13-18%, although with few

statistically significant differences in both depths (Table 2.1). Surface horizon in-



24

creases in SOC stocks immediately post-treatment were approximately 2-3 times the

increases seen in subsurface horizons. Across all treatments and depths, only the

0-15cm WTFFC treatment had statistically significant increases in SOC stocks (+28

Mg C/ha) (Table 2.1).

Two years after treatment installation, there was a consistent but non-significant

trend of SOC losses of -4.6 to -8.5 MgC/ha across all plots in the 15-30cm depth.

However, we could not detect any statistically significant differences in SOC stocks

of pre vs two year post-treatment in any treatment or either depth.

The CN ratios across all treatments and depths generally increased immediately

after treatment, and remained elevated after two years (Figure 2.1), but with few

statistically significant differences (Table 2.1). The two 0-15 cm significant differences

are WTFFC pre vs post, andWT pre vs two year post. Only one significant difference

in the 15-30 cm was detected in the BO pre vs post treatment comparisons (Table

2.1).
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Figure 2.1: Soil organic carbon stocks and CN data for three periods of sample collec-
tion and both depths across all treatments at the NARA-LTSP site near Springfield,
OR. Treatments include bole only (BO), whole tree (WT), and whole tree plus forest
floor removals with compaction (WTFFC). (*) denotes significant difference (p<0.1)
from pre-treatment value. Box and whisker plots with open circles indicating outliers.
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Table 2.1: Summary data for three periods of sample collection and both depths
across all treatments at the NARA-LTSP site near Springfield, OR. Treatments in-
clude bole only (BO), whole tree (WT), and whole tree plus forest floor removals
with compaction (WTFFC). Bold indicates significant differences (p<0.1) compared
to pre-treatment values with a family-wise Bonferroni adjustment for multiple com-
parisons.

2.4.2 Stable isotopes (bulk soils)

Across all treatments and depths there was a consistent overall enrichment of δ13C

immediately after harvests, with the strongest effects of both δ13C and δ15N present

two years after treatment installation (Figure 2.2). While there was a trend of

enrichment of δ13C across both sampling periods, only the 15-30cm BO pre vs two

year post was statistically significant (Table 2.1). In contrast, δ15N did not shift

immediate-post treatment for any depth, but two years later nearly every comparison

showed a statistically significant enrichment (Table 2.1). Across all treatments, the
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average two year δ15N enrichment was +0.776 and +0.820 for the 0-15 and 15-30 cm

depths respectively. The only pre vs two year comparison that was not statistically

significant, was the BO 0-15cm treatment which showed an enrichment of +0.48

which was approximately half of the effect size of all other pre vs two year post

comparisons (Table 2.1).
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Figure 2.2: Carbon and nitrogen stable isotope data for three periods of sample collec-
tion and both depths across all treatments at the NARA-LTSP site near Springfield,
OR. Treatments include bole only (BO), whole tree (WT), and whole tree plus forest
floor removals with compaction (WTFFC). (*) denotes significant difference (p<0.1)
from pre-treatment value. Box and whisker plots with open circles indicating outliers.

2.4.3 Cupric oxidation (bulk soils)

Two years following treatment, there was a general trend of changes in biomarker

composition across all treatments, although most statistically significant effects were

only present in the surface soil horizons (Figure 2.3). Lignin and suberin content (both

normalized to C) in the 0-15 cm tended to increase in all treatments, although with few
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statistically significant differences. Both BO and WTFFC Cutin:Suberin values (an

indication of plant vs root wax contributions) in surface soils decreased significantly

and of similar magnitude (-9 and -10 units respectively). The P:V ratios (an indicator

of microbial to plant derived organic matter) generally increased across all treatments

and both depths, but only the WT saw statistically significant increases.
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Figure 2.3: Soil biomarker data derived from the cupric oxidation method for two
periods of sample collection and both depths across all treatments at the NARA-
LTSP site near Springfield, OR. Treatments include bole only (BO), whole tree (WT),
and whole tree plus forest floor removals with compaction (WTFFC). The P:V ratio
includes para-hydroxybenzene (P) to vanillyl (V) phenols with higher values indicating
greater microbial lignin decomposition. Cutin and suberin are leaf and root waxes
respectively. (*) denotes significant difference (p<0.1) from pre-treatment value. Box
and whisker plots with open circles indicating outliers.
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2.4.4 Density fraction C and N characteristics

The relative carbon pools within each fraction were similar between pre and post

biomass harvesting (Table 2.2), but the total carbon pool within each fraction tended

to decrease in both light and intermediate fractions after treatment installation (Fig-

ure 2.4). For example, the surface soil light fraction accounted for 45 and 43% of

the relative C recovered in pre and two year post samples, the intermediate fraction

accounted for 44 and 49% respectively. The average heavy fraction (across all treat-

ments, time points, and depths) accounted for 5-8% of the relative C pool. Total

mass recovery across all treatments and both depths, were 97% of the original sam-

ple mass in both the pre and two year post time periods (Supplemental Materials).

While the relative C pools and mass recoveries did not change across time periods,

the total C pool from some density fractions decreased.

Two years after biomass removals, the intermediate fraction saw significantly

lower total C pools that were consistent across all treatments and depths (Figure

2.4). The subsoil light fraction also saw consistent significant reductions in total

C across all treatments, approximately -35 mg C/g soil (Table 2.2). The greatest

subsoil C losses occurred in the intermediate fraction of the WTFFC treatments (-45

mg C/g soil). While the light fraction total C pool in the surface soil appeared to

decrease after two years, they are not significantly lower than pre-treatment levels.

However, the light fraction N pool was significantly lower across all treatments by

approximately -1.6 and -1.1 mg N/g soil in the surface and subsurface horizons

respectively (Supplementary Materials). These N pool losses in the light fraction

increased as more surface biomass was removed (e.g. losses in WTFFC were -2.2
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compared to 1.4 mg N/gsoil in BO). The magnitude of 0-15 cm N pool losses in the

light and intermediate fractions were similar, even though the intermediate fraction

N pool contains 3-4x more total N (Table 2.2).

The CN ratio in surface soil light fractions significantly increased across all treat-

ments by 9.5, 8.5, and 11.5 units for the BO, WT, and WTFFC treatments respec-

tively (Figure 2.4). Although the light fraction of the subsoil generally increased,

only the WTFFC treatment saw a statistically significant increase of 12.4 units. The

CN ratio of the intermediate and heavy fractions were similar, 16.6 and 14.5 respec-

tively, with only the 0-15 cm WTFFC intermediate fraction showing a significant

decrease of 1.5 units two years post-treatment.
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Table 2.2: Density fraction mass, carbon, and nitrogen contributions for two periods
of sample collection and both depths across all treatments at the NARA-LTSP site
near Springfield, OR. Treatments include bole only (BO), whole tree (WT), and
whole tree plus forest floor removals with compaction (WTFFC). Bold indicates
significant difference (p<0.1) from the pre-treatment values.
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Figure 2.4: Soil C/N data and soil carbon pools derived from density fractionation
(light fraction >1.8 g/cm3; intermediate fraction 1.8-2.5 g/cm3; heavy fraction >2.5
g/cm3) for two periods of sample collection and both depths across all treatments at
the NARA-LTSP site near Springfield, OR. Treatments include bole only (BO), whole
tree (WT), and whole tree plus forest floor removals with compaction (WTFFC). (*)
denotes significant difference (p<0.1) from pre-treatment value. Box and whisker plots
with open circles indicating outliers.
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2.4.5 Stable isotopes (density fractions)

Overall, intermediate and heavy fraction δ13C and δ15N enriched over time across

all treatments, but light fraction stable isotope signatures were either unchanged

or showed depletions after two years. The pre-treatment light fraction had a more

depleted δ13C and δ15N signature compared to either the intermediate or heavy frac-

tions. The heavy fractions tended to have the most enriched pre-treatment isotopic

values. Unlike other metrics used to analyze the heavy fraction, the δ13C of all

treatments and both depths significantly increased (became enriched in δ13C) (Fig-

ure 2.5). This trend continued for the intermediate fraction of δ13C, as well as the

intermediate fractions of δ15N. However, the light fraction δ15N signatures for BO in

both depths significantly decreased (became depleted in δ15N).
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Figure 2.5: Carbon and nitrogen stable isotope data derived from density fractionation
(light fraction >1.8 g/cm3; intermediate fraction 1.8-2.5 g/cm3; heavy fraction >2.5
g/cm3) for two periods of sample collection and both depths across all treatments at
the NARA-LTSP site near Springfield, OR. Treatments include bole only (BO), whole
tree (WT), and whole tree plus forest floor removals with compaction (WTFFC). (*)
denotes significant difference (p<0.1) from pre-treatment value. Box and whisker plots
with open circles indicating outliers.
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2.5 Discussion

2.5.1 Bulk soil responses

Contrary to our initial hypothesis, there is some evidence that bulk SOC stocks

rapidly increased immediately after biomass removals (Figure 2.1), but these changes

were only statistically significant for the 0-15 cm depth of the WTFFC treatment

(Table 2.1). The magnitude of SOC increase is larger than measured pre-treatment

fine-root biomass observations, suggesting that medium and coarse roots that were

not quantified were rapidly fragmented and contributed to the bulk SOC pool im-

mediately post-treatment. Two years after treatment, SOC stocks appear to return

to pre-treatment levels in the surface soil and although there are no statistically

significant differences in subsurface soils they tend to decrease (Table 2.1). One pos-

sible explanation is the recently senesced fine and medium sized roots were able to

pass through the sieve during the immediate post-treatment sampling, and now the

coarse-sized roots are providing an additional SOC buffer pool. There is additional

strength in this explanation based on the biomarker analysis showing a strong shift

in bulk soil carbon towards a root-derived signature that is replacing native mineral

soil C.

Contrary to our second hypothesis, the CN ratio across all treatments generally

increased despite BO receiving inputs from needle litter rich in N and WTFFC treat-

ments receiving only belowground inputs from senesced roots. This is in spite of BO

treatment receiving almost 10x more residual surface biomass compared to WTFFC

(190 vs 20 Mg/ha respectively). Although there were few significant differences in
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SOC and CN ratios, there is an apparent dynamism occurring in surface soils that

resulted in an average across treatment SOC stock increase of ≈28% (+18 MgC/ha)

immediately post-treatment that dissipates two years later to only a ≈6% increase

compared to pre-treatment values (65 to 83 to 69 MgC/ha). We can conclude that,

with regards to bulk SOC stocks, these soils appear to not be resistant to large

biomass perturbations, but they are simultaneously highly resilient.

Stable isotopes may provide a more sensitive measure of SOM processing not

otherwise recognized in bulk SOC and CN observations. We hypothesized treatments

with less residual biomass left at the surface would become enriched in both δ13C and

δ15N. We find weak evidence for bulk δ13C enrichment across depths and treatments

(Table 2.1). However, there was consistent statistically significant δ15N enrichment

across all treatments and depths, but it required a full two years post-treatment to

manifest itself (Figure 2.2). This lag in N processing may be due to a variety of

factors, but we believe the most likely explanation is that N cycling was initially

constrained by the pulse addition of high C organic matter when the immediate-

post sampling occurred, before N-limitations begin to lift over time allowing for

more N nitrification and leaching that results in an overall enrichment in δ15N. It’s

notable that surface BO treatment did not result in a statistically significant increase,

likely due to the additions of abundant needle litter relatively abundant in N from

above that were not present in either WT or WTFFC treatments. The consistent

enrichment of δ15N in the subsoil suggests there is a N transport limitation even in

BO treatments that N-rich needle litter could not buffer against. This is consistent

with findings from a nearby conifer forest, where researchers found the dissolved
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organic carbon signature from aboveground litter and forest floor was not reflected

in mineral soil carbon signature (Crow et al., 2009b).

Tracing the sources of organic matter in soils from biomarker analysis has the po-

tential to elucidate the mechanisms of SOC resilience following major perturbations.

We hypothesized the composition of SOM would shift towards a more root-derived

signature, and we find convincing evidence for this phenomenon in the surface soils

across all treatments (Figure 2.3c, d). The ratio of cutin to suberin is an indicator

for the relative contribution of leaf vs root-derived waxes, and both the BO and

WTFFC surface soils showed statistically significant increases in Cutin:Suberin indi-

cating a shift towards a root-derived signature (Figure 2.3c). The WT surface soils

showed the same trend, but it was not significant. By examining the C-normalized

suberin values, we see that all treatments shifted towards a greater contribution of

suberin in the surface soil compared to pre-treatment (Figure 2.4d). These patterns

in cutin and suberin were not present in the subsoil, likely due to the already high

contribution of suberin and relatively low contribution of cutin in the subsoil. This

observation is reinforced by a stable isotope-DOC leaching studies showing below-

ground glucose additions are more efficient in being converted to stabilized carbon

compared to aboveground additions (Sokol and Bradford, 2019), and that new at-

tachments can occur on short timescales (hours) especially on clay-sized minerals

(Vogel et al., 2014). Similar to the potential N transport limitation of BO needle

litter being unable to buffer against changes in the δ15N signature, there may be an

equally plausible O-horizon transport limitation to the subsoil (Sokol and Bradford

2019; Crow et al., 2009b). In addition to a shift towards a root-derived signature,
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surface soil P:V ratios indicate all treatments had a shift in SOM composition to-

wards a microbially processed origin compared to pre-harvest (Figure 2.4b). This

pattern was only statistically significant for the WT surface and subsurface soils,

but all treatments and depths trended towards a higher P:V ratio indicating higher

likelihood of microbial origins.

These observations indicate that bulk SOC may not be resistant to biomass har-

vesting but highly resilient (e.g. rapid changes in SOC immediately post treatment,

but SOC returning to approximately pre-treatment values two years later). This

resilience follows a weak δ13C enrichment and a strong δ15N enrichment that re-

quires at least two years to manifest, and that bulk SOM composition appears to

shift towards a more root-derived signature that is also more microbially processed.

These patterns are most pronounced in the surface soils, with some of this behavior

occurring in the subsoils as well (mainly enrichment of δ13C and δ15N).
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Figure 2.6: Figure 6. Carbon and nitrogen stable isotope data derived from bulk
soils and density fractionation (light fraction >1.8 g/cm3; intermediate fraction 1.8-
2.5 g/cm3; heavy fraction >2.5 g/cm3) for two periods of sample collection and
both depths across all treatments at the NARA-LTSP site near Springfield, OR. We
also present representative root and needle isotopic signatures from similarly situated
forests. Needle litter from three-year old seedlings at this NARA-LTSP site (Littke,
K. personal communication), and root data from two National Ecological Observatory
Network sites that include the Wind River Experimental Forest (WREF) and Abby
Road (ABBY) both in southern Washington containing an old-growth mixed conifer
forest and Douglas-fir plantation forest respectively (NEON, 2022).
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2.5.2 Density fraction responses

Our first hypothesis attributed the potential shifts in bulk SOC to losses in light

fraction material derived from the presence (or lack thereof) residual surface biomass

inputs. We assumed both the intermediate and heavy fraction, due to their prox-

imity to mineral surfaces, would be more stable and less likely to be influenced by

organic matter removals. Consistent with our hypothesis, there is overwhelming

evidence that all treatments and depths experienced mass loss and decreases in C

pool from the light fraction (Table 2.2). Light fraction CN ratios in surface soils

all experienced significant increases (Figure 2.4), partially driven by a reduction in

N pool size (Table 2.2), indicating fresh OM inputs were being incorporated into

this SOM fraction. However, contrary to our first hypothesis, the greatest C pool

losses were from the intermediate fraction (Table 2.2, Figure 2.4). The magnitude

of light and intermediate fraction C losses were strongest in the WTFFC treatment,

with this pattern also occurring in the subsoil, potentially highlighting the subsoil

intermediate fraction being especially sensitive to aboveground biomass removals.

Light fraction stable isotope responses show a decoupling between the C and N

cycles, and between the light and intermediate fractions. There is no evidence for

surface or subsurface soil δ13C enrichment of the light fraction suggesting a lack of

carbon limitation across all treatments and depths (Table 2.1, Figure 2.5). However,

statistically significant depletion of BO light fraction δ15N suggests new N was en-

tering the 0-15 and 15-30 cm horizons. This δ15N depletion pattern is similar, but

not statistically significant, in both depths of the WT and WTFFC treatments also

suggesting new nitrogen is being added to the light fraction. Additionally, needle
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litter of three-year old seedlings at this site were collected resulting in average val-

ues across all treatments of -29.1 for δ13C, and +1.2 for δ15N (Littke, K. personal

communication). Two similarly situated forests in the Pacific Northwest provided

stable isotope signatures of living and dead roots; the Wind River Experimental For-

est had average root values of -27.9 for δ13C, and -1.1 for δ15N and the Abby Road

forest? was -27.4 for δ13C, and -0.1 for δ15N (NEON, 2022). This strongly suggests

the depletion in light fraction δ15N is due to root additions because there was no

change in the light fraction δ13C signature that would have indicated a conifer nee-

dle signal (Figure 2.6). This is supported by research from a nearby conifer forest

finding dissolved organic nitrogen was 10 times higher from root litter compared to

needle or wood litter (Yano et al., 2005). Taken together, we find senesced roots

required at least six months to release their stored nitrogen, accounting for the delay

in N depletion signal, and the stable isotopic signature of light fraction appears more

root-derived compared to needle derived (Figure 2.6).

An alternative explanation to light fraction depletion and MAOM enrichment

δ15N, considering significant light fraction N pool losses across both depths, could

be that all treatments are exhibiting a light fraction positive priming response. As

new N is added to the system, old N is being preferentially lost in greater quanti-

ties than replacement N can buffer against. Paradoxically, the 0-15 cm intermediate

fraction shows statistically significant δ15N enrichment in the WTFFC treatment

(p=0.040), suggestive evidence in WT removals (p=0.116), and no evidence in the

BO treatment (p=0.753). But these are more consistent δ15N enrichment responses

in the subsoil. Taken holistically, this indicates that treatment with more natural
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N additions (BO>WT>>WTFFC) encourages a priming effect that is strongest in

the light fraction, but remains present in the surface and subsurface soil interme-

diate fractions emphasizing concerns that bulk soil observations are not capturing

potential N losses that may present themselves in the future unless site fertilization

commensurate with the pool losses occurs.

Heavy fraction behavior could be misinterpreted unless the full suite of response

variables are considered. For example, heavy fraction C pool sizes and CN ratios ap-

peared not to change two years post-treatment (Figure 2.4). This is consistent with

the idea that MAOM, especially at this site where Fe/Al being a prominent mineral

constituent, is more likely to exhibit ligand-sorption phenomena that are consid-

ered more thermodynamically stable leading to longer residence times (Newcomb et

al., 2017; von Lutzow et al., 2007). However, there was statistically significant en-

richment of heavy fraction δ13C across all treatments and both depths (Figure 2.5)

indicating that mineral-association does not prevent participation in SOM transfers.

It is more likely that enrichment occurred on mineral surfaces with pre-existing OM

attachments and mineral clusters (Vogel et al., 2014). If there was an expansion of

the total mineral area with newly added root or needle litter we would observe HF

13C depletion to match the more depleted 13C signature of input sources (Figure

2.6). But in fact we see the opposite, HF enrichment indicates that despite the large

pulse of new inputs, they were not transferred onto the heavy fraction. Equally pos-

sible is the exterior layer of HF organic matter in the “onion model” framework was

preferentially lost, indicating the presence of multiple pools of SOM cycling within

the heavy fraction (Sollins et al., 2005).
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If only examining the density fraction mass or C pools from the heavy fraction,

one would incorrectly conclude that the mineral-associated C is excluded from short-

term SOM dynamics. At this site there are heavy fraction C transfers (enrichment

of δ13C), occurring on relatively rapid timescales (2 years), that are not statistically

detectable in the size of the HF pool (Table 2.2). However, in this andic-influenced

forest soil these responses should be less likely to occur given the higher active Fe

and Al species present in these soils that would theoretically protect MAOM from

destabilization (Possinger et al., 2021; Bailey et al., 2019). This unexpected dy-

namism in heavy fraction carbon cycling in a high Fe/Al site is in tension with the

implicit assumption in modeling frameworks today (e.g. MEMS, Roth-C, Century),

that organic matter on heavy fraction material is resistant to losses. This result also

provides more evidence to consider carbon turnover times as a distribution of re-

sponses with a right skew (e.g. resulting in median carbon turnover times that may

not be representative of the majority of the soil carbon pool) that recognizes the

short turnover times are present as part of the soil system-age distribution (Sierra et

al., 2017; Sierra et al., 2018). Although the soil system-age distribution concept is

relatively new and focused on bulk soils, as other researchers suggest (Heckman et

al., 2021), a similar framework needs to be considered for the ‘stable’ heavy fraction

organic matter.
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2.5.3 Pacific Northwest forest organic matter cycling

Previous work by Gallo et al (2022) observed large temperature increases in the top

100 cm profile following organic matter removals at this location, with the 0-30 cm

WTFFC growing season temperature increasing 2.5°C compared to BO removals.

The proportional temperature increase in the WTFFC treatment, compared to BO

or WT, partially explains why the response of δ13C enrichment was greatest. These

temperature responses also lacked moisture limitations leading to increased soil grow-

ing degree days by 3-6 times in treated areas compared to unharvested controls which

helps to explain why seedlings on the WTFFC treatment had the highest diameter

growth and foliar nitrogen on this study location (Littke et al., 2021). On a similar

soil in Washington, Strahm et al (2008) found three times as much nitrogen leaching

past 100 cm in BO vs WT removals. Considering this NARA LTSP location reached

optimal temperatures for nitrification to occur (25-35°C) on the WTFFC treatment

(Gallo et al., 2022; Brady and Weil, 2010), it’s plausible these extreme treatments

lost significant portions of N that are not captured in bulk soil observations (Table

2.1).

These favorable conditions for microbial activity (higher temperatures with ade-

quate moisture throughout most of the growing season) may have allowed the ther-

modynamic threshold of Fe/Al bound OM to be crossed such that MAOM was

subsequently destabilized (Possinger et al., 2021). Indeed, across all treatments and

both depths, the light fraction N pool was reduced by -1.4 mg N/g soil two years

post-treatment compared to average N losses in the intermediate fraction of -1.6 mg

N/g soil (Table 2.2). Furthermore, FLF δ15N became depleted (compared to all other



47

fractions and isotopes across both depths becoming generally enriched) suggesting

fresh N inputs were replacing FLF material but not in large enough quantities to

offset pool losses. This FLF δ15N depletion effect was strongest and statistically

significant in BO surface and subsurface horizons where N additions are expected to

be greatest (Strahm et al., 2018), but all treatments and depths experienced similar

patterns likely attributed to a high production of dissolved organic nitrogen from

root litter (Yano et al., 2005) (Figure 2.5). Because nitrogen likely plays a crucial

role as the nucleation point of organo-mineral sorption phenomenon (Possinger et al.,

2020), losses of any mineral-bound N may also reduce soil’s ability to retain carbon

and thus be resilient to future harvests.

2.5.4 Soil organic matter response to perturbations, and management

Harvesting meta analyses have shown remarkable resilience of soil to extreme organic

matter removals (Powers et al., 2005; Nave et al., 2022), although deep soils remain

understudied as they tend to show larger SOC losses (James and Harrison, 2018;

Gross and Harrison, 2019). Long-term litter manipulation studies also show soil to

be remarkably resilient to bulk SOC changes (Man et al., 2022). However, bulk

soil observations likely mask the rapid and substantial energy transfers within and

between unique pools of soil organic matter (Heckman et al., 2022). As suggested by

Powers et al. (2005) in a decade of LTSP results, they posit forest carbon resilience is

driven by the root C pools. Using density fractions, stable isotopes, and biomarker

tracing techniques, we believe there is convincing evidence that roots are indeed
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providing that forest carbon resilience to harvesting rather than aboveground inputs.

This is consistent with many other findings across ecosystem types (Heckman et al.,

2021; Xu et al., 2021; Sokol and Bradford, 2019; Rasse et al., 2005; Ghafoor et al.,

2017; Jackson et al., 2017; Crow et al., 2009b). An important note to consider, is

that although dead roots material is a large contributor to SOC pools, living roots

can also destabilize mineral carbon (Pierson et al., 2021; Keiluweit et al., 2015),

even in deep soils with long-lived C (Shahzad et al., 2018). The tradeoff likely

depends on many ecosystem-specific parameters, but the overwhelming majority of

soil architecture is not rhizosphere-influenced, with deep soils being especially void

of live-root influences, so the potential benefit of increasing SOC stores from greater

root production and senescence likely outweighs the potential losses.

We studied a unique site with a high degree of inherent productivity containing

large root carbon stores from prior ecosystems, as a form of biological legacy, that

may not translate to other locations. Ongoing forest management may appear more

resilient because of these legacy carbon and nutrient stores. We stress that the ob-

served dynamism of soil biogeochemical cycling seen here is likely occurring across

the landscape following timber harvesting. If modern successive rotation lengths al-

low enough time for root C pools to re-establish, and any lost nitrogen to be amended

by fertilization, it is feasible for current forest management practices to fulfill increas-

ing wood product demands while remaining sustainable. It is therefore essential to

continue long-term monitoring of these locations to examine if the resilience identi-

fied here remains robust, or if there are other more concerning patterns that emerge

which place our forests at risk of future declines in productivity.
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2.6 Conclusions

Six-months following treatment the surface and subsurface soils increased soil or-

ganic carbon (SOC) stocks by 8-42%. Two years later surface soils returned to

pre-treatment values but subsoils lost 8-17% of their original SOC stocks.

Six-months following treatments, 0-15 cm soil carbon stores increased between 8-

42%, but two years after treatments they returned to pre-treatment values. Subsoil

carbon losses became apparent only two years post-treatment resulting in 8-17%

decreases compared to pre-treatment levels. This rapid carbon input, and loss, within

two years signals a dynamism of soil nutrient cycling that would not be apparent if

only examining soil carbon stocks years after treatments. Using stable isotopes we

identified a decoupling between the FLF and MAOM characteristics. We observed a

slow enrichment over time of bulk soil δ13C, largely driven by the MAOM fractions.

Bulk soil nitrogen enrichment required two years to show statistically significant

differences and was also driven by the MAOM fractions. But FLF N was significantly

more depleted in the BO treatment, with other treatments exhibiting similar trends,

suggesting roots as a primary contributor to the light fraction pool rather than needle

litter from aboveground. Biomarker analysis indicates the remaining soil carbon after

two years shifted towards a more root-derived signature (decreasing cutin:suberin

ratio) that was also more heavily processed by microbes (higher P:V ratio). These

shifts in compound chemistry were apparent in the surface horizon of all treatments,

but the effect was less pronounced in the subsurface. Conversely, stable isotope

trends of surface and subsurface soils were more often consistent with each other.

Taken holistically, we find evidence that following experimental biomass harvests
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there is a large pool of carbon added to the system that rapidly cycles and returns

forest soil carbon to pre-treatment levels suggesting a resilience. This resilience is

likely due to root-derived pools rapidly decomposing, that is independent of other

factors such as aboveground biomass retained or increases in soil temperature. While

there was a general trend of increasing biomass removals seeing larger effect sizes

(subsoil carbon loss, stable isotope enrichment, etc..), the most extreme treatments

with no aboveground inputs (WTFFC) behave similarly as more conventional forms

of forest harvesting (WT, BO). This suggests that these western cascade forests

have a robust resilience mechanism, the legacy root-carbon pool, that may only be

sustained if there is an adequate amount of time allowed for the root-carbon pool

to rebuild prior to the next harvest interval. Should harvest rotations get shorter

without replacing lost carbon and nitrogen then soil carbon resilience, and thus

sustained forest productivity, may not be as robust into the future.
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3.1 Abstract

We leveraged full soil profile samples (n = 40) originating from the installation of

National Ecological Observatory Network across North America representing the

most broad and deepest assessment of cupric oxidation (CuO) identified soil organic

matter (SOM) that has ever been investigated. Our aim was to examine the trade-

off between local biomass production (net primary productivity - NPP) and climatic

controls on lignin content and plant waxes down soil profiles. In addition to analyzing

bulk soils with average depths >1m, we separated all A-horizons by density and

examined the SOM of the three density fractions. Across the NEON sites studied,

we find A-horizons had significantly different SOM compositions compared to their

associated subsoils. Within NEON sites, neither upper nor lower B-horizon SOM

components were significantly different from each other, indicating organic matter

additions have a weak imprint on subsoil SOM characteristics. Lignin contributions

to the total SOM pool generally decrease with increasing soil depth, and lignin

becomes more degraded in deeper horizons. Surprisingly, neither NPP or the tradeoff

between precipitation inputs and plant water use helped to explain the proportions

of SOM components extracted with the CuO method. Despite the wide range in the

quality and quantity of plant inputs SOM appears to have homogenized - especially

across A-horizons and across/within subsoils - to produce a somewhat uniform SOM

composition across these North American ecosystems.
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3.2 Introduction

Globally, soils down to 1 m hold more carbon (≈1,500 Pg) than the atmospheric

(≈867 Pg) and terrestrial vegetation pools (≈560 Pg) combined (Batjes, 2014; Lal,

2018). More than half of these soil carbon stocks are held below 30 cm (Batjes,

2014), and recent work estimating soil carbon stocks to 3 m suggests the true pool

is as large as 3,000 Pg (Scharlemann et al., 2014). Despite the importance of deep

soil carbon pools (Gross and Harrison, 2019; Button et al., 2022), published soil

science literature has become more shallow over the past few decades (from 53cm

in the 1990’s to 24 cm today) and too often researchers do not even report soil

sampling depth (Yost and Hartemink, 2020). Furthermore, it remains difficult to

incorporate disparate studies into a holistic framework because analytical methods

and soil sampling practices (if reported) too often differ to meaningfully integrate

studies into a more holistic understanding. Although researchers need to be more

systematic in their sampling methods for cross validation (Wendt and Hauser, 2013;

Rhymes et al., 2020), we also need a large scale systematic study to limit confounding

variables inherent in our current body of terrestrial biogeochemical literature.

Recent analytical tools have allowed researchers to estimate the relative contribu-

tions of plant and microbial sources to soil organic matter (SOM), but calculations

vary greatly. Some estimate microbes and their necromass account for 30-80% of

SOM (Liang, et al., 2019; Angst et al., 2021), while other researchers find plant

sources to account for 20-70% of SOM (Whalen et al., 2022), and belowground in-

puts account for ≈46% of carbon retained as SOM (Jackson et al, 2017). One major

limitation in these estimates is they are often combined from many different study
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designs that use slightly different techniques leading to wide estimates of plant and

microbial contributions to SOM. By leveraging a continental scale study design, with

consistent methodologies that also sample deep soils, we hope to address this knowl-

edge gap in the sources of SOM as a preliminary step to then infer how ecosystem

processes may shift as climate warms and land management changes.

The two most abundant biopolymers on earth (cellulose and lignin) are produced

by vascular plants (Filley et al., 2002) with some analytical tools able to consistently

identify lignin across terrestrial and aquatic ecosystems (Goñi and Thomas, 2000;

Goñi et al., 2008). The cupric oxidation (CuO) method allows researchers to trace

plant-derived organic matter (OM), as well as specific plant/tree/grass species be-

cause they often contain a unique ratio of lignin phenols (Hedges and Mann, 1979).

In addition to tracking lignin, the CuO procedure tracks lignin degradation indices

and some unique plant components such as waxy coatings on leaves and roots (sub-

stituted fatty acids). Lignin degradation can also affect total CuO yield (e.g. lignin

polymer degradation can lead to specific monomer exclusion from the analytical

window). However, the trifecta of tracing lignin as an OM component present in

all plants, tracking its relative degradation status, and identifying other plant com-

ponents make the CuO method highly favorable to understand the sources of SOM

across ecosystems and down soil profiles. By leveraging the installation of new long-

term research sites across North America (National Ecological Observatory Network

- NEON), we hope to elucidate how ecosystems may respond to a warming climate.

Soil organic matter is not a uniform pool of plant and microbially altered com-

pounds, and there are a myriad of mineral-organic interactions that have resulted in
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a paradigm shift in SOM dynamics (Kleber et al, 2015). Previous studies empha-

sized large molecular structures govern SOM recalcitrance, although that view has

long been under question (Lehmann and Kleber, 2015). There are many new frame-

works that are replacing the outdated humic substances paradigm, with the most

convincing also being the most complex to model (Dungait et al., 2012; Lehmann et

al., 2020). More recent frameworks involve the interaction of climate and clay-sized

minerals (Rasmussen et al., 2018), the fragmentation of aboveground plant matter

into soluble OM that can then become SOM (Cotrufo et al., 2013), and the density

separation of bulk soils into operationally defined pools that have distinct responses

to temperature and moisture shifts (Heckman et al., 2022; Schrumpf et al., 2013).

By separating soils based on density, there is an easier distinction between rapidly

cycling and more stable forms of organic matter that cannot be obtained from bulk

soils alone (von Lutzow et al., 2007; Sollins et al., 2009). Furthermore, because

there is a continuum between fresh plant debris fragmenting into the light fraction,

which is then [a]biotically oxidized into mineral-associated OM (MAOM), we can

leverage the CuO method to track the unique plant components in various stages of

decomposition and which - if any - are preferentially sorbed onto mineral particles.

This attachment is crucial, because the MAOM fraction is low in carbon but can

persist for many thousands of years compared to light fraction material which is

high in carbon but only persists at the decadal timescale or less (Lavalle et al., 2019;

Lehmann and Kleber, 2015; von Lutzow et al., 2007; Sollins et al., 2009; and Heckman

et al., 2022). With a cross ecosystem synthesis of plant-derived contributions to

this continuum of SOM, we hope to aid in the prediction of global climate change
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modeling.

Based on our emerging understanding of soil organic matter cycling and the

representative nature of these NEON sites, the objectives of this study are to examine

the trade-off between local biomass production and distal climatic controls on lignin

content and plant waxes down soil profiles. Our overarching hypotheses are (1) sites

with more net primary productivity have a higher proportion of lignin and plant

waxes, and (2) this relationship is consistent - but diminished - in the deepest soil

horizons furthest away from plant inputs.

To address these questions, we examined proxies of lignin and plant waxes across

40 NEON sites, using A-horizon bulk soils and density fractions, and bulk soils from

the upper most illuvial B horizon, and the deepest mineral B horizon present at

each location. We modeled our observations of plant biomarkers proxies against

NPP and a climate index that accounts for precipitation inputs and evaporative

outputs for each site. The focus of this manuscript is not on soil carbon storage or

vulnerability or persistence; those analyses that use these exact soils can be found in

Nave et al (2021), Weiglein et al (2021), and Heckman et al (2022), respectively. For

this manuscript, by accounting for both the local (biomass production) and distal

(climate) factors, we hope to better understand which ecosystems retain the strongest

plant-organic matter signatures throughout soil profiles.
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3.3 Materials and Methods

3.3.1 Site description and soil sampling

This study used a subset of 40 sites from the larger set of terrestrial NEON in-

stallations (Table 3.1). The sites are categorized by 20 unique ecoclimatic domains

meant to capture a wide range of ecosystem factors representative of global systems

(Thorpe et al., 2016). As described by Possinger et al. (2022), we obtained net pri-

mary productivity (NPP) (kg C / m2*yr) from MODIS, mean annual temperature

(MAT) and a Hargreaves evaporation index (MAP-Eref) from the ClimateNA-MAP

database (ORNL DAAC, 2008; Running et al., 2008; Wang et al., 2012). We use

MAP-Eref as our “moisture availability” index in our modeling efforts which helps

to incorporate abiotic and biotic factors more holistically. To more easily map these

current sites onto conventional ecosystem types with long-term data (Campbell et

al., 2022), we leverage Whittaker Biomes with only eight unique ecosystem types

(Whittaker, 1970) (Table 3.1). Instrumentation at the sites span multiple spatial

and temporal scales that sometimes require a high number of additional sampling

points to obtain an accurate estimate of the mean (e.g. soil moisture and tem-

perature) (Loescher 2014), but the types of observations are consistent across all

locations. One instrument present at each NEON site is a flux tower. Within the

tower airshed are five soil plots with additional automated-observation equipment.

During construction of the Terrestrial Observation System (including the full suite

of sensors and access trails), soil CO2 sensors were installed in each soil plot within

the tower footprint. These soil cores, that were systematically collected at each site
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with ongoing automated and seasonal data collection which are publicly available

(San Clements et al., 2019), were sent to Oregon State University on ice for further

processing.

A full description of sample processing can be found in Nave et al. (2019). Briefly,

we received two pairs of soil cores from five unique long-term soil plots (n=10) within

the tower footprint. One of the pairs (n=5) was immediately archived in a freezer

(-30°C) for later analysis. Soil core diameter was 3.5 cm, but length varied depending

on the site (e.g. Rocky Mountain National Park soil cores were often less than 50

cm, Jornada Experimental Range cores exceeded 2 m in length). All sites were cored

to a depth of refusal by the NEON team (9100 series Power Probe, AMS Inc.).

All cores arrived from the NEON team between March 2015 - June 2017 and

were stored at 4°C until being processed, as long as eight weeks but often within

ten days of arrival. Cores from permafrost areas (HEAL, DEJU, BARR) were 50

cm diameter and stored in freezers until processing, which was conducted entirely

in a 4°C walk-in refrigerator to minimize thawing effects. Additional information on

permafrost soil processing can be found in Rooney et al (2022).

Each soil core was described (e.g. moist soil color, root/pore quantity, clay films,

redoximorphic features, carbonates, consistence, etc..) using standard NRCS pro-

cedures (Schoeneberger et al., 2012). However, due to the narrow diameter of the

core not all characteristics could be described (e.g. boundary topography, coarse

structural or root features). When in doubt, horizons with small differences in visual

characteristics (e.g. root quantity) were split into multiple horizons to better accom-

modate the compositing scheme (see below). Each horizon sample was individually
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weighed and stored at 4°C until all five cores per site were described. This yielded a

total of 1,024 unique horizons (Supplementary Material).

Compositing of soils occurred on a genetic horizon basis by comparing all in-

dividual core-horizon characteristics, the NEON megapit horizonation, and NRCS

SoilWeb data of expected soils in the area. Our aim was to produce three horizons

representative of a continuum of pedologic processes experienced at each site that

includes an: A-horizon, uppermost illuvial B-horizon, and the deepest B-horizon

that approached parent material but was not a dominant C horizon. The individual

horizons per core were composited across site (e.g. the A1 and A2 from core 1 was

combined with the A from core 2), air dried, passed through a 2-mm sieve, and split

using a riffle box (Model CL-244; Soiltest, Inc., Evanston, IL, USA) to ensure all

collaborators received a similar particle size distribution of each horizon sample.

During the sieving process, we root picked each composited horizon that passed

through the 2 mm sieve. If there were too few root samples for analysis, we also

picked roots from the >2 mm fractions. Root samples should be considered ‘fresh’

or “living” roots due to the relatively high degree of structural integrity required to

separate with tweezers from soils. A small set of sites did not yield enough roots

(approximate minimum of ≈3 g dry weight) for analysis. The sites with sufficient

root biomass are referred to as “Root” samples herein.

During the coring procedures at each NEON site, the dominant above ground

living vegetation was also collected, one sample per soil plot, and sent with the

soil cores on ice. The maximum diameter of vegetation stems were 2mm, but our

samples were biased towards the conifer needles, small branches, and flowering bodies
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of plants, rather than the bole of conifer or deciduous trees. All five vegetation

bags were composited, coarse ground, subsampled, then ground to a fine powder for

analysis. These are referred to as “Vegetation” samples herein. Neither the Root or

Vegetation samples were run for total carbon or nitrogen, thus we present those data

only requiring CuO compounds for analysis (e.g. substituted fatty acids to lignin

ratio, lignin phenol acid to aldehyde ratios).

Further descriptions of sample analysis can be found in a variety of sources.

Heckman et al., (2020) describes the density fractionation procedures (light vs heavy

fraction cutoff was 1.65 g/cm3, with sonication of 750 J/g soil applied to obtain

the occluded fraction), ∆14C, and specific surface area methods. Weiglein et al

(2021) describes year long soil incubation experiments, selective metal dissolutions

procedures, δ13C and δ15N stable isotope observation, magnetic susceptibility, and

soil pH methods. The original benzene polycarboxylic acid (BPCA) method for

quantification of pyrogenic carbon can be found in Matosziuk (2019), with testing of

extraction efficiencies for the wide range of mineralogies in NEON sites detailed in

Matosziuk (2020 GRSM). Sequential aqueous and organic solvent extractions were

also analyzed for FTICR-MS by Bowman (2021).
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Table 3.1: Site information for a subset (n=39) of the National Ecological Observatory
Network (NEON). Soil horizon depths were calculated from cores collected at the five soil
plots within the flux tower footprint, and represent three distinct pedogenic horizons.
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Figure 3.1: Hydroclimatic patterns across a subset (n=39) of the National Ecological Observa-
tory Network (NEON). Whittaker Biomes were used to increase the number of sites with each
ecosystem category rather than the ecoclimatic domains used by NEON which only contain 1-3
sites per domain. See Table 1 for a full site description corresponding to the four-letter codes.
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3.3.2 Cupric oxidation procedures

Both Weiglein (2021) and Heckman (2020) briefly describe the cupric oxidation

(CuO) method, but additional details are below. We used the CuO procedure to

identify biomarkers that allow us to trace the sources of soil organic matter, espe-

cially from unique plant-tissue components (Hedges and Mann 1979). The procedure

was originally developed by Hedges and Ertel (1982), modified by Goñi and Hedges

(1992), and finally refined into our current working method by Goñi and Montgomery

(2000). Due to practical constraints, CuO analysis was conducted on the three rep-

resentative mineral horizons per site, the dominant aboveground vegetation, and

belowground root samples when available. A subset of A-horizon density fractions

were available for CuO analysis, however, due to limitations in sample masses only

22 occluded fractions were available.

Briefly, each 55 mL Teflon bomb vessel (MARS Xpress) contains approximately

5 mg of organic carbon combined with cupric oxide, ferrous ammonium sulfate, and

N2 degassed NaOH before microwave digestion (CEM Mars 6 Xpress) for 1.5 hours

at 150°C. Following the microwave-induced oxidation, internal recovery standards

(ethyl vanillin and cinnamic acid) are added from a shared source before a quanti-

tative transfer into centrifuge tubes with an additional NaOH rinse. The solution

is then centrifuged (Thermo Scientific, Sorvall Legend XTR) with the supernatant

transferred and acidified to pH 1. Two rounds of ethyl acetate (HPLC grade) addi-

tions are used to extract the organic matter, with the organic supernatant transferred

to 12 mL vials for efficient evaporation under heat (50°C) and N2 purging (LabConco

RapidVac Vertex Evaporator). The dried solution is then re-dissolved with pyridine
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and stored in amber vials in a refrigerator until final analysis.

For more efficient sample behavior in the gas chromatograph, a 50 uL subsample

was derivatized with 50 uL BSTFA (+ 1% TCMS), vortexed, and heated to 40°C for

30 minutes. We used a Hewlett Packard (6890 series) gas chromatograph fitted to a

Agilent Technologies (5973 Network) mass spectrometer with a DB-5 column (Agilent

Technologies, 30 m length, 0.25 mm internal diameter, 0.25 um film thickness) for

all analysis. We employed a six point calibration curve with concentrations ranging

from 1-50 ug standard / mL. The calibration contained 22 commercially available

compounds that include all CuO oxidation products presented herein.

Recovery of internal standards (ethyl vanillin and cinnamic acid) varied between

sample types (Supplemental Materials). Vegetation, root, bulk soil samples of all

horizons, and free light fraction samples recovered a similar proportion of both inter-

nal standards (≈65%), but occluded fraction and heavy fractions recovered 20-40% of

ethyl vanillin and only 5-50% cinnamic acid. As a result, we refrain from interpreting

any CuO indices on occluded or heavy fractions that rely on exclusive differences be-

tween acid:aldehyde, and exhibit caution in interpreting other CuO data from these

density fractions.

We present data for the following CuO oxidation products: lignin (the sum of

the vanillyl, syringyl, and cinnamyl phenols) (Hedges and Mann 1979, Hatten et

al., 2012), cutin (16-hydroxyhexadecanoic acid, 8,16-dihydroxydecanoic acid, 9,16-

dihydroxydecanoic acid, 10,16-Dihydroxydecanoic acid, 7-hydroxyhexadecane-1,16-

dioic acid, 8-hydroxyhexadecane-1,16-dioic acid, 18-hydroxyoctadec-9-enoic acid) (Hat-

ten et al., 2012, Goñi and Hedges 1995; Goñi and Hedges, 1990; Crow et al., 2009a),
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suberin (hexadecanedioic acid and ω-hydroxyoctadecenoic acid) (Crow et al., 2009a),

and non-lignin para-phenols that are designated with the letter P (the sum of p-

hydroxybenzaldehyde, p-hydroxyacetopheone, p-hydroxybenzoic acid) (Goñi et al.,

2008). We normalized lignin to organic carbon content, and use the phrase ”lignin

content” to represent lignin contributions to the total soil organic carbon pool.

Both cutin and suberin were combined into the substituted fatty acid category -

generally representing plant wax compounds - and normalized to lignin (SFA:Lig).

The individual lignin monomers are used for tracing different plant types. For ex-

ample, gymnosperms produce ≈90% vanillyl (V) phenols and near zero syringyl (S)

phenols, angiosperms produce 25-40% V phenols and 50-75% S phenols, and the

litter of pine trees only produce ≈14% cinnamyl (C) phenols while grasses over-

whelmingly produce C phenols (Goñi and Thomas, 2000; Hedges and Mann, 1973).

Normalizing individual monomers aids in organic matter tracing, high S:V is in-

dicative of flowering plants (angiosperms) and lower values indicates a tree source

(gymnosperms). High C:V values indicate non-woody biomass (grasses) while low

values indicate more woody inputs (branches, trees). We also present a lignin decom-

position product (3,5-dihydroxybenzoic acid) and normalize it to lignin with higher

values indicating greater lignin degradation. Similarly, the ratio between acid and

aldehyde forms of S and V phenols indicate the relative oxidation state of these phe-

nol classes (Kogel, 1986), with higher values indicating greater lignin degradation.

The para-phenols (P) are non-lignin products, and of predominantly microbial origin

(Goñi et al., 2008), with higher P:V ratios indicating more microbial processing of

lignin products. Illustrations of these lignin structures can be found in Hedges et
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al (1988), and non-lignin structures can be found in Goñi and Thomas (2000) and

Kogel-Knabner (2002).

3.3.3 Statistics

We first leverage Spearman’s Rank correlation matrices to assess the influence of

NPP, moisture availability, and root biomass on lignin and SFA compounds. Each

horizon (A, upper B, and lower B horizons) was performed separately (n=35, 27, and

24 respectively for each horizon type). Only correlations with p < 0.1 are presented.

Spearman’s correlations were selected rather than Pearson’s due to monotonic rela-

tionships between climatic variables across biome types. This is a similar procedure

as other researchers working with identical soils (i.e. Heckman et al., 2020; Possinger

et al., 2022). This framework helps to identify how either climatic variables (moisture

availability) or local plant production (NPP) influence SOM properties.

Second, linear mixed-effect models were used to compare CuO products of horizon

types using paired two-sided t-tests. All models included horizon type (A, upper B,

lower B-horizon) as a fixed effect, and NPP and moisture availability as random

effects. This framework allows us to test whether the SOM properties within an

individual site are significantly different as you move down the soil profile into either

B-horizon. Using both frameworks allows us to better understand if distal climate

properties or local plant communities are controlling SOM patterns, and if within-site

characteristics control the (dis)similarity of SOM down soil profiles. All statistical

analysis was conducted in R (v.4.0.3) in RStudio (v2022.07.1+554) using base R
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(Bates, 2005; Zurr et al., 2008; Pinheiro et al., 2014; R Core Team, 2022).

3.4 Results

Based on the CuO products studied, we find a remarkably narrow range of SOM com-

position despite a diverse collection of ecosystems. We also find the SOM patterns of

A-horizons are significantly different from either B-horizon, but that no B-horizons

were significantly different from each other (Table 3.2). Both Spearman’s Rank cor-

relation matrices and linear models generally suggest neither the moisture availability

or NPP were influential in explaining the patterns of CuO products across sites or

down soil profiles.
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Table 3.2: Summary of cupric oxidation products for all sample types, bulk soil hori-
zons, and A-horizon density fractions. Bulk soil horizons were meant to encapsulate
representative horizons for each site with the widest pedogenic influence down soil
profiles. Letters indicate significant differences (p<0.1) between bulk soil horizons.
Due to logistical constraints, organic samples were not analyzed for elemental carbon
or nitrogen analysis and thus could not be carbon normalized.
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3.4.1 Lignin contributions

A-horizon lignin content (i.e. lignin normalized to the soil organic carbon pool) had

a moderately negative correlation with root biomass (-0.36, p=0.056). Neither NPP

or the moisture availability had any correlation with A horizon or upper B horizon

lignin content. Surprisingly, lower B horizon lignin content was negatively correlated

with the moisture availability (-0.64, p=0.001). There is suggestive evidence of a

negative relationship between NPP and lignin content (-0.36, p=0.141) and NPP

with substituted fatty acid content (-0.35, p=0.157) of lower B horizons. When

controlling for NPP and the moisture availability, we find lignin contributions of

A-horizons are significantly different from upper B (+0.97, p<0.01), and lower B-

horizons (+1.33, p<0.01) (Table 3.2).

Despite a wide range of MAP, MAT, and NPP, representing Whittaker biome

types that include tundras, subtropical deserts, grasslands, and temperate rain forests,

soil lignin content fell with a remarkably narrow range of values (0.5 - 1.5 mg Lignin

/ 100 mg OC) (Figure 3.2). For example, the A horizon lignin content for a tem-

perate desert (JORN) and a temperate seasonal forest (DELA) was 0.68 and 0.66

(mg Lignin/100 mg OC), respectively. Furthermore, the lower B-horizon from a bo-

real forest (BONA Cfgjj horizon) and an upper B-horizon from a temperate desert

(ONAQ Bk1 horizon) was 0.63 and 0.64 (mg Lignin/100 mg OC), respectively. The

BONA sample is a loess-dominated (C) mineral horizon with frozen water layers (f),

with evidence of gleying (g) and cryoturbation (jj) with an approximate midpoint

depth of 125 cm. The ONAQ sample is a yellowish brown (10 YR 6/4) mineral B

horizon with a 50 cm midpoint depth and enough calcium carbonate (k) to have vio-
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lent effervescence to the application of 10% v/v HCl. Despite their many differences,

the contribution of lignin as a proportion of the total SOC pool is nearly identical.
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Figure 3.2: Carbon normalized lignin contributions to bulk soils (A, upper and lower B-
horizons) relative to a hydroclimatic moisture index for a subset (n=39) of the National
Ecological Observatory Network (NEON) sites.
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We also explored a more stoichiometric relationship between lignin:carbon:nitrogen,

however only 12% of samples exceeded 0.5 mg Lignin:C:N with the overwhelming

majority of samples clustering within values of 0.1-0.25 (Supplementary Materials).

Those samples with higher Lignin:C:N ratios spanned A, upper, and lower B horizons,

and tended to be moderately dry ecosystems such as temperate grassland/deserts

(n=4), woodland/shrublands (n=3), and temperate seasonal forest (n=2).

Although lignin content across sites are within a narrow range of values, there is

an overall decrease in lignin content with increasing depth and substantial influences

depending on density fraction category (Figure 3.3). Heavy fractions from A-horizons

had approximately 70% more lignin than bulk soil A-horizons, and the occluded

fraction contained ≈2.5 times more lignin than bulk A-horizons.
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Figure 3.3: Carbon normalized lignin contributions to bulk soils (A, upper and lower B-
horizon) and density fractions (FLF: free light, OCC: occluded; HF: heavy fraction) for
a subset (n=31) of the National Ecological Observatory Network (NEON) sites. Due to
logistical constraints, not all bulk soils yielded enough occluded fraction mass to be both
analyzed for elemental carbon and cupric oxidation. We opportunistically included a subset
of upper B and lower B-horizons but they are not meant to be representative sample sets.
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3.4.2 Lignin degradation

Across all three bulk soil horizon types we see a trend of less lignin content with

increasing depth (Figure 3.3), and as depth increases we also find higher degrees

of soil organic matter processing (Figure 3.4a), greater lignin degradation (Figure

3.4c,d), but similar degrees of microbial contribution relative to lignin (Figure 3.4b).

When controlling for NPP and the moisture availability, we find A-horizons have

significantly less organic matter processing (3,5-benzoic acid:lignin) and greater lignin

degradation (syringyl and vanillyl acid:aldehyde ratios) compared to either upper or

lower B-horizons, but neither B horizons were significantly different from one another

(Table 3.2).

Organic matter degradation state is represented by 3,5-benzoic acid normalized

to lignin to control for different quantities of lignin, with higher values indicating

greater degree of organic matter degradation (Figure 3.4a). Both vegetation samples,

and free light fraction samples have the lowest degradation index. Root samples

exhibit a widest range of organic matter degradation states, and bulk soil samples

having the lowest variance of any sample types. Due to differential recoveries of our

acid and aldehyde internal standards on occlude and heavy fraction sample types

(Supplemental Materials), we refrain from drawing any conclusions that leverage

only acids in the denominator of any ratio (Figure 3.4c,d). We can however interpret

microbial contributions across all sample types (Figure 3.4b).
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Figure 3.4: Lignin and non-lignin cupric oxidation product yields for all sample types, hori-
zons, and density fractions available from the National Ecological Observatory Network
(NEON). We present four panels that include (A) lignin degradation index with higher
values indicating greater lignin degradation, (B) microbial to plant biomarker index with
higher values indicating higher microbial processing of lignin, and (C, D) the acid to alde-
hyde ratios of two lignin phenols with higher values indicating greater lignin oxidation. Due
to unequal recovery of internal standards, the observed occluded and heavy fraction data
may be underestimating the amount of acid phenols relative to aldehyde phenols, and these
data should be viewed with caution.
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The category of p-hydroxybenzene (P) phenols incorporates compounds of a dom-

inant microbial origin such as algae, fungi, bacteria, and some vascular plants (Goñi

et al., 2008), and when normalized to a lignin phenol (vanillin) it can be used as a

proxy of microbial contributions to organic matter and for organic matter sourcing

techniques (Goñi and Hedges, 1995; Goñi et al., 2000). We find similar amounts of

P:V in vegetation, roots, and all three density fraction sample types (Figure 3.4b).

However, bulk mineral soils of all three horizon types have an overall greater P:V

ratio indicating higher microbial contributions. It is notable that the occluded frac-

tion has the smallest variance of any sample type, and bulk soils of all three depths

show similar degrees of microbial contributions to soil organic matter.

Syringyl phenols are almost exclusively produced by angiosperms, with angiosperms

containing 25-50% of their lignin as vanillyl phenols and gymnosperms contribute 90-

95% of their lignin as vanillyl phenols. By comparing the acid:aldehyde ratio of these

lignin-specific phenols we can interpret the relative degradation state of lignin. Both

phenols suggest vegetation and root sample types had the lowest degree of lignin

degradation, with higher degradation in bulk soils (Figure 3.4c,d). Syringyl phe-

nols were progressively more degraded with increasing soil depth, but the free light

fraction resembled fresh vegetation or root signatures. Conversely, vanillyl phenols

appeared to have similar degrees of degradation in all three bulk soil types, but were

still more degraded than either vegetation or root samples. The free light fraction

showed intermediate degradation between vegetation and bulk mineral samples.
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3.4.3 Substituted fatty acids (SFA)

Due to their similar molecular structures, the combination of cutin (exterior leaf

waxy coatings) and suberin (exterior root waxy coatings) are considered substituted

fatty acids, and normalizing them to lignin (SFA:Lig) allows for a more consistent

comparison of the relative plant contributions to organic matter across ecosystems

(Goñi and Hedges, 1990; Crow et al. 2009b). As expected, both vegetation and roots

have similar SFA:Lig ratios (Figure 3.5). The free light fractions present intermediate

values with some overlap between vegetation/roots and A-horizons. As the depth

of the horizon increases there is a higher contribution of SFA:Lig with significant

differences between the A and either B horizons (Table 3.2). When controlling for

NPP and moisture availability, A-horizons had significantly less SFA contributions

compared to either B-horizon, but neither B-horizon was significantly different from

each other.
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Figure 3.5: Plant wax yields (substituted fatty acids) from the cupric oxidation procedure
for all sample types, horizons, and density fractions available from the National Ecological
Observatory Network (NEON). Due to unequal recovery of internal standards, the observed
occluded and heavy fraction data may be underestimating the amount of acid phenols
relative to aldehyde phenols, and these data should be viewed with caution.
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3.4.4 Alternative biomarkers for sourcing techniques

Although not the primary intent of this manuscript, the CuO procedure is often

used for tracing how organic matter varies from different plant types. The ratio

of cinnamyl to vanillyl (C:V) is used as an indication of non-woody (higher ratio)

compared to woody plants (lower ratio). The ratio of syringyl to vanillyl (S:V) is

used as an indication of gymnosperms (higher ratio) compared to angiosperms (lower

ratio). There remains strong evidence that C:V ratios can be used to trace woody vs

non-woody plants in A-horizons, but the signal becomes diminished in both upper

and lower B-horizons (Supplemental Materials). Similarly, S:V ratio of A-horizons

captures angiosperms vs gymnosperm organic matter signatures (Supplemental Ma-

terials). When controlling for NPP and moisture availability, both C:V and S:V of

A-horizons were significantly different from either B-horizon, but neither B-horizon

was significantly different from each other.

3.5 Discussion

Our overarching hypotheses were that (1) sites with higher NPP would result in

higher lignin and plant wax contribution to the SOM, and (2) lignin and plant wax

contributions of deeper horizons would mirror surface horizons where plant inputs

are greatest. Based on the CuO biomarker products we examined, we find nearly

all A horizons differ in their composition of SOM compared to any upper or lower

B horizons which were independent of either NPP or climatic factors. We also find

that the composition of either B horizon are not statistically different from each other
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(Table 3.2). Thus we have limited evidence to support our first or second hypotheses.

Partially consistent with our first hypothesis, we do find evidence that lignin content

is highest in A-horizons and decreases down soil profile, but plant waxes increase in

deeper soil horizons (see discussion below). Contrary to our second hypothesis, we

have strong consistent evidence that A-horizons are unique from either B-horizon,

but that both B-horizon are similar to each other. Finally, the CuO procedure

remains robust to tracking specific plant-types (woody vs nonwoody, angiosperms

vs gymnosperms), however this signal is only robust in A-horizons (Supplemental

Materials).

Considering all the evidence, this suggests local biomass production generates A-

horizons that retain some of the plant community organic matter signal, but across

a wide range of hydroclimate regimes the lower soil horizons no longer retain the

aboveground plant organic matter characteristics. It’s important to note that the

estimated midpoint depths of our soil horizons are 18, 56, and 91 cm for the A, upper

B and lower B-horizons respectively. Our upper B-horizons are deeper than the

reported maximum soil depths for four prominent high impact soil journals spanning

over 1,100 articles; since the 1990’s the maximum soil depth has decreased from ≈53

cm, to only ≈24 cm in 2000’s (Yost and Hartemink, 2020). If researchers continue

to sample only surface soils, we are unlikely to be able to predict whole-ecosystem

carbon responses to climate change because more than half of soil carbon is below

30 cm (Batjes, 2014; Lal, 2018). To the author’s knowledge, this is both the most

broad systematic organic matter inventory and deepest soil horizon assessment that

have ever been investigated.
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3.5.1 Vegetation endmembers and surface soil lignin contributions

Despite a wide range of plant community types (e.g., grasses, shrubs, conifers) many

CuO indexes for decomposition suggest the dominant aboveground vegetation and

belowground roots are at similar degradation states (Figure 3.4b,c,d). The exception

is 3,5-benzoic acid normalized to lignin, indicating roots have a much wider range of

degradation states compared to vegetation endmembers (Figure 3.4a). The nature of

root collection (that include living and dead roots, collected after potentially weeks

since coring and sample processing) may explain the higher rates of root decompo-

sition compared to the fresh and still living vegetation that was collected and frozen

until processed. Alternatively, it’s likely greater root degradation is a true property

of soils due to ongoing root turnover. Regardless of the mechanism, this suggests that

3,5-benzoic acid is likely a more sensitive indicator of soil organic matter degradation

compared to other CuO indices studied.

Surprisingly, surface soil lignin content did not follow a pattern in NPP (Fig-

ure 3.2). We expected ecosystems with large aboveground woody additions (e.g.

temperate rain forests, temperate seasonal rain forests) would have increased lignin

contributions to the surface soils, and that SOM would have a stronger woody-

gymnosperm signal (low C:V and low S:V). We could not identify a clear pattern

with forested ecosystems containing more lignin (Figure 3.2). Some forested sites

contain SOM with a stronger woody-gymnosperm signal (ABBY, SERC, UNDE),

but not all forested sites followed this pattern (Supplemental Materials).

Examining the relationship between C:V and S:V can aid in separating out veg-

etation endmembers from their mixing zones (e.g. Goñi et al, 2013; Crow et al,
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2009 plant-source). Broadly speaking, many site-SOM appeared closer to root-litter

chemistry (ABBY, SERC, UNDE, DEJU, LENO, NIWO), but some SOM appeared

more like aboveground vegetation (JORN, SOAP, TALL), a mixture between the

two vegetation endmembers (DCFS, HARV, ONAQ), and some endmembers were so

similar they are not obviously decipherable from each other (CLBJ, MLBS, SRER,

WOOD) (Supplemental Materials). This is likely a limitation of both the sampling

and the CuO method. Most, but not not all, vegetation samples were provided upon

soil core shipment. A larger number of sites do not have root end-members due to

(a) our inability to find any roots in the small-diameter cores, (b) the roots were so

fragile on collection we could not physically collect them, or (c) there simply was

not enough root biomass present for grinding and analysis. The combination of (b)

and (c) likely contributed the most to the lack of root samples. Alternatively, our

inability to distinguish SOM from its endmembers may be a limitation in the CuO

method. White-rot fungi degrade lignin in a way that excludes it from the GCMS

analytical window and thus is not fully captured by the CuO method (Filley et al.,

2002), likely underestimating the woody contributions to SOM, especially in forested

ecosystems. In a deciduous and conifer ecosystem Crow et al. (2009b) found needle

endmembers had the largest cinnamyl (C) component, which is considered the more

easily degradable compared to other lignin monomers due to ester linkages that are

easily hydrolyzable (Bahri et al., 2006). This may further lead to an underestimation

of aboveground contributions to SOM, especially in forested ecosystems.
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3.5.2 Deep soil lignin and SFA patterns

Our lignin degradation results reinforce previous research findings. Based on deep

soil lignin phenol degradation indices, we find acid:aldehyde ratios of vanillin were

insensitive to increasing soil depth compared to syringal phenols (Figure 3.4cd, Sup-

plemental Materials). Our observations further supports the notion that vanillyl

phenols are more resistant to degradation than syringyl phenols (Hedges et al, 1988,

Bahri et al., 2006; Angst et al., 2021).

As a proportion of the total SOM pool, overall lignin contributions decrease with

depth. This could be due to a number of possibilities including: a true loss of lignin

due to higher microbial degradation at greater depth, stronger mineral retention of

organic matter in deeper soil samples, or lignin compounds being lost out of our an-

alytical window. The higher organic matter degradation state (Figure 3.4a), greater

microbial contributions to SOM (Figure 3.4b), and higher higher lignin acid:aldehyde

ratios (Figure 3.4cd, Supplemental Materials) suggest this is a true decrease in lignin

contributions with depth due to microbial degradation. While there may be stronger

organic matter binding mechanisms with depth due to higher Fe and Al oxide phases

in wetter ecosystems, drier ecosystem soil carbon concentration content was pre-

dicted by abundant cation bridging from calcium and magnesium (Rasmussen et al.,

2018; Heckman et al., 2020). Using a subset (n=34) of these NEON sites, Heckman

et al. (In review, 2022) found root mass distributions were significantly lower in arid

compared to humid sites (when MAP/potential evapotranspiration > 1) and MAOM

carbon persistence (∆14C) can be explained by depth in humid systems but not in

arid systems. They attribute this decoupling to moisture transport limitations of
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OM in arid systems. Despite the robust pattern in carbon persistence with depth

and mechanistic explanation, it is surprising that lignin has a similar contribution

to the SOM pool across these same NEON sites.

As noted by Weiglein et al (2021), using these same soil horizon samples for a

year-long soil incubation experiment with temperature and moisture factors fully

crossed, we also observe strong evidence that lignin becomes degraded with increas-

ing depth. However, current degradation states of lignin are not always predictive

of future lignin vulnerability. Weiglein et al (2021) shows that greater lignin degra-

dation in A-horizons was predictive of lower SOM vulnerability (using cumulative

specific respiration during the year long incubation period), but this relationship did

not hold in upper B-horizons. Out of the ≈129 potential predictors variables, only

seven were selected for predicting B-horizon cumulative specific respiration. The

seven predictors include two climate variables, and five soil chemistry variables. The

two highest importance rank of soil chemistry variables to predict B-horizon SOC

vulnerability include the microbial contribution to the total SOC pool (measured as

the mean chloroform extract double bond equivalents) and dissolved organic matter

with a more degraded signature. Examining the wide range of sites present in this

study design, we suggest that while microbial communities are undoubtedly influ-

encing SOM characteristics, in the subsoil they have a somewhat universal imprint

on SOM chemistry regardless of climate, vegetation, or parent materials. These ob-

servations also support a hypothesis set forth by Lian et al (2017), that microbial

processing of unique plant inputs would result in homogenized SOM due to microbial

anabolism and microbial biomass being more similar than the original plant inputs.
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The increasing SFA:Lig ratio as soil depth increases (Figure 3.5) could be due

to a true increase in the sum of SFA components, a decrease in lignin content, or a

combination of both. We find evidence for both patterns occurring simultaneously;

both B-horizons have less lignin:C compared to A-horizons, and SFA:C increase in

both B-horizons relative to A-horizons (Table 3.2). Our inability to distinguish B-

horizons from each other (using either SFA:C or SFA:Lig) could be due to consistent

aboveground cutin inputs, belowground suberin inputs, or microbial recycling of SFA

that can lead to accumulation of SFA. We observe cutin contributions nearly double

or triple the suberin inputs across all sample and horizon types (Table 3.2). This is

likely due to the cutin category composed of five unique CuO compounds compared

to only three for suberin, but evidence suggests both cutin and suberin components

degrade at similar rates (Angst et al., 2016; Feng et al., 2010). Furthermore, it is

known that some of these plant waxes can have contributions from bacteria and fungi

(Whalen et al., 2022 and references therein), and that microbial in vivo turnover of

these products could eventually lead to most SOM being indistinguishable despite

differing plant inputs (Liang et al., 2017).

Due to the broad range of sites with overlapping SFA signatures, a better appli-

cation of the CuO method to determine SOM sources would require a site-specific

root and shoot adjustment of individual CuO products to ascertain the signal from

the noise. Such an endeavor was carried out by Crow et al. (2009 plant-source),

however they used a highly controlled biomass manipulation study in two forests

with multiple site-specific OM endmembers that contained intermediate stages of

plant decomposition allowing them to make strong inferences on SOM sourcing. It’s
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possible such a task can be implemented, but it could only be done on the subset

of locations with both root and shoot endmembers, which is out of the scope of this

study.

3.5.3 Density fractions

Due to the disparate recovery of our internal standards on occluded and heavy frac-

tions, we refrain from interpreting CuO observations that exclusively leverage acids

vs aldehydes. One index we can more confidently interpret is the P:V (Figure 3.4b)

because both numerator and denominator contain acid, ketone, and aldehyde func-

tional groups. We find both the free light and occluded fractions appear to have

intermediate states of microbial processing greater than vegetation samples, but

less than bulk soils. This is consistent with the MEMS hypothesis, that (above-

ground or belowground) litter requires some amount of microbial processing before

it can become stabilized on minerals (Cotrufo et al., 2013; Cotrufo et al., 2015;

Lavallee and Cotrufo, 2018). The first stage of litter decomposition, according to the

MEMS framework, will yield labile DOC that is efficiently used by microbes and con-

tributes a disproportionate amount of litter OM to SOM. With the CuO method, we

cannot examine these smaller molecule components, or more thoroughly investigate

microbe-specific contributions (Whalen et al, 2022). Although additional research

suggests that belowground litter input is more efficient at forming mineral-stabilized

SOM compared to aboveground inputs (Sokol and Bradford, 2019), especially smaller

molecule root exudates (Sokol et al., 2018).
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3.5.4 Cupric oxidation (CuO) as a tool

A large proportion of terrestrial-based research using the CuO procedure is conducted

in a single ecosystem transition zone (Crow et al., 2009a; Angst et al., 2016b),

compares only pairs of factors such as plant type (Angst et al., 2016a) or parent

material (Angst et al., 2018), or is constructed as a randomized controlled trial with

organic matter manipulations (Angst et al., 2021b; Rumpel et al., 2014; Hatten and

Goñi, 2016; Feng et al., 2010; Hedges et al., 1988; Chapter 2 of this dissertation).

This is one of the first studies that uses the CuO procedure as part of a large-scale

observational study that was conceived to capture the widest range of climatic and

environmental characteristics (Loescher et al., 2014). Although the CuO procedure

is robust to tracking sources of organic matter during major transitions (e.g. plant,

rock type, biomass manipulations), without these contrasts a surprising majority

of mineral soils across North America have SOM qualities that are more similar

than dissimilar. This suggests that although sources and quantities and rates of

lignin additions to soil vary greatly, all observed ecosystems reach a steady state of

how much lignin can contribute to the SOM pool. This contribution decreases with

depth as lignin becomes more degraded. But the lack of ecosystems differentiation

in the second most abundant biomolecule on the planet (Filley et al., 2002) further

reinforces the view that that there is nothing inherently stable or recalcitrant about

lignin (Schmidt et al., 2011; Lehmann and Kleber, 2015). The fact that overall lignin

content decreases with depth, but that upper B and lower B-horizons are more similar

to each other compared to their parent A-horizons also suggests a universal endpoint

of microbial SOM processing that all deep soil environments follow.
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It remains possible that within-site normalization of individual CuO products

that accounts for the molecular fingerprint of pure end-members (e.g. vegetation,

roots) could be a more sensitive approach to determine litter-contributions to SOM.

Such a process has been successfully carried out in terrestrial ecosystems, but only

a limited number of sites (Angst et al., 2016b) or very shallow soils (Crow et al.,

2009b). Additional work is needed to specify individual CuO products, rather than

a broad lignin or plant wax categories, to understand whether this method can be

more precise at identifying within-site litter contributions to the free light or bulk

soil fraction. This would help us better understand how future change to plant

communities or climatic conditions could affect the presence and persistence of SOM

compounds.

Given these cross-ecosystem and down-profile similarities, the authors question

the rationale behind many global climate change models that continue to use Lignin:N

as an input variable for predicting centennial-scale ecosystem responses to a changing

climate (Dungait et al., 2012 and references therein). The initial usage of Lignin:N

as input variable is due to litterbag studies revealing “leaf skeletons” after short

incubation periods (months), and that the initial stage of litter decomposition is

strongly controlled by lignin (Meentemeyer, 1978) and lignin:N (Adair et al., 2008).

However, with the advancement of stable isotope tracing and larger synthesis stud-

ies finding that lignin may have an initially slow decomposition rate (Rasse et al.,

2005), it can nearly fully decompose on decadal timescales (Dungait et al., 2012;

Dignac et al., 2017; Hoffman et al., 2006; Thevenot et al., 2010). The narrow range

of lignin content we find across a wide range of ecosystems, and the fact it’s one of
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the most abundant biomolecules on earth, suggests that as much as there are high

lignin litter inputs in some ecosystems, it cannot persist indefinitely and is instead

being constantly undergoing turnover in soils.

It’s also possible the CuO method is not suited for strict organic matter sourcing

in the way it is currently being used. For example, some SFA components can be

sourced from microbes or fungi, some lignin monomers exhibit unequal turnover ki-

netics, and mineral-matrix interference may affect some sites with high Fe/Al com-

ponents more than others (Whalen et al., 2022 and references therein). However,

the CuO method does have its strengths in riverine and oceanographic studies where

plant species diverge more than on a single terrestrial NEON site. Aqueous transport

of POM, and its subsequent collection, also does not have as much mineral-matrix in-

terference as we observe in deep soil horizons, occluded fractions, and heavy fractions

(Supplemental Materials).

The CuO method continues to have strong applications in terrestrial ecosystems,

especially in biomass manipulation studies, or plant-transition zones, or other loca-

tions where there is a strong gradient in a small number of biochemically distinct

organic matter sources. One opportunity for a potentially viable source of novel infor-

mation using the CuO method is to consider analyzing the post-incubation tempera-

ture/moisture controlled soils conducted by Weiglein et al. (2021). Further analysis

of those incubations show carbon vulnerability in humid systems is more sensitive

to temperature increases but arid system carbon vulnerability is more sensitive to

moisture shifts (Possinger et al., 2021). It remains possible that compound-specific

vulnerabilities are influenced by temperature or oxygen availability, which could be
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rigorously addressed with CuO analysis of these post-incubation samples. However,

as a general application to determine the overall sourcing of soil organic matter in

natural systems without experimental controls, especially in regards to its non-lignin

products, the CuO extraction procedure may not be a robust method for that appli-

cation.

3.5.5 Implications for SOM patterns across ecosystems

Despite a wide range in ecosystems, climates, geology, plant types and soil types

present in this study we observe remarkably similar patterns in soil-derived CuO

products. It is well established that pure litters produce a unique composition of

water extractable organic matter (McKnight et al., 2001), but lysimeter collection

of soil water produced homogenized organic matter signatures (Yano et al., 2005),

even after 17 years of above and belowground litter manipulations (Strid et al., 2016).

This suggests soil biotic and abiotic processes are acting like a chemostat on dissolved

organic matter; a variety of unique litter inputs (e.g. initial degradation products)

are processed by soil microbes and result in a homogenized output of dissolved or-

ganic matter. This theoretical framework has been implemented in biorefineries to

convert a range of woody biomass into homogenized co-products for biofuel produc-

tion (Linger et al., 2014), and has been hypothesized to occur in natural systems by

Liang et al (2017).

Based on our observations, we suggest this framework of unique POM-derived

inputs resulting in similar-DOM outputs should be extended to also include lignin
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contributions to SOM as a homogenized endmember independent of climate, NPP,

or plant community composition. For example, seven NEON A-horizons have lignin

contributions between ≈1.0-1.2 mg Lig/100 mg OC that include temperate sea-

sonal forests (SCBI, SERC), woodlands/shrublands (KONZ, NGPR), a tropical sea-

sonal savanna regenerating into a long-leaf pine forest (DSNY), a temperate grass-

land/desert (SJER), and a fallow scrubland (BLAN). These seven sites span a three-

fold range in MAP (38 cm SJER; 122 cm DSNY), a four-fold range in MAT (5°C

NGPR; 22°C DSNY), and the A-horizons nearly span an entire order of magnitude

in organic carbon values (0.56% SJER; 4.83% SCBI). Despite the wide range in eco-

climatic variables of these seven sites, CuO identified plant contributions to the SOM

pool are nearly identical.

Our inability to explain the differences in lignin contributions to soils across

ecosystems also suggests SOM composition could be viewed through a stochastic

framework. Similar to how researchers are now considering ∆14C as a stochastic

process, with a probability distribution of values that cannot be sufficiently captured

in a single median value (Sierra et al., 2017; Sierra et al., 2018), it seems equally

possible for this concept to apply to SOM composition. That lignin contributions to

SOM are generally consistent (71% of all bulk soils within 0.25-1.0 mg Lig/100 mg

OC), but not precisely predictable at the site or horizon scale. Due to this ecosystem

inertia in homogenizing SOM components, we caution against ongoing efforts seeking

to increase single plant compound(s) to increase SOC (e.g. genetically engineering

plants to increase their suberin contributions at the Salk Institute) because they

may not result in a meaningful change to long-term soil carbon stores. On the multi-



104

decadal timescale we humans are all temporarily not soil, it is similarly possible that

all SOM - regardless of its source or current ecosystem - are temporarily not carbon

dioxide.

3.6 Conclusion

We leveraged full soil profile samples originating from the installation of National

Ecological Observatory Network that will be in operation for at least the next 30

years, representing the deepest assessment of CuO extracted SOM across nearly all

North American ecosystems. A-horizons across ecosystems had significantly differ-

ent SOM compositions compared to their associated subsoils. However, within sites,

neither upper or lower B-horizon SOM components were significantly different from

each other. We find lignin content (Lig:Carbon) decreases and down soil profiles and

that organic matter degradation (3,5 benzoic acid:Lig), lignin degradation (syringyl

phenol acid:aldehyde ratios), and plant waxes (SFA:Lig) generally increases. How-

ever, neither NPP or the tradeoff between precipitation inputs and plant water use

exports (moisture availability) were predictive of SOM components extracted with

the CuO method. Lignin contributions to SOM are greatest in the free light fraction

and occluded fraction, with the free light fraction resembling intermediate SOM char-

acteristics between site-specific vegetation and root endmembers and bulk soils. We

find certain CuO indexes more sensitive to detecting organic matter degradation (3,5

benzoic acid:lignin) and consistent with other research findings that vanillyl phenols

are more resistant to degradation compared to syringyl phenols. We caution that
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mineral-matrix interferences minimize the interpretations of some CuO products for

the occluded and heavy fractions. Overall we find the cross-ecosystem similarity in

CuO extracted SOM products to provide evidence for the homogenizing effect on

SOM that biotic and abiotic soil processes have from unique litter inputs. Similar

to heterogenous litter-DOM being converted into a homogenous DOM once entering

soils, we suggest a similar process occurs with unique litter-POM inputs converting

to a more uniform SOM composition across all North American ecosystems.
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3.7 Supplemental Materials

There are four items of supplementary materials, they include:

1. Supplemental Figure 1. CuO Internal Standard Recoveries

2. Supplemental Figure 2. C:V Ratios (non-woody v woody) index

3. Supplemental Figure 3. S:V Ratios (flowering v seed cones) index

4. Supplemental Figure 4. Acid:Aldehyde ratios of S and V phenols down soil

profiles
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Figure 3.6: Plant wax yields (substituted fatty acids) from the cupric oxidation procedure
for all sample types, horizons, and density fractions available from the National Ecological
Observatory Network (NEON). Due to unequal recovery of internal standards, the observed
occluded and heavy fraction data may be underestimating the amount of acid phenols
relative to aldehyde phenols, and these data should be viewed with caution.
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Figure 3.7: Comparing two lignin phenol categories from bulk soils of the National Ecological
Observatory Network (NEON). Higher values indicate a non-woody source of lignin, and
lower values indicate a woody source. The C:V ratio correctly identifies the biomes that
dominate in grasses/shrubs vs trees in the A horizon, but the aboveground biomarker signal
diminishes with increasing depth. See Table 2 for estimated midpoint depths for all three
horizons meant to capture representative horizons for each site with the widest pedogenic
influence down soil profiles
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Figure 3.8: Comparing two lignin phenol categories from bulk soils of the National Ecological
Observatory Network (NEON). Higher values indicate an angiosperm (flowers, grasses)
source of lignin, and lower values indicate a gymnosperm (tree) source. The S:V ratio
correctly identifies the biomes that dominate in grasses/shrubs vs trees in the A horizon,
but the aboveground biomarker signal quickly diminishes with increasing depth. See Table
2 for estimated midpoint depths for all three horizons meant to capture representative
horizons for each site with the widest pedogenic influence down soil profiles



111

Figure 3.9: Comparing acid to aldehyde ratios of two lignin phenol categories from all three
bulk soil types from the National Ecological Observatory Network (NEON). As depth of soils
increase, research shows the organic matter is generally more decomposed (characterized by
more -OH functional groups substituted onto SOM). Higher acid:aldehyde ratios indicate
greater oxidation of those lignin phenols. Vanillyl phenols may persist longer, or are less
vulnerable to oxidation, compared to syringyl phenols which observe expected patterns of
increased degree of oxidation as depth of soil increases.
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Angst, G., S. John, C.W. Mueller, I. Kögel-Knabner, and J. Rethemeyer. 2016b.

Tracing the sources and spatial distribution of organic carbon in subsoils using a

multi-biomarker approach. Sci. Rep. 6(June): 1–12.

Angst, G., J. Messinger, M. Greiner, W. Häusler, D. Hertel, and K. Kirfel. 2018.

Soil organic carbon stocks in topsoil and subsoil controlled by parent material, carbon

input in the rhizosphere, and microbial-derived compounds. Soil Biol. Biochem.:

1–2.

Angst, G., K.E. Mueller, K.G.J. Nierop, and M.J. Simpson. 2021a. Plant- or

microbial-derived? A review on the molecular composition of stabilized soil organic

matter. Soil Biol. Biochem.: 135907. Available at https://doi.org/10.1016/j.soilbio.2021.108189.
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4.1 Abstract

We leveraged the installation of the National Ecological Observatory Network (NEON)

to collect soils from the widest range of biomes to a depth of soil refusal, often reach-

ing one-meter or more in depth. Using the Cupric Oxidation (CuO) method for three

distinct soil horizons, and the dominant aboveground vegetation and belowground

roots as organic matter (OM) endmembers, we examined the soil OM characteristics

to determine the relative OM similarity between soils and their plant communities.

To better leverage the≈70 unique compounds identified by the CuO method, we used

the Bray-Curtis ecological dissimilarity index to compare sample types. We find ex-

actly half of A-horizons favor a root-derived SOM composition, and the remaining

favoring an aboveground vegetation signal. Between the soil-only Bray-Curtis com-

parisons, we find upper vs lower B-horizons to have the greatest overlap in SOM

composition, and A vs lower B-horizons to have the greatest SOM dissimilarity.

However, there were no generalizable patterns as to which ecosystems, or biotic or

abiotic factors that produced these patterns. This could be attributed to the very

low Bray-Curtis values we calculated (generally <0.2), such that all A-horizon vs

endmember comparisons are uniformly [dis]similar. Or that the CuO method pri-

oritizes extracting plant-derived OM, thus microbial compounds are not sufficiently

contributing to our observations and potentially deflating the unique nature of SOM

across these NEON sites. We encourage more researchers to both dig deeper, and to

conduct analysis that would capture both plant and microbially derived compounds

to better understand the sources of soil organic matter across ecosystems and down

soil profiles.
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4.2 Introduction

Soils are integrators of past and present climates, geologies, and plant communities

(Jenny, 1941). Soil carbon stores have been subject to losses following human agricul-

ture activities (Sanderman et al., 2017), deforestation (Drake et al., 2019), industrial

timber management (James and Harrison, 2016; Mayer et al., 2020), and many other

natural disasters (Nave et al., 2011). Conversely, humans’ large terrestrial footprint

also provides an opportunity to increase soil carbon stores as a result of targeted

agricultural management practices (Minasny et al., 2017; Lal, 2018), afforestation

of degraded lands (Nave et al, 2013), and with a large potential in global refor-

estation activities to positively impact soil carbon stores (Nave et al., 2018). These

management practices are not without their functional limitations (Poulton et al.,

2018; Fleischman et al., 2020; Schlesinger, 2022), nutrient stoichiometric dilemmas

(van Groenigen et al., 2006; van Groenigen et al., 2017), political hurdles (Sultana

and Loftus, 2020; Fleischman 2021), or practical constraints to increase soil carbon

stores (van Groenigen, 2018; Schlesinger and Amundson, 2019; Amundson et al.,

2022). However, there is little doubt that on a human timescale we have lost soil

organic matter on a scale relevant to climate mitigation aims that we naturally ask

which organic matter sources are left in soils, and which plants have added the most

carbon to soils?

Globally, the top 1 m of soil holds more carbon than the atmospheric and ter-

restrial vegetation pools combined, with more than half of the carbon below 30 cm

(Batjes, 2014; Lal, 2018). Unfortunately, few studies focus on tracing carbon into

deeper soil horizons (Dungait et al., 2012; Gregory et al., 2014), with other re-
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searchers emphasizing the need for deep soil characterization (Gross and Harrison,

2019). With the advent of digital soil mapping and quantitative pedology techniques,

we have the ability to map with some level of precision the soil processes that will

produce unique soil types across landscapes (Ma et al., 2019). While this is essential

to better understand the abiotic soil processes, we lack a similar ability to predict

soil organic matter patterns across the landscape necessary for optimizing land man-

agement recommendations. There are multiple knowledge gaps that are present: a

lack of consistent sampling methodology across wide bioclimatic regimes, a lack of

deep soil collection, and a dearth of SOM characterization data available at either

scale necessary for predicting ecosystem responses to ongoing climate change. As

we expect land-uses to shift considerably in the near future (Lambin and Meyfroidy,

2011), the sources of organic matter that built up in soils over the holocene period

are likely to shift in plant species and total quantity. Therefore it is essential to be-

gin to develop procedures that will aid in the prediction of deep SOM characteristics

from surface characteristics that are more easily obtained.

The primary objective of this manuscript is to evaluate the relative similarity of

CuO extracted OM between vegetation, root, and bulk mineral soil samples. Our

two questions will focus on (1) whether A-horizons have a SOM signature that is

closer to either the dominant aboveground vegetation or the belowground roots and

(2) whether upper and lower B-horizon SOM characteristics are simply diluted A-

horizons. We hypothesized that A-horizons would have more similarity in their

organic matter composition to aboveground vegetation due to the proximity of those

inputs, and that aboveground vegetation may dilute the root-derived organic matter
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signal. Furthermore, we expected A and upper B-horizons to be more similar due

to their proximity and often physical connection in the soil profile, and that lower

B-horizons would have the largest dissimilarity to either above horizons due to their

physical distance and from a lack of above and belowground inputs.

4.3 Methods

4.3.1 Site description, design, and sampling

A full description of sample acquisition and processing can be found in the second

chapter of this dissertation, and in Supplemental Materials. Briefly, we acquired soil

cores and the dominant aboveground vegetation samples from the NEON terrestrial

sites. Vegetation samples were homogenized, coarse ground, then ground to a fine

powder. Individual soil cores were first described (Schoeneberger et al., 2012), then

composited based on common genetic horizons that represent the A-horizon, upper

most illuvial horizon (upper B-horizon), and the deepest B-horizon (lower B-horizon).

The average midpoint depths for A, upper and lower B-horizons studied are 14.3,

72.8, and 109.0 cm (Supplementary Materials). Samples were combined, air dried,

sieved and root picked, then homogenized and ground for analysis. Root sample

collection required approximately 3 grams of dry material for processing, thus not

all sites have available root samples for analysis. As described by Possinger et al.

(2022), we obtained the mean annual temperature (MAT) and a Hargreaves reference

evaporation (MAP-Eref) from the ClimateNA-MAP database (Wang et al., 2012).

We use MAP-Eref as our “moisture availability” index in our modeling efforts which
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helps to incorporate abiotic and biotic factors more holistically.

4.3.2 Cupric oxidation (CuO) procedures

Both Weiglein et al (2021) and Heckman et al (2020) briefly describe the cupric

oxidation (CuO) method, with additional details available in Chapter 2 of this dis-

sertation. Briefly, we used the CuO procedure to identify biomarkers that allow us to

trace the sources of soil organic matter, especially from unique plant-tissue compo-

nents (Hedges and Mann 1979). The procedure was originally developed by Hedges

and Ertel (1982), modified by Goñi and Hedges (1992), and finally refined into our

current working method by Goñi and Montgomery (2000). Due to practical con-

straints, CuO analysis was conducted on the three representative mineral horizons

per site, the dominant aboveground vegetation, and belowground root samples when

available.

The CuO procedure returns approximately 72 unique and quantifiable compounds,

with others that are not quantified. For calculating the organic matter dissimilarity

index (see below), each compound was retained in its original form without grouping.

For easier interpretation of figures, standard groupings of compounds were conducted.

These include: lignin (including the sum of vanillyl, syringyl, and cinnamyl phenols)

(Hedges and Mann 1979, Hatten et al., 2012), cutin (16-hydroxyhexadecanoic acid,

9,16 and 10,16-dihydroxyhexadecanoic acid, 8-hydroxyhexadecandioic acid) (Goñi

and Hedges, 1990; Crow et al., 2009), suberin (hexadecane-1,16-dioic acid, 18-

hydroxyoctadec-9-enoic acid, hexadecanedioic acid and ω-hydroxyoctadecenoic acid)
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(Crow et al., 2009), 3,5-dihydroxybenzoic acid (Goñi and Hedges, 1995), C16 to

C18 hydroxy fatty acids (including hydroxyhexadecanedioic acid, dihydroxyhexade-

canoic acid, and trihydroxyoctacecanoic acid) (Hatten and Goñi 2012, Goñi and

Hedges, 1995; Goñi and Hedges, 1990), and non-lignin para-phenols that are desig-

nated with the letter P (the sum of p-hydroxybenzaldehyde, p-hydroxyacetopheone,

p-hydroxybenzoic acid) (Goñi et al., 2008). The remaining compounds that are not

quantified were classified into the “Other” compound category. Illustrations of these

lignin structures can be found in Hedges and Blanchette, et al (1988), and non-lignin

structures can be found in Goñi and Thomas (2000) and Kogel-Knabner (2002).

4.3.3 Bray-Curtis Statistics

In order to better accommodate the numerous compounds produced in the CuO

method, we identified Bray-Curtis ecological dissimilarity index to compare the com-

position of organic matter between sites and sample types (Bray and Curtis, 1957;

Greenacre, 2018). There are two strengths of this method. First, it is relatively

insensitive to zeros in the data set (e.g. if no plant was identified in the plot, it is not

overweighted to skew the dissimilarity index). Second, it accounts for the presence

and abundance of the entity in question to determine the amount of dissimilarity be-

tween samples (e.g. identifying 50 plants compared to 5 plants has a unique effect).

The primary assumption for the Bray-Curtis method requires compound abundances

from similarly sized samples. In the ecological context, this often requires normaliz-

ing the site area. For example, plant community surveys must have similarly sized
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plots, or bird count data requires time of observation to be controlled. For this ap-

plication, we normalized each unique CuO compound to the total CuO extracted for

the sample. We do not reach 100% proportion, because there are some compounds

that are not identified or quantified, although it is typically less than 4% of the total

sample. This is a non-Euclidean statistical ecological tool, thus we refrain from using

‘distances’ in this manuscript. The Bray-Curtis dissimilarity index is calculated:

BCij = 1− 2Cij

Ti + Tj

Where Cij is the sum of the lesser CuO compound abundances only for the com-

pounds that are shared between both samples. Ti and Tj are the total number of

compound abundances identified in both samples. The Bray-Curtis dissimilarity

values are between 0 and 1, where smaller values indicate less dissimilarity in com-

pound abundances between samples, and larger values indicate greater dissimilarity.

All statistical analysis was conducted in R (v.4.0.3) in RStudio (v2022.07.1+554),

with vegan package used for Bray-Curtis calculations (Oksanen et al., 2020), and

base R (Bates, 2005; Zurr et al., 2008; Pinheiro et al., 2014; R Core Team, 2020).

4.4 Results

4.4.1 Endmember organic matter composition

We find lignin contributions to the dominant aboveground vegetation and roots to

be nearly equal to each other (Figure 4.1). Of the ten grouped compound classes,
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the “Other” category generally contributes the greatest to the total CuO extracted

sample. The range of lignin contributions for vegetation was between 18 to 38%, and

for roots it was 15 to 40%.
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Figure 4.1: Proportion of cupric oxidation (CuO) extracted compound classes in available veg-
etation and root samples across the National Ecological Observatory Network. Individual CuO
products (n=72) are normalized to the total extracted material within each sample, and are
grouped according to broad compound class. Abbreviations: P Phenols - para-hydroxybenzoic
acid phenols; BDA - benzenedicarboxylic acids, BTA - benzenetricarboxylic acids.



135

4.4.2 Soil organic matter composition

We find lignin contributions to the total SOM composition to decrease with depth,

and rarely exceeding 18% (Figure 4.2). Across all three mineral soil depths, both

cutin and suberin classes make up a larger proportion of OM pool compared to either

vegetation or root samples. As depth of horizon increases, the proportion of “other”

category increases from ≈40% in the A-horizon to over 50% in the lower B-horizon.
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Figure 4.2: Proportion of cupric oxidation (CuO) extracted compound classes in available A-
horizon, upper B-horizon, and lower B-horizons across the National Ecological Observatory Net-
work. Individual CuO products (n=72) are normalized to the total extracted material within
each sample, and are grouped according to broad compound class. Abbreviations: P Phenols -
para-hydroxybenzoic acid phenols; BDA - benzenedicarboxylic acids, BTA - benzenetricarboxylic
acids.
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4.4.3 Average Bray-Curtis dissimilarity index

Bray-Curtis values show the average dissimilarity between all vegetation and roots

(0.178) to be nearly equal to the relative dissimilarity between either vegetation

and A-horizons (0.159) or roots and A-horizons (0.184) (Table 4.1). The greatest

similarity between any average endmember or average soil horizon comparisons was

the within-root dissimilarity (0.222). There is nearly as much overlapping organic

matter characteristics between the all vegetation average (0.132), and the vegetation

vs A-horizon (0.159).

Within-soil horizon average dissimilarity values indicate A-horizons have the

greatest similarity to each other across sites (0.083), with an nearly identical re-

sult for upper B-horizons (0.084) (Table 4.2). There was increasing dissimilarity as

soil depth increased. The greatest dissimilarity values for averaged soil horizons are

between A vs lower B horizon (0.110), and the within-horizon dissimilarity of all

lower B-horizons (0.110).

Table 4.1: Average Bray-Curtis ecological dissimilarity values for grouped organic
matter endmembers and A-horizon soils from the National Ecological Observatory
Network. Smaller values (closer to 0) indicate samples have less dissimilarity and
share more organic matter composition abundances with each other, larger values
(closer to 1) indicate samples have greater dissimilarity. Diagonals represent the
dissimilarity within each sample class.



138

Table 4.2: Average Bray-Curtis ecological dissimilarity values for grouped A-horizon,
upper B-horizon, and lower B-horizon soils from the National Ecological Observatory
Network. Smaller values (closer to 0) indicate samples have less dissimilarity and
share more organic matter composition abundances with each other, larger values
(closer to 1) indicate samples have greater dissimilarity. Diagonals represent the
dissimilarity within each sample class.

4.4.4 Unique within-site Bray-Curtis dissimilarity index

Generally we find very low Bray-Curtis values for any of the three endmember com-

parisons (A vs vegetation, A vs root, vegetation vs root), indicating the organic

matter composition across all three sample types are relatively uniform (Table 4.3).

Exactly half of the sites with available endmembers show A-horizon are more similar

to vegetation, with the remaining half favoring a root OM signal. Most dissimilarity

values are between 0.1 and 0.2, but the largest values (0.685) are driven by a vege-

tation sample (STER) comparison. We find even smaller Bray-Curtis values for soil

horizon comparisons (A vs upper B, A vs lower B, upper vs lower B-horizons) (Table

4.4). Most values are between 0.05 and 0.1, with the greatest dissimilarity values

comparing DEJU A vs lower B-horizons (0.292).
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Table 4.3: Unique Bray-Curtis ecological dissimilarity values for all available organic
matter endmembers and A-horizon soils from the National Ecological Observatory
Network. Smaller values (closer to 0) indicate samples have less dissimilarity and
share more organic matter composition abundances with each other, larger values
(closer to 1) indicate samples have greater dissimilarity. Only sites with all three
sample types are presented.

4.4.5 Bray-Curtis relationship with climatic factors

We also examined the potential relationship between climatic factors and its influence

on SOM compositional overlap between endmembers and other soil horizons. We
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were unable to identify any consistent relationships between abiotic (MAP, MAT

moisture availability) or biotic (NPP, root biomass) factors that explained the A-

horizon dissimilarity between either vegetation or root endmembers (Figure 4.3).

At the coarse scale, A-horizons from temperate seasonal forests (ORNL, HARV,

SERC) tended to favor a more root-derived OM signature, although one seasonal

forest (MLBS) favored the vegetation endmember. Woodland and shrubland A-

horizons tended to favor vegetation organic matter composition (CLBJ, WOOD,

SOAP, DCFS), but one favored a root signature (STER). Comparing only mineral

soils to each other yielded similar results, we were unable to identify a generalizable

abiotic or biotic factor that helped to explain the dissimilarity distributions in CuO

extracted SOM (Figure 4.4).
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Table 4.4: Unique Bray-Curtis ecological dissimilarity values for all available A-
horizon, upper B-horizon, and lower B-horizon soils from the National Ecological
Observatory Network. Smaller values (closer to 0) indicate samples have less dis-
similarity and share more organic matter composition abundances with each other,
larger values (closer to 1) indicate samples have greater dissimilarity. Only sites with
at least two sample types are presented.
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Figure 4.3: Unique Bray-Curtis ecological dissimilarity values for all available organic mat-
ter endmembers and A-horizon soils from the National Ecological Observatory Network.
Smaller values (closer to 0) indicate samples have less dissimilarity and share more organic
matter composition abundances with each other, larger values (closer to 1) indicate samples
have greater dissimilarity. Only sites with all three sample types are presented. A-horizon
similarity preference is determined by comparing the Bray-Curtis index of A vs Root and
A vs Vegetation samples within each site.
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Figure 4.4: Unique Bray-Curtis ecological dissimilarity values for all available A, Upper,
and Lower B-horizon soils from the National Ecological Observatory Network. Smaller
values (closer to 0) indicate samples have less dissimilarity and share more organic matter
composition abundances with each other, larger values (closer to 1) indicate samples have
greater dissimilarity. Only sites with all three sample types are presented. A-horizon and
B-horizon similarity preferences are determined by comparing the Bray-Curtis index of each
endmember and soil sample type.
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4.5 Discussion

We sought to rectify the knowledge gaps in both deep soil SOM characterization

and how they relate to surface organic matter inputs. Despite a wide range of plant

community types, root phenology, and soil forming factors present at these NEON

sites, we generally find the CuO extracted organic matter composition across all

samples and their associated soils to be relatively uniform.

We hypothesized that A-horizons would have greater similarity to the dominant

aboveground vegetation; we find evidence to support this from the all-horizon av-

erage Bray-Curtis analysis (Table 4.1). However, within each site, we find many

examples of A-horizon SOM to reflect a more root-derived composition (e.g. HARV,

JORN, MOAB, NIWO, SERC, STER) (Table 4.2). Indeed, exactly 50% of the sites

(7/14) with available samples (vegetation, roots, A-horizons) presented A-horizons

with greater similarity to roots than aboveground, with the remaining half favoring

vegetation. This illustrates the importance of site-specificity and limits and broadly

generalizable patterns.

We also hypothesized that, due to their physical proximity, A and upper B-

horizons would be more similar compared to any lower B-horizon. We find strong

evidence to support this from both the all-horizon averages (Table 4.2), and within

site Bray-Curtis values (Table 4.4). The average Bray-Curtis dissimilarity between

A and upper B-horizons is low (indicating substantial overlapping SOM composition

abundances), and less than 25% of any individual site deviated from this pattern

(Table 4.4). Further supporting our second hypothesis, the majority (64%) of upper

vs lower B-horizons are more dissimilar to each other compared to A vs upper B-
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horizons (Table 4.4).

4.5.1 A-horizon SOM signature relative to endmembers

Despite half of A-horizon SOM favoring roots, and the other half favoring vege-

tation, we were unable to identify any systematic mechanisms for these patterns.

We expected grassland sites, due to their higher belowground biomass production

compared to forests, to produce soils with greater overlap to root endmembers. Al-

though we were unable to obtain all root samples from grassland sites, we generally

find forests to have the smallest Bray-Curtis index with roots, indicating forest A-

horizons appear more root-like than vegetation-like (Table 4.3; Figure 4.4; Supple-

mentary Materials). For example, two eastern deciduous forests (HARV, ORNL), a

boreal forest (NIWO), and a desert shrubland (JORN) had the smallest dissimilarity

values, favoring roots more so than a vegetation signal. However, a ponderosa pine

forest (SOAP) and an oak savannah (CLBJ) site had similar Bray-Curtis values even

though their A-horizons favored a vegetation signal more so than roots (Figure 4.3,

Table 4.3). These conflicting results reinforce the old adage on the importance of

site specificity.

4.5.2 Soil horizon SOM dissimilarity patterns

The importance of site-specificity is reinforced by the patterns in soil profile or-

ganic matter compositions. The two sites with the largest Bray-Curtis dissimilarity

between A and lower B-horizons are a boreal/spruce forest (DEJU) and a pine/oak
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forest (MLBS) (Figure 4.4). However, there is another boreal/tundra forest (NIWO),

and numerous deciduous/conifer forests (GRSM, SCBI, DELA) that have much lower

dissimilarity values. While there was a general pattern of lower B-horizons favoring

SOM composition that was closer to upper B than A-horizons (Table 4.4; Figure

4.4), the two sites with cryoturbation (BARR, TOOL) had largest dissimilarity val-

ues. Soil cryoturbation in both BARR and TOOL sites were severe; of the five TOOL

cores, all had cryoturbation beginning from 30-50 cm. BARR cryoturbation was not

as sever, with only three of five cores experienced classic cryoturbation between 30-70

cm, but the remaining cores were almost exclusively organic-horizons mixing with

themselves, thus not satisfying the official requirements of cryoturbation to include

mixing between genetic horizons, rather than within genetic horizons. These two

permafrost sites also highlight a potential maximum Bray-Curtis index that is pos-

sible for upper vs lower B-horizons. The mind strains to consider how a soil could

become more physically and heterogeneously mixed together than the combination

of somewhat recent glaciation coupled with O-horizon/mineral soil cryoturbation as

deep as 196 cm for BARR, and 120 cm for TOOL.

4.5.3 Potential CuO method limitations

Soil science studies have almost exclusively focused on the upper horizon, rarely dig-

ging past 30 cm in depth (Yost and Hartemink, 2020) and seldom are this level of

organic matter characterizations conducted on deep soils (Gross and Harrison, 2019).

One limitation of this combined approach with CuO extraction and ecological dissim-
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ilarity, is the inherent bias in the CuO procedures to capture plant-derived organic

matter at the expense of microbially-derived organic matter. Some estimates suggest

microbially derived organic matter can be as large as 80% (Liang and Balser, 2011),

with a more likely proportion between 11-15% in forests and 44-56% in agricultural

areas (Angst, et al., 2021; Whalen et al., 2022 and references therein). Although

some CuO compounds are microbial in nature (e.g. amino acids, some fatty acids

and some diacids), there is a strong preferred bias towards plant-derived compounds.

Even within the plant-component category, white-rot fungi degrade lignin in such a

way that their degradation signature is not captured by the CuO method, potentially

causing an underestimate in the amount of decayed wood to the lignin pool (Filley

et al., 2002). The relative [dis]similarity in soils to endmembers presented should

therefore be understood to not incorporate the potential variation induced by mi-

crobial and fungal communities. Especially in A-horizons, where microbial biomass

is greatest, we may be over-estimating the relative [dis]similarity of SOM to either

roots or vegetation endmembers.

Conversely, microbial-focused studies patterns in that community structure can

vary more within a soil profile than between sites across a similar range of biomes

presented here (Eilers, et al., 2021). Although those researchers were focused on

soil microbial communities, not SOM composition, they also found that surface soil

communities were more unique across sites but that deeper horizons had similar mi-

crobial communities regardless of biome or landscape position. Although we focus

on CuO extracted material that is biased towards identifying more plant-derived or-

ganic matter, our patterns are somewhat consistent with a microbial focused study
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potentially indicating a universal ecosystem inertia that pushes both microbial com-

munities and their resulting organic matter processing to appear far more similar

than dissimilar.

4.6 Conclusions

Overall, we find dominant aboveground vegetation and root organic matter com-

pound class categories tend to be in different proportions compared to any soil hori-

zon. Lignin in both endmembers contributed nearly twice as much to the total CuO

extracted material compared to any lignin contribution in soil horizons. Conversely,

soil horizons had nearly twice the cutin and suberin contributions to their CuO

extracted SOM pool compared to any vegetation or root endmember. Using the

Bray-Curtis ecological index, we generally find that comparing any endmember, up-

per, and lower soil horizon tends to show the OM abundances are relatively similar to

each other (values <0.2). Within the vegetation, root, and A-horizon categories the

dissimilarity values were very small (0.083, 0.096, and 0.083 respectively), indicating

there is little OM abundance variation within each sample type as observed with

the CuO extraction procedure. We hypothesized A-horizons would have a stronger

correlation with aboveground vegetation OM, but only half of the available sites

exhibited this pattern with the remaining A-horizons favoring a more root-derived

signal. We also hypothesized that A and upper B-horizons are more similar com-

pared to A and lower B-horizons. We find strong evidence for this, where 75% of

sites examined had A-horizons that favored upper B-horizon SOM composition com-
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pared to lower B-horizons. Despite this, lower and upper B-Horizons comparison had

the smallest dissimilarity index, suggesting subsoils are closer in SOM composition

than A vs upper B-horizons. Because the overall dissimilarity values across all soil

horizon comparisons are relatively small (<0.1), we find evidence to suggest soils are

acting like a dilution-inducing chromatographic column. Although absolute abun-

dances are different in A, upper, and lower B-horizons, the relative contribution of

CuO extracted SOM compounds are far more similar down soil profile than they are

different. It should be noted, lower B-horizons exhibited the largest within-sample

dissimilarity (0.110), that was larger than any between horizon dissimilarity but still

relatively small for the Bray-Curtis index. We do exhibit caution in interpreting these

results. Because the CuO method prioritizes plant-derived organic matter more so

than microbially derived organic matter, and our endmembers are pure-vegetation

or root-litter samples, we may be underestimating the SOM dissimilarity because of

a missing (microbial) endmember. We encourage more researchers to both consider

digging deeper, and to conduct analysis that would capture both plant and micro-

bially derived compounds to better understand the sources of soil organic matter

across ecosystems and down soil profiles.
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4.7 Supplemental Materials

There is one table of supplementary materials, they include:
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Table 4.5: Site information for a subset (n=39) of the National Ecological Observatory
Network (NEON). Soil horizon depths were calculated from cores collected at the five soil
plots within the flux tower footprint, and represent three distinct pedogenic horizons.
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Chapter 5: Conclusion

Soils are increasingly viewed as a tool to combat climate change, but we lack an

understanding of why soils can be highly resilient and what types of plant-derived

carbon are present across ecosystems and down soil profiles. The focus of this dis-

sertation was to fill those two essential knowledge gaps.

The first manuscript revealed the inherent resilience in forest soils to biomass

removals is from the long-term accumulation of belowground root-biomass and we

identified a dynamism in soil carbon transfers. Six-months following treatments sur-

face soil carbon stores increased between 8-42%, but two-years later they returned

to pre-treatment values. This rapid carbon input, and loss, within two years caused

a replacement of native soil carbon that had a strong root-derived signature. We

identified losses in both light fraction and intermediate fraction that were not ap-

parent in bulk soil samples. Although the heavy fraction appeared not to change,

stable isotope analysis revealed heavy fractions from all treatments and depths be-

came enriched suggesting this ‘stable’ carbon pool is not universally stable. The light

fraction nitrogen became depleted, mimicking a root-derived signal more so than a

needle derived signal. Together this shows that across all operationally defined pools

of soil organic matter (SOM), roots are universally buffering soil carbon losses from

extreme biomass removals. However, this legacy root carbon pool developed over

the last two rotations with the most recent being a 55-year old harvest, and prior to
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that was presumably a mature old growth forest. If rotation length decreases before

the root carbon pool is allowed to recover, soils’ resilience may become more limited.

In my second and third manuscript I lean more heavily on the copper oxidation

(CuO) method chronicling soils from 40 sites across the National Ecological Obser-

vatory Network. To the author’s knowledge, this is the most broad and systematic

CuO organic matter inventory and deepest soil horizon assessment that have ever

been investigated. Despite a wide range in climates, plant communities, soil horizon

pedogenesis and geologic substrate, lignin contributions to the total SOM pool were

almost exclusively within a narrow range of 0.5-1.0 mg lignin/100 mg OC. We do

find a general trend of decreasing lignin contributions as soil depth increases, but

substituted fatty acids (leaf and root waxy coatings) contributions increased slightly

at deeper soil depths. A-horizons across ecosystems had significantly different SOM

compositions compared to their associated subsoils. However, within sites, neither

upper or lower B-horizon SOM components were significantly different from each

other. Using the Bray-Curtis dissimilarity index that incorporates more than 70

unique CuO extracted compounds, rather than broad compounds classes, we still

find that CuO extracted SOM across all three soil horizons have SOM compositional

abundances that are far more similar to each other, than they are dissimilar. It is

well established that fresh dissolved organic matter (DOM) from litter has a unique

and characteristic organic matter signal, but once it reaches mineral soil the pore

water DOM composition also appears generally homogenized. Given the remarkable

range of ecosystems and the diversity of plant-derived organic matter inputs, we find

similar results in SOM as in DOM studies.
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Overall, my research shows that soils are incredibly resilient to perturbations,

but their resilience is not infinite. The mechanisms of resilience are primarily in

the form of root-derived organic matter. But over time, some ecosystem inertia

will likely push all soils to a narrow range of lignin and plant wax contributions to

the total SOM pool such that aboveground organic matter still plays a crucial role

in SOM as an ecosystem property. This also suggests we should consider SOM in

a more stochastic nature. We may never be able to accurately predict how soils

will respond to some perturbation, or tillage, or wildfire, or compaction, but we

can generally constrain which locations are more sensitive to damage because their

water and nutrient holding capacity are inherently diminished (e.g., shallow soils,

thin A-horizons, low silt+clay content, high rock content, steep slopes susceptible

to erosion). These locations with high sensitivity to damage are also potentially

areas with the greatest potential to accumulate more soil carbon over longer periods

of time. Unfortunately, what makes these sites ideal for targeted carbon farming

policies are the same site-factors that make them undesirable and impractical to

own and manage. It appears that soils can technically be a climate mitigation tool.

But our inability to accurately predict responses over the long-term due to their

inherent stochastic nature, and the uncertainty of a changing mother nature, limits

our dependence on soils to only the basics: clothes, food, and clean water.
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