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ABSTRACT
Changes in the size and distribution of soil organic carbon (C) and nitrogen (N)
pools affect the biogeochemical properties of terrestrial ecosystems; particularly in
semiarid drylands where environmental constraints limit crop production. Agriculture in
the northern Great Plains (NGP) of North America has undergone a tillage reduction
revolution over the past 20 years; it is therefore imperative to elucidate how organic
matter (OM) and fertilizer-N cycle under no-till (NT) management given its potential for
providing more sustainable cropping systems and mitigating environmental losses. The
objective of this dissertation was to characterize the cycling of labile, reactive pools of
soil organic C and N among NT wheat (Triticum aestivum L.)-based cropping systems
subjected to differing cropping intensity and fertilizer-N management. We conducted
both laboratory and field experiments following the fate of 15N-labelled fertilizer as
affected by N management principles. In surface soil, microbial uptake of NH4+ was
greater than for NO3- forms. Lower immobilization of NO3- might therefore increase
fertilizer-N availability to winter wheat relative to NH4+ or urea-based sources. In plant
tissue, fertilizer-N recovery (FNR) by winter wheat was affected by application timing of
urea to the soil surface; FNR was greater for spring than late-fall and winter applications.
The addition of urease inhibitor N-(n-butyl) thiophosphoric triamide improved FNR of all
urea timings, but the response was greater for late-fall and winter compared with spring
applications. We also examined the cycling of labile, reactive OM as affected by
differing land management. Specifically, we characterized dissolved organic matter
(DOM) and permanganate oxidizable carbon (POXC) concentration and composition
from soil samples collected from three long-term (>10 yr) cropping field sites. Annual
NT cropping increased the concentration and compositional diversity of DOM and POXC
pools; higher inputs of biomass-C promoted the accumulation of fresh, plant derived
DOM relative to conventional fallow-wheat management. Such enrichment translated
into higher OM accretion rates within the uppermost 0-50 cm layer, likely benefiting
FNR by winter wheat. Our experimental approach provided a comprehensive tool for
agroecosystem evaluation at the farm level, identifying NT scenarios that can be used for
sustainable management frameworks within the NGP.
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CHAPTER ONE
INTRODUCTION
The main objective of an agroecosystem sustainable management is to preserve
its ecological integrity while conserving its agronomic potential. Two very important
ecosystem properties linked to this objective are soil quality and fertility. The quality of a
soil defines its ability to function within ecosystem boundaries to sustain biological
productivity, maintain environmental quality, and promote plant and animal health
(Doran and Zeiss, 2000). Likewise, fertility refers to the cycling and supply of nutrients
within the soil-plant interface (Havlin et al., 1999). Carbon (C) and nitrogen (N) are
critical for the quality and fertility of arable soils, and hence long-term agricultural
sustainability (Shaffer and Ma, 2001; Wander, 2004). Fluxes of C and N are largely
controlled by reactive, labile pools of organic matter (OM); whereas long-term C and N
storage is driven by long-lived recalcitrant, humified fractions (Belay-Tedla et al., 2009;
Vázquez et al., 2013).
Soil quality and fertility includes an inherent component determined by edaphic
properties within the constraints set by a given climate and land management scenario
(Doran and Zeiss, 2000). In arid and semiarid ecosystems, nutrient cycling and OM
storage are mainly controlled by the amount and seasonal distribution of precipitation
(Austin et al., 2004; Burke et al., 2008); key drivers of net primary productivity (NPP)
and/or biomass-C accumulation (Austin et al., 2004; Carrera et al., 2009). Agricultural
management represents an additional ensemble of factors that can broadly affect OM
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cycling; modifying several edaphic properties, including soil structure and aggregation,
porosity, water storage, microbial activity and soil pH (Shaffer and Ma, 2001; Liebig et
al., 2004; Raiesi, 2012). Changes brought by tillage and cropping practices may increase
or decrease soil N dynamics, having a direct influence on nutrient uptake by plants
(López-Bellido and López-Bellido, 2001; Liang et al., 2013). Similarly, changes in the
size and distribution of these pools in response to land management can considerably
affect long-term OM storage (Belay-Tedla et al., 2009; Collins et al., 2012; Hurisso et al.,
2013).
The northern Great Plains (NGP) of North America is a semiarid steppe landscape
with a significant role in preserving OM and reducing environmental pollution through
land use and land cover change (Watts et al., 2011; DeLuca and Zabinski, 2011). Farming
practices in the region have undergone a tillage reduction revolution over the past 20
years with the increased availability of direct seeding equipment and utilization of lowcost glyphosate (Engel et al., 2017b); approximately 60% of dryland NGP agriculture is
under NT management (Hansen et al., 2012). The agronomic benefits of NT are well
recognized and include improved water storage and use efficiency (Nielsen et al., 2005).
This has enabled cropping systems to be intensified over conventional till fallow-wheat,
e.g., legume and oilseed crops are being grown in rotation with winter wheat (Chen et al.,
2012; Miller et al., 2015; Chen et al., 2015). In 2012, 6,859,498 acres were under NT
management within the state of Montana; with 128,183 acres planted to a cover crop
(USDA-NASS, 2012). With a drastic shift from till to NT management, more research is
needed to better understand the cycling of labile, reactive OM pools within NT wheat-
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based cropping systems (Figure 1); particularly when considering the broad spectrum of
management practices currently applied by growers in Montana. This dissertation
summarizes the interactive effects of tillage, cropping intensity and fertilizer-N
management on near-surface soil properties; focusing on properties considered to be
important quality and fertility indicators for winter wheat production.

Figure 1. Montana research sites described within this dissertation. Purple and red
star locations refer to soil quality and fertility field experiments, respectively.
Fertility Component – N cycle
The spatiotemporal complexity of soil N, combined with sub-optimal fertilizer-N
management, has led to an inefficient fertilizer-N recovery (FNR) process by winter
wheat (<50% of applied N) within the NGP region (Malhi et al., 2001). Our inability to
keep fertilizer-N from being lost through secondary sinks of N (i.e. gaseous losses) is
probably the greatest challenge to achieve profitable winter wheat yields without causing
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unacceptable environmental impacts. The first portion of this work centers on the cycling
of fertilizer-N as affected by N management principles (i.e. source, rate, time, and
placement) (IPNI, 2012). Urea-N accounts for ~86% of fertilizer-N consumption in
Montana. Although urea-N is a low-cost fertilizer-N source, it is susceptible to volatilize
as ammonia (NH3) gas, affecting both FNR and crop productivity. Previous Montana
State University (MSU) trials have shown that NH3 volatilization will vary greatly with
application timing; losses can be quite large (>20% of applied N rate) following urea
applications in the late-fall and winter (i.e., November to March) (Engel et al., 2011). The
FNR by winter wheat can also be restricted by microbial uptake of fertilizer-N in surface
soil; both microbes and crop plants compete for the same source of inorganic-N (Recous
et al., 1992; Liang et al., 2013).
Plant N uptake is a complex physiological process, resulting from many
interacting genetic and environmental factors (Xu et al., 2012). In this work, we strictly
defined FNR as the proportion of fertilizer-N removed in harvested crop biomass (i.e.
grain or straw) or incorporated into soil OM fractions (i.e. organic N) (Cassman et al.,
2002). Fertilizer-N recovery by crops can be estimated by two different methods: i)
“apparent or indirect” method (ARF), calculated from plant-N uptake within unfertilized
(NP0) and fertilized plots (NP), divided by amount of fertilizer-N applied (NF) (Eq. 1);
and ii) “actual or direct” recovery (15NRF), quantified by 15N isotopic enrichment of plant
tissues (Eq. 2) (Hauck and Bremner 1976).
ARF=

NP-NP0
NF

where all amounts of N are expressed in kg N ha-1.

[Eq. 1]
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15

NRF=

[P x C-B ]
[F x A-B ]

[Eq. 2]

where P, total N uptake (g m-2); F, total applied fertilizer-N (g m-2); A, atom% 15N in
fertilizer-N; B, atom% 15N in plant tissue – natural abundance; C, atom% 15N in plant
tissue – fertilized with 15N.
Estimates of FNR may differ among ARF or 15NRF methodologies whether or not
soil-N uptake differs between NP and NP0 plots (Ferchaud et al., 2016). ARF is generally
higher than 15NRF if fertilizer-N application prompts OM mineralization (i.e. “priming
effect) in surface soil (Harmsen and Moraghan, 1988). Alternatively, “pool substitution”
reactions between fertilizer-15N and soil mineral-14N can also lead to a higher ARF than
15

NRF (Harmsen and Moraghan, 1988; Ferchaud et al., 2016). Nevertheless, only 15NRF

allows to determine the fate of the fertilizer-N within different soil/plant compartments,
as well as secondary gaseous N losses (Follet, 2001; Ferchaud et al., 2016); providing an
overall estimate of N cycling at the microplot level.
For this first part, we conducted both laboratory and field experiments quantifying
the fate of 15N-labelled fertilizer as affected by microbial N uptake (Chapter 2) and/or
NH3 volatilization (Chapter 3). We aimed to find solutions to the problem of urea-N loss
by studying pathways responsible for its cycling in winter wheat-based cropping systems.
Chapter 2 investigates the effect of mineral-N forms, or N-source (e.g., ammonium
[NH4+] or nitrate [NO3-]), on microbial immobilization under controlled conditions.
Recovery of fertilizer-N on incubated (26 d, 10ºC) surface soil (0-10 cm) was measured
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using 15N labelled sodium nitrate (NaNO3) or ammonium sulfate [(NH4)2SO4] (98%
atom) along a gradient of labile-C availability (i.e. 0, 10, and 100 mg glucose-C).
Chapter 3 summarizes a multi-year data field study (2011-2014) quantifying grain
yield, protein, and FNR by winter wheat as affected by surface 15N-urea (5% atom)
applications (late-fall, winter, spring) with and without urease inhibitor NBPT [N-(nbutyl) thiophosphoric triamide]. The study is a contribution to a larger MSU project
geared towards mitigating NH3 volatilization from urea-N following surface applications
during cold weather months (Engel et al., 2011; Engel et al., 2017a); project link
http://landresources.montana.edu/ureavolatilization/. The information generated from this
study will provide Montana growers useful information to target for the greatest
fertilizer-N economic return. A better understanding of plant-microbe-soil
transformations will contribute to our current knowledge of fertilizer-N turnover;
identifying management strategies that may reduce on-farm net return uncertainties. This
is particularly important considering scenarios of rising fertilizer-N costs and volatile
post-harvest wheat prices (Miller et al., 2015).
Quality Component – C cycle
Soil OM is a key parameter for agronomic productivity and ecosystem
functioning (Olson et al., 2014). Total OM includes a mixture of plant and animal matter
in a decomposition continuum (Ohno et al., 2009). The majority of OM (40-60%) is
comprised of humic substances, recalcitrant compounds with decadal and centennial
turnover times (Guimarães et al., 2013). The complex structure and spatial variability of
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humic substances limits our ability to identify OM recovery trends over short periods of
time (i.e. < 10 yr) (Plaza-Bonilla et al., 2014; Necpálová et al., 2014). In contrast, labileC pools (i.e. carbohydrates, amino sugars) can respond rapidly to changes in OM supply,
as they serve as the medium for soil microbial activity (Haynes, 2005; Armas-Herrera et
al., 2013). Labile-C pools have therefore been proposed as fine metrics of quality in
arable soils (Wander, 2004; Haynes, 2005). The patterns and controls of labile-C storage
are critical for our understanding of nutrient cycling in semiarid drylands (Raiesi and
Kabiri, 2016).
Labile-C can be indexed by physical-, chemical-, and biological-based techniques.
Physical methods fractionate OM by sieving (Cambardella and Elliot, 1992); identifying
minimally transformed sand-sized, “particulate”, OM fragments that are easily
decomposed in surface soil (Armas-Herrera et al., 2013). Alternatively, labile-C can be
classified as light-free or heavy-occluded OM by densimetry (Alvarez and Alvarez, 2000;
Haynes, 2005). Fractionations by chemical indices are based on the selective oxidation
and/or extraction of labile-C by potassium permanganate [KMnO4] (Weil et al., 2003),
sulfuric acid [H2SO4] (Olk, 2008), cold- and/or hot-water (Chatigny, 2003; Ghani et al.,
2003), or potassium sulfate [K2SO4] treatments (Toosi et al., 2012). Fractionations by
biological assays, are mainly ascribed to short-term C mineralization potentials or
microbial biomass-C incubations (Sparling, 1998; Franzluebbers et al., 2000). Enzyme
activities (i.e. β-glucosidase, CM-cellulase) have also been used as biological indicators
of labile-C (Alef and Nannipieri, 1995; Armas-Herrera et al., 2013).
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Numerous reviews from the NGP have documented a dramatic soil change upon
conversion of native prairie vegetation to row crop agricultural production (DeLuca and
Zabinski, 2011; Watts et al., 2011; Collins et al., 2012). A century of cultivation has
decreased surface OM and labile-C fractions by ~50-60% in Montana and neighboring
states (Norton et al., 2012; Hurisso et al., 2013). Tilled F-W management accelerates the
microbial oxidation of labile-C, ultimately reducing the synthesis of OM in surface soil
(Halvorson et al., 2002; Campbell et al., 2005; Sainju et al., 2007). More diverse and
intensified NT systems, in contrast, have prompted OM recovery through increased
biomass-C inputs and minimal disturbance of soils (Watts et al., 2011; Collins et al.,
2012).
The second portion of my dissertation concerns the cycling of labile, reactive OM
as affected by differing land management (Figure 1). Chapter 4 presents an experimental
descriptive study aiming at characterizing dissolved OM (DOM) by means of optical
spectroscopy. Chemical characterization of DOM was determined by UV/Vis absorbance
and Excitation Emission Matrix Fluorescence Spectroscopy (EEMS) for 0-30 cm soil
samples collected from a long-term cropping system study at the MSU Arthur H. Post
Agronomy Research Farm near Bozeman, MT (Engel et al., 2017b). Multivariate parallel
factor (PARAFAC) analysis was applied to the excitation emission matrices (EEMs) data
set to identify fluorescence components and reveal spatial distributions of DOM. Multiple
sources of DOM were considered for this work, incorporating biomass-C inputs, soil OM
levels, and soil OM sequestration estimates reported by a previous study (2002-2012)
within the same field site (Engel et al., 2017b).
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Chapter 5 describes the distribution and chemical character of POXC within three
long-term cropping sites; including the 0-30 cm soil samples reported in Chapter 4 (Engel
et al., 2017b); 0-50 cm soil samples collected in Cascade County, MT; and 0-40 cm soil
samples collected from a long-term cropping system study at the MSU Central
Agricultural Research Center near Moccasin, MT (Lin and Chen, 2014; Chen et al.,
2015). The POXC fraction of OM has recently emerged as a standardized metric of
active, labile-C within soil quality frameworks in the United States (Culman et al., 2012;
Hurisso et al., 2016). Yet, qualitative information on POXC is very scarce, particularly in
semiarid calcareous soils. We extracted and further analyzed 148 soil samples
encompassing a wide range of management conditions and edaphic properties. We
characterized POXC by combined used of UV/Vis absorbance and ultrahigh resolution
Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI FT-ICR MS) at high magnetic field. The information generated from these C studies
will contribute to our knowledge of how OM fractions evolve and transform in arable
soils, and how managing NT diversified cropping systems might shift DOM and POXC
chemical composition. This may provide further insight on mechanisms that promote OM
accretion in the semiarid NGP.
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CHAPTER TWO
MICROBIAL IMMOBILIZATION OF NITROGEN-15 LABELLED AMONNIUM
AND NITRATE IN AN AGRICUTLURAL SOIL

Abstract
Fertilizer N recovery is sometimes greater for NO3-N compared to NH4-N forms
by no-till wheat (Triticum aestivum L.) in the semiarid northern Great Plains and is
perhaps affected by preferential N immobilization. This study was conducted to
determine whether fertilizer N immobilization (FNI) was affected by N form (NH4-N vs.
NO3-N) and glucose-C availability. Laboratory incubation (26 d, 10 ˚C) was conducted
on a Tamaneen clay loam (fine, smectitic, frigid Typic Argiustolls) collected from a field
site where greater recovery of NO3-N compared to NH4-N fertilizer forms (i.e. NaNO3 vs
urea) had been previously observed by wheat. Soil (20 g) was treated with 2 mg N as 15Nlabelled NaNO3 and (NH4)2SO4 in factorial combination with a gradient of 0, 10, and 100
mg glucose-C. Inorganic N (NH4-N+NO3-N) concentrations were comparatively stable
over the 26 d incubation without C, but exhibited a biphasic time response with C, falling
rapidly during the first phase to a lower step second phase. Overall, inorganic N
concentrations were lower for (NH4)2SO4 compared to NaNO3. Fertilizer N
immobilization vs incubation-day relationships conformed to exponential rise to
maximum functions. At 26 d, FNI was equivalent to 0.87, 27.6, and 65.9% for NaNO3,
and 8.8, 41.2 and 65.3% for (NH4)2SO4 at 0, 10 and 100 mg glucose-C,
respectively. Fertilizer N immobilization ratios, FNI(NH4)2SO4:FNINaNO3, averaged (1-26 d)
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10.7, 1.8 and 1.5 for 0, 10 and 100 mg glucose-C, respectively. This study found that
NH4-N was preferentially immobilized over NO3-N where available C was limited and
likely contributing to greater fertilizer N recovery of NO3-N forms by wheat.
Introduction
The N cycle is composed of interconnected transformations and several pools
(Voroney and Derry, 2008). At the scale of agricultural systems, the mineralizationimmobilization balance drives the availability of inorganic N in soils (Recous et al.,
1990). Although in most cropping systems sufficient N fertilizer is applied to compensate
for immobilization and crop requirements (Havlin et al., 1999), N immobilization can be
a significant process in no-till systems (high C availability-active soil microflora
environments) (Kitur et al., 1984; Recous et al., 1992). Consequently, uptake and storage
of inorganic N by microbes can significantly affect the N use efficiency of fertilizer (Puri
and Ashman 1999; Shafer and Ma, 2001), especially when N fertilizer is broadcast (Raun
and Schepers, 2008; Lin and Chen, 2014) at low rates (˂85 kg N ha-1) (Kitur et al., 1984).
Recently, field experiments in central Montana found differential fertilizer N
recovery from NaNO3, urea, and urea treated with a urease inhibitor (N-(n-butyl)
thiophosphoric triamide, NBPT) when broadcast applied to no-till winter wheat in the
spring (Engel et al., 2014). Specifically, fertilizer 15N recovery in total above ground
biomass at maturity averaged 73, 52, and 55% for NaNO3, urea and urea+NBPT,
respectively, over two seasons and two N rates (50 and 100 kg N ha-1). The lower
fertilizer N recovery for urea and urea+NBPT relative to NaNO3 could not be explained
by N losses that resulted from NH3 volatilization. The implication of these results was
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that another process, perhaps preferential immobilization of NH4-N compared to NO3-N,
was responsible.
Previous reports on the effect of inorganic N form (NH4-N vs. NO3-N) have
frequently found that NH4-N is preferentially immobilized compared to NO3-N (Recous
et al., 1990; Puri and Ashman, 1999; Christie and Wasson, 2001). The preferential
absorption of NH4-N over NO3-N has been attributed to the reduce energy requirements
for NH4-N assimilation into microbial cells (Murphy et al., 2003); and also because NH4N can inhibit NO3-N assimilation (Rice and Tiedje, 1989). In contrast, some researchers
have found that NO3-N immobilization can be a significant process in soils. Rochester et
al. (1992) found that NO3-N assimilation pathways were dominant in cultivated alkaline
soils, even with high concentrations of NH4-N, due to higher nitrification rates. Burger
and Jackson (2003) concluded that preferential immobilization of NO3-N was driven by
low concentrations of NH4-N and strong competition of nitrifiers and soil heterotrophs.
Azam et al. (1988) reported that N immobilization is highly dependent on the nature of
available C, and that NO3-N assimilation was enhanced in soils amended with readily
oxidizable compounds (glucose- or sucrose-C).
The regulation of N mineralization and immobilization in agricultural soils is
highly dependent on the relative availability of C and N in crop residues and surface
microbial community characteristics (Barrett and Burke, 2000; Myrold and Bottomley,
2008). The type of crop rotation has been found to temporarily affect fertilizer N
dynamics (Giacomini et al., 2010). A gradient of immobilizing conditions (organic C +
biological activity) is imposed in soils following the breakdown of different C fractions
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of crop residues after harvest, modifying soil microbial metabolism, especially in no-till
systems (Giacomini et al., 2010). Thus, C substrate (stubble/glucose) addition at different
levels has been traditionally used to investigate the extent and magnitude of inorganic N
immobilization in soils under controlled conditions (Recous et al., 1990; Rochester et al.,
1992; Myrold and Posavazt, 2007).
Since plants and microbes compete for the same source of inorganic N, a better
comprehension of N source effects on microbial N assimilation is important for
maximizing fertilizer N use efficiency, and/or fertilizer N recovery in wheat and to
prevent or reduce environmental pollution. The objective of this investigation was to
determine the effect of two fertilizer N sources on microbial immobilization under a
gradient of available-C conditions. A comparative assessment of NH4-N and NO3-N
immobilization was carried out by applying 15N labelled (NH4)2SO4 and NaNO3 to
incubated soils from a site where we had previously conducted field experiments in
central Montana (Engel et al., 2014), a semi-arid region of the northern Great Plains. We
hypothesized that preferential immobilization of NH4-N would occur under simulated
field conditions explaining lower recoveries of fertilizer N when urea was used as the N
source, but this relationship would be affected by available C.

Materials and Methods
Soil Sampling
The soil used in this study was a Tamaneen clay loam (fine, smectitic, frigid
Typic Argiustolls). Samples were collected (0-10 cm depth) from a dryland field under a
no till wheat-fallow management in Fergus County, MT (47°22'26.59"N,
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110°6'10.07"W). The collection site was located in a semiarid climate (310-mm annual
precipitation). Soil material was dried at 40 °C for 24 h and sieved to pass through a 2
mm sieve before performing the incubation experiments. Soil pH in water (1:1) was 7.3,
organic C concentration was 13.6 g kg-1 and C:N ratio was 10.5.
Incubations Experiments
Incubations were performed by placing 20 g soil into polyethylene bottles (125
mL). The soil was brought to ~40% water-holding capacity by adding 4 mL of deionized
water. The bottles were then placed in a constant temperature (10 °C) incubator for a 14 d
pre-incubation period. This allowed time for microbial populations to stabilize following
the initial flush of mineralization after soil disturbance (Murphy et al., 2003). The 10 ˚C
incubation temperature was selected to mimic spring soil temperature (10-cm depth)
following N applications in this northern Great Plains region. The water content of soil
was kept constant over the course of this experiment through periodic weighing of
incubation bottles and adding water (~2 times wk-1). At the conclusion of the preincubation period, bottles were removed and six treatments were applied consisting of a
factorial of two N sources and three C levels. The two N sources, NaNO3 (98 atom% 15N)
and (NH4)2SO4 (98 atom%15N), were applied at 100 mg N kg-1 soil (2 mg N bottle-1). A
gradient of immobilizing conditions (low and high) were imposed through the addition of
10 and 100 mg glucose-C, plus a 0 mg C control. Nitrogen and glucose-C were applied
together in solution (1 mL) to the surface of pre-incubated soil. The soils were incubated
for 0, 1, 3, 5, 8, 11, 15 and 26 d; sufficient bottles were included to allow for the removal
of four replicates per sampling event. In addition, a zero N-C control (seventh treatment)
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was included with incubation bottles being removed at 0, 3, 5, 12, and 26 d. All bottles
were loosely capped and caps were removed weekly for 15 min to ensure adequate
aeration over the incubation.
Soil Inorganic and Organic N Analysis
Sample bottles removed from the incubator were filled with 100 mL of 1M KCl
solution and shaken for 30 min. Suspensions from each treatment were centrifuged for 30
min at 1000 rpm and the supernatant was transferred to a 350 mL flask. The extraction
protocol was repeated twice to ensure complete removal of inorganic N (Christie and
Wasson, 2001). Inorganic N in the KCl extracts was determined by automated flow
injection analysis (Lachat 8000 QuickChem Analyzer, Hach Company, Loveland, CO),
using the indophenol method for NH4-N and the copperized Cd-reduction procedure
followed by a modified Griess-Ilosvay reaction for NO3-N + NO2-N (Mulvaney, 1996).
Concentrations of NO2-N were assumed to be low in the extracts relative to NO3-N, and
so all NO3-N+NO2-N is hereafter referred to as NO3-N. The remaining soil residue was
then washed with deionized water to remove excess KCl, dried (40 °C), ball-milled, and
refrigerated (4 ˚C). A subsample (25-30 mg) of the soil residue was removed, and 15N
abundance and total N (organic N) analysis was performed by mass spectrometry at UCDavis Analytical Lab (Davis, CA).
Bacterial Counts
Bacterial viable counts were measured in the seven soil treatments at 0, 7, 15, 21
and 28 d using a separate, but similarly prepared, set of incubation bottles. Sufficient
incubation bottles were added to allow for the removal of three replicates per sampling
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event. Soil samples from each were suspended in a 0.8% NaCl solution and shaken for 30
min to release the cells from the soil. The soil suspension was then serially diluted, with
aliquots from each dilution spread onto glucose-yeast extract agar, and then incubated at
room temperature for 3 d. Colonies were then counted.
Calculations and Statistical Analysis
Immobilization was determined using the mean pool abundance of either labelled
15

NO3-N or 15NH4-N during the incubation period. The 15N mass (mg) or organic 15N in

washed soil residue was calculated by accounting for the natural abundance of the sample
(0.3710%), calculated from zero N-C soil, following Brumme and Aden (1995).
Accordingly,
N x atom% 15N measured ‐ atom% 15N natural abundance
100
where N is the measured N amount (mg) in the soil residue.
The percentage of fertilizer N immobilized (FNI) was calculated by the equation of
Hauck and Bremner (1976). Accordingly,
%

atom% 15N fertilizer ‐ atom 15N in natural abundance

∗ 100

The fertilizer immobilization ratio (FNIR) was determined by dividing the FNI
for (NH4)2SO4 by the FNI for NaNO3.
Apparent recovery of fertilizer N was expressed as % of the fertilizer extracted at
0 d for each sampling event during the incubation. Accordingly,
Apparent recovery of N fertilizer x =

x 100
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where x refers to day 1, 3, 5, 8, 11, 15, and 26 d; day 0 is the initial amount of N
recovered at time 0, or immediately after the N was added to the soil; immobilized 15N
equals 15N recovered in the KCl washed soil residue; and inorganic N equals NH4+NO3
in KCl extracts.
Analysis of variance of inorganic N and immobilized N for incubation sampling
events were analyzed as completely random design using Proc GLM in SAS 9.3 (SAS
Institute) with N source (1 df), C level (2 df) , and N source x C level (2 df) treated as
fixed effects. The pdiff option was used was used to compare treatments means where the
F values were significant at P < 0.05 level. Graphs and regression curves were developed
with Sigma Plot 12.5 software (Systat Software, San Jose, CA). Microbial counts were
found not to pass the Shapiro-Wilk (W < .05) normality test and were log transformed
before ANOVA was performed.
Results
Soil Inorganic N
Carbon level significantly (P<0.001) affected inorganic N (NO3-N + NH4-N) for
all eight sampling events (Table 1), and was a major determinant of inorganic N
dynamics (Fig. 1). Without glucose-C, inorganic N concentrations were relatively stable
over the 26 d incubation. With glucose-C, inorganic N vs. incubation time relationships
conformed to a piecewise linear, biphasic regression model. Inorganic N concentration
fell rapidly during the first phase, and then achieved a plateau during the second phase.
For both N sources, the slope was more negative (or steeper) during the first phase, and
the plateau was lower at 100 compared to 10 mg C. Also, the knot in the piecewise
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regression occurred early during the incubation, at 10 mg C (~3 d) compared to 100 mg C
(~5 to 6 d).
Inorganic N was significantly (P <0.001) affected by N fertilizer source over all
sampling events with higher concentrations being observed for NaNO3 compared to the
(NH4)2SO4. The N fertilizer source and C level interaction was significant (P <0.001) at
3, 5, 8, 11, and 15 d sampling events (Table 1). However, the main effects of C level and
N fertilizer source together accounted for >99% of the model variance. The interaction at
3 and 5 d resulted because differences in inorganic N between (NH4)2SO4 and NaNO3
were larger with glucose-C than without. After inorganic N concentrations plateaued (8 d,
11 d, and 15 d) differences were always greatest at the 10 mg C level.
For NaNO3 fertilized soil, NH4-N concentrations were very low, < 0.60 mg kg-1,
across all sampling events and were similar to zero N-C soil concentrations (Table 2). In
general, NO3-N accounted for 97.2 to 99.8% of the inorganic N in the extractions of
NaNO3 fertilized soil. For (NH4)2SO4 fertilized soil, inorganic N was composed of both
NO3-N and NH4-N (Fig. 2). Addition of C accelerated the rate at which NH4-N
disappeared from (NH4)2SO4 fertilized soil. Without C and with 10 mg C, nitrification of
NH4-N resulted in a net accretion of soil NO3-N through the 26 d incubation. At 100 mg
C, soil NH4-N disappeared rapidly, reaching detection levels by 5 d; and soil NO3-N
levels remained low throughout the incubation, never exceeding background levels (5 mg
kg-1) of the zero N-C control.
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Soil Organic 15N and 15N Fertilizer Immobilization Dynamics
In general, organic 15N recovered in soil residues was significantly (P <0.05)
affected by C level, N source and C level x N source interactions for the eight sampling
events (Table 1). Carbon level explained >92% of the variance in the models at 5 d and
throughout incubation (26 d). Fertilizer 15N immobilization (FNI) vs. incubation-day
relationship conformed to exponential rise to maximum functions (Fig. 3). Glucose-C
enhanced immobilization and models plateaued at higher level as glucose-C increased.
Kinetics of N immobilization differed for the two N sources. At 0 and 10 mg glucose-C,
FNI proceeded more rapidly and plateaued at a higher level for (NH4)2SO4 vs. NaNO3.
At 100 mg glucose-C, (NH4)2SO4 was initially immobilized more rapidly than NaNO3,
although by 15- 26 d both N sources exhibited a similar plateau level. Initial FNI values
(0 d) averaged, 0.30, 0.35, and 0.30% for NaNO3 and 1.69, 2.54, and 2.64% for
(NH4)2SO4 at 0, 10, and 100 mg glucose-C, respectively. At 26 d, FNI was equivalent to
0.87, 27.6, and 65.9% for NaNO3, and 8.8, 41.2 and 65.3% for (NH4)2SO4 at 0, 10 and
100 mg glucose-C, respectively.
Apparent recovery of fertilizer N as NaNO3 or (NH4)2SO4 was significantly (P <
0.0001) affected by the addition of glucose-C. At 0 and 10 mg glucose-C, apparent
recovery of NaNO3 and (NH4)2SO4 was high and stable, averaging ~96% (±0.1) and
~101% (±0.1) over the seven sampling events (1, 3, 5, 8, 11, 15, and 26 d). At 100 mg
glucose-C, apparent recovery of fertilizer N declined dramatically from 0 to 5 d of the
incubation and then stabilized at 59% (±0.3) and 57% (±0.2) to the end of the incubation
for NaNO3 and (NH4)2SO4, respectively.
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Fertilizer immobilization ratios vs. incubation-day relationships (0 d sampling
event omitted) are summarized in Figure 4. The FNIR values were much larger in the
unamended, 0 mg C, soil (8.7-13.1 range) relative to the same soil that received 10 mg C
(1.5-3.3 range), and 100 mg glucose-C (0.85-3.9 range). For 0 mg glucose-C additions,
FNIR values dropped through 11 d and then increased slowly until 26 d. For 10 and 100
mg glucose-C additions, FNIR decreased through 5 d and reached an apparent steady
state until 26 d. The FNIR ratios approached unity only for the 100 mg glucose-C soil
between 8 and 26 d.
Bacterial Counts
Heterotroph abundance was highly influenced by the addition of glucose-C and
fertilizer N (two sample dates only). The interaction of N source and C level was
significant during the entire incubation period (P˂0.0001), although > 94% of the model
variance was explained by available C (Table 3). Initially, background abundance of soil
heterotrophs averaged 18.2 x 106 g-1 (7.2 log 10). By 7 d, an explosive growth of bacteria
abundance was observed with the addition of glucose-C. Viable counts plateaued higher
for bacteria growing on soil treated with (NH4)2SO4 –100 mg glucose-C. At the end of the
incubation period, viable counts of amended soils resulted in NaNO3 (10 mg C) <
(NH4)2SO4 (10 mg C) = NaNO3 (100 mg C) < (NH4)2SO4 (100 mg C).
Discussion
The results of this study support our hypothesis that preferential immobilization
of fertilizer NH4-N likely contributed to greater fertilizer N recovery by winter wheat
from spring applied NaNO3 compared to urea at a field site in central Montana. Previous
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laboratory studies have indicated that soil microbes prefer NH4-N due to the additional
energy requirements for NO3-N reduction and assimilation (Recous et al., 1990; Christie
and Wasson, 2001); and also because NH4-N can inhibit NO3-N assimilation (Rice and
Tiedje, 1989). Preferential NH4-N immobilization and/or greater NO3-N recovery by
crops has been reported in the field. Mahli et al. (1996) found greater fertilizer N
recovery in barley plant from spring applied KNO3 compared to (NH4)2SO4 and urea.
Recous et al. (1992) reported the amount of N immobilized in the soil was greater with
labelled urea or NH4-N compared to NO3-N.
The dynamics of fertilizer N immobilization over time were affected by available
C applied as glucose (0, 10, and 100 mg glucose-C). Although all conformed to an
exponential rise to maximum functions, the plateaus increased with available C reflecting
enhanced bacterial growth and activity (Myrold and Posavatz, 2007). Barrett and Burke
(2000) concluded that the potential of a soil to immobilize N is defined by the availability
and spatial distribution of readily mineralizable C sources. Immobilization rates (data not
shown) decreased over time, as heterotrophs became C-limited (Inselsbacher et al.,
2010). Immobilization proceeded faster for (NH4)2SO4 compared to NaNO3, although
differences between N sources diminished as C levels increased. Likewise, C availability
also affected the ratio of fertilizer N immobilized from the two fertilizer N sources.
Fertilizer immobilization ratios (FNIR) decreased with available C and averaged
(1-26 d) 10.7, 1.8, and 1.5 for the 0, 10, and 100 mg glucose-C additions, respectively.
The FNIR values at 10 and 100 mg glucose-C additions were similar to those reported by
Puri and Ashman (1999) for a woodland soil where microbes assimilated more NO3-N.
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Although, soil microbes generally preferred (NH4)2SO4 over NaNO3, immobilization of
these two fertilizer forms occurred in similar proportions with the addition of a large
excess of glucose-C (i.e. 100 mg, available C: fertilizer N = 50) and following a ~ 5 d lag
phase. These results are consistent with Recous et al. (1990) who reported most isolated
microbes were able to assimilate NO3-N as well as NH4-N although a lag phase
sometimes occurred before NO3-N uptake began. Similarly, Azam et al. (1988)
concluded that NO3-N immobilization is significantly enhanced by the addition of easily
oxidizable C sources like glucose- or sucrose-C. Also, Azam et al. (1993) found NH4-N
and NO3-N were immobilized in similar portions in three Illinois Mollisols only
following the addition of glucose-C.
It is well-known that available C enhances microbial growth. In our study, viable
counts were enhanced with the addition of glucose-C and an explosive growth of
heterotrophs occurred over the first week of incubation in (NH4)2SO4 – 100 mg C soil.
Overall, (NH4)2SO4 viable counts exceed those of amended NaNO3 fertilized soils, as
more C is required to assimilate N under NO3-N forms (Recous et al., 1990); by 28 d,
heterotrophs grew 5.9 and 3.2 times greater in (NH4)2SO4 – 100 mg C than in NaNO3
fertilized soils at 10 and 100 mg glucose-C, respectively. Moreover, available C pools
have been found to alter microbial community composition and activity (soil heterotrophs
vs. nitrifiers) (Hakani et al., 1990). Nitrifiers, chemolithoautotrophic bacteria, were
reported to be strong competitors for NH4-N in C limited soils (Shi and Norton, 2000;
Inselsbacher et al., 2010). This is consistent with our study, where we observed an
accumulation of inorganic NO3-N in (NH4)2SO4 fertilized soil at 0 and 10 mg glucose-C.
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On the other hand, nitrification was negligible in (NH4)2SO4 fertilized soil amended with
100 mg glucose-C, suggesting that soil heterotrophs become strong competitors for
inorganic NH4-N where a large excess of available C occurs (Hakani et al., 1990; Christie
and Wasson, 2001).
This study was restricted to N immobilization, and no attempt was made to
directly quantify N gaseous losses of applied fertilizer N. The high percentage recoveries
of fertilizer N at 0 and 10 mg glucose-C indicated that gaseous N losses were likely
small, and therefore did not impact estimates of FNIR. On the other hand, the lower
apparent recovery of fertilizer N at 100 mg glucose-C reflected significant gaseous N
losses, likely resulting from denitrification which was stimulated by the presence of high
available C (Coyne, 2008). However, losses were similar for the two N fertilizer forms,
and as such should not have biased estimates of FNIR.
In the field, the importance of fertilizer N form (NH4-N vs. NO3-N) on
immobilization and/or fertilizer N recovery in the plant will likely depend on the
synchrony of application timing (supply) with crop N uptake (demand). In the northern
Great Plains, spring applied NO3-N fertilizer to no-till wheat (as occurred in our field
study) is a scenario likely to result in the lower rates of microbial immobilization relative
to NH4-N fertilizer. First, the synchrony of fertilizer N application with crop N demand
will be high, as wheat N uptake is greatest during vegetative growth stages in the spring.
This is in contrast to fall fertilizer applications that occur well in advance of crop N
demand. Fall applications will likely not experience the same responsiveness to N form,
as much, if not all of the fertilizer N will have nitrified. Second, NH4-N fertilizers
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(including urea) will nitrify at a much slower rate when soil temperatures are cold (e.g.,
10 ˚C) as they are in climates of the northern Great Plains. Malhi and McGill (1982)
reported nitrification rates at 10 ˚C were 23-27% of the rates observed at 20 ˚C in three
Alberta soils. Third, the potential for significant NO3-N immobilization could be lower
under a no-till scenario where fresh crop residue with a wide C:N remains near the
surface, and positionally separated from fertilizer. This is in contrast to tilled systems
where crop residue is incorporated providing for soil-fertilizer contact. Previous fertilizer
N research trials in central Montana have shown that wheat straw will often have C:N
ratios of 80 to 120 (unpublished data). Shindo and Nishio (2005) reported that NO3-N
immobilization rates were significantly enhanced following wheat straw (C:N of 69)
incorporation into soil. Similarly, Rochester et al. (1992) found preferential
immobilization of NO3-N occurred following addition of cotton stubble with a C:N ratio
of 78.
Overall, the significance of preferential immobilization of NH4-N on fertilizer N
recovery, or N use efficiency by crops has not been fully evaluated for small grain-based
cropping systems in the northern Great Plains. Future research on N fertilizer formimmobilization relationships should focus on the potential of immobilized N to affect the
soil N-supplying capacity via remineralization. Immobilization causes a temporary loss
of fertilizer N for plant uptake, since the N will recycle when microbes die (Schlegel and
Grant, 2006). Hence, a proportion of immobilized N may remineralize later in the season,
being available to a long-season crop or a crop grown the following season.
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Conclusions
This study found preferential N immobilization from (NH4)2SO4 compared to
NaNO3 in an agricultural soil from central Montana. Results showed that preferential N
immobilization was affected by C availability with a large excess of readily oxidizable C
being required to stimulate NO3-N immobilization. In the field, NO3-N fertilizer forms
would be expected to result in greater recovery in crops than NH4-N (or NH4-producing)
fertilizers following spring applications, and under no-till, scenarios where there is
minimal contact of the fertilizer with fresh, or freshly decomposing residue, with a wide
C:N ratio. Further research efforts are required to better understand the long-term
importance of N fertilizer form-immobilization relationships, and the impact on soil Nsupplying capacity and its effects on N recovery or N use efficiency of small grain-based
cropping systems.
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Table 1. Analysis of variance of inorganic N concentration and organic 15N recovery at eight incubation sampling events.
N pool

Inorganic N

0
df

1

3

5

Incubation, d
8

11

15

26

----------------------------------------------------------- Sum of squares ----------------------------------------------------------

Carbon (C)

2

2174.5***

1774.8***

14727.4***

43006.8***

47655.9***

51057.9***

49039.4***

48221.9***

N source

1

856.8***

1185.8***

2556.5***

2664.9***

1722.1***

1112.5***

1390.8***

1263.0***

CxN

2

21.6 NS†

42.9 NS

338.8***

81.7*

102.0*

239.3***

240.5*

115.4 NS

Carbon (C)

2

1.1***

33.8***

2443.3***

7461.08***

7907.5***

9236.4*

12997.5***

14776.6***

N source

1

23.3***

76.0***

560.4***

498.4***

314.4***

509.7***

164.1*

291.9*

CxN

2

1.1***

5.6***

113.7*

115.4 ***

198.0***

74.9 NS

848.3***

201.5*

Organic 15N

34

Probability levels associated with main effects and interaction. Error df=18.
*, *** Signficant at or below the P <0.05, 0.001 level, respectively.
†NS: not significant.
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Table 2. Concentrations of NO3-N, NH4-N, and inorganic N vs. incubation time for zeroN zero-C control soil.
Incubation day

NO3-N

NH4-N

Inorganic N

------------------------------------- mg kg-1 ---------------------------------------0

5.17 (±0.30)†

0.77 (±0.22)

5.94 (±0.51)

3

5.04 (±0.23)

0.61 (±0.01)

5.64 (±0.24)

5

5.01 (±0.21)

0.53 (±0.01)

5.54 (±0.20)

12

4.94 (±0.30)

0.36 (±0.02)

5.09 (±0.32)

26

4.63 (±0.31)

0.14 (±0.02)

4.99 (±0.29)

†Values are means (standard error) for n = 4
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Table 3. Total viable counts of soil microorganisms cultivated in glucose-yeast extract
media at four dates during the incubation and as affected by C level and fertilizer N source.
Carbon

N source

Incubation, d
7

10

100

21

28

------------------------ log10 g-1 --------------------------

mg glucose-C
0

14

(NH4)2SO4

7.10†

7.51a

7.75b

7.51a

NaNO3

7.81b

7.77b

7.60a

7.60a

(NH4)2SO4

9.79c

9.62c

9.49c

9.79c

NaNO3

9.89c

10.06e

9.83d

9.63b

(NH4)2SO4

10.68d

10.61f

10.75e

10.40d

NaNO3

10.07c

9.98d

9.86d

9.90c

Sum of squares

df
carbon

2

28.92***

23.90***

22.55***

23.11***

N source

1

0.02 NS‡

0.01 NS

0.24***

0.16***

carbon x N source

2

1.31 *

0.96***

1.14***

0.26***

Probability levels associated with main effects and interaction.
†Means with the same letter within a column are not significantly different (P˂0.05).
*, *** Signficant at or below the P <0.05, 0.001 level, respectively.
‡NS not significant.
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Fig. 1. Inorganic N concentration (NH4-N+NO3-N) vs. time for soil fertlized with NaNO3
and (NH4)2SO4 and amended with 0, 10 and 100 mg levels of glucose-C. Values are the
mean of 4 replicates. Standard error bars not visible are less than the size of symbols.
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Fig. 2. NH4-N and NO3-N concentrations vs. time for soil fertlized with (NH4)2SO4 and amended with 0, 10 and 100 mg
levels of glucose-C. Values are the mean of four replicates. Standard error bars not visible are less than the size of symbols.
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Fig. 3. Percentage of immobilized fertilizer N vs. time at three glucose-C levels for (NH4)2SO4 and NaNO3. Values are the mean
of four replicates. Standard error bars not visible are less than the size of symbols. Note: scale on y-axis differs with C level.

40

Fig. 4. Fertilizer immobilization ratio (FNIR) of (NH4)2SO4 to NaNO3 over the
incubation period and as affected by glucose-C level.
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CHAPTER THREE
LATE-FALL, WINTER, AND SPRING BROADCAST APPLICATIONS OF UREA
TO NO-TILL WINTER WHEAT II. FERTILIZER N RECOVERY, YIELD, AND
PROTEIN AS AFFECTED BY NBPT
Abstract
Surface application of urea to winter wheat (Triticum aestivum L.) fields during
the late-fall, winter or spring is a common practice in the northern Great Plains. However,
surface applications are susceptible to volatilization, and management strategies are
needed to enhance fertilizer-N recovery (FNR). This study was conducted to determine
the effect of urea application timing (late-fall, winter, spring) and N-(n-butyl)
thiophosphoric triamide (NBPT) on FNR in grain (FNRG) and grain plus straw (FNRT),
and grain yield and protein. Replicated small-plot experiments were conducted in no-till
winter wheat fields over three years in Montana, and FNR was quantified using 15Nenriched labelled urea (5% atom). Fertilizer-N recovery was greater (P<0.05) for spring
(FNRG 36.5%, FNRT 46.1%) than late-fall (FNRG 24.9%, FNRT 31.7%) and winter
(FNRG 26.8, FNRT 34.1%) applications. Addition of NBPT to urea improved FNR of all
urea timings, but the response was greater for late-fall and winter compared to spring
applications. Fertilizer-N recovery among the management strategies tested was directly
related to cumulative NH3 emissions (r2 = 0.77, P<.0001) measured in a companion
study, indicating that volatilization represented an important pathway for N loss. Grain
yield was not sensitive to application timing or NBPT. However, grain protein increased

47
6-8 g kg-1 from spring applications or NBPT additions. This study found that
management strategies to enhance urea FNR in the northern Great Plains should consider
delaying applications until the spring, or use NBPT for late-fall and winter applications
that are more susceptible to NH3 volatilization.

Introduction
Nitrogen (N) is the major limiting nutrient for dryland cereal crop production in
the northern Great Plains (NGP) making fertilizer-N additions necessary to maximize
yield and economic returns (Malhi et al., 2001). Urea currently represents the most
widely used fertilizer-N source for winter wheat production. In Montana, dryland winter
wheat farmers frequently apply urea as broadcast applications in the late-fall, winter or
early-spring following seeding. The practice of fertilizing fields in a separate operation is
done primarily to expedite seeding operations as optimum winter wheat seeding occurs
over a short time window (<2 wk), resulting in considerable time constraints on
individual farmers (Engel et al., 2011).
In Montana, soils typically become frozen by late-November to early-December
and do not thaw until the middle to end of March. The climate of the important
agricultural regions within this state is semiarid with annual precipitation ranging from
310 to 420 mm. Precipitation distribution is such that cold weather months are typically
dry with only 14-15% of annual precipitation occurring over Dec, Jan, Feb, and March
(MCO-UM, 2015). The combination of frozen soils and low precipitation intensity means
that broadcast urea fertilizer-N applied to the soil will remain near the surface for a
prolonged period. Previous work has shown that urea applied during cold weather is
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susceptible to NH3 volatility and that use of NBPT-containing inhibitors can mitigate
losses from urea by 66% (Engel et al., 2011).
Previous research from the NGP on the effect of NBPT on yield, protein or
fertilizer-N uptake by cereal crops has produced mixed results. In southern Alberta,
McKenzie et al. (2010) found no benefit from NBPT (3-yr period) on grain yield or
protein following spring broadcast urea applications to winter wheat. Contrastingly,
Grant and Bailey (1999) found barley (Hordeum vulgare L.) grain yield was improved
following seed placement of urea with NBPT in 4 of 6 site-years in Manitoba. In
Montana, Mohammed et al. (2016) reported similar winter wheat grain yield, protein and
N uptake for spring-broadcast urea (90 kg N ha-1) and urea treated with NBPT and/or
NBPT plus the nitrification inhibitor dicyandiamide (DCD) or nitrapyrin [2-chloro-6(trichloromethyl) pyridine]. Most cereal grain-N management studies in the NGP,
including those with NBPT, have focused on fall (banded at seeding) and/or spring
(broadcast) applications of fertilizer-N (McKenzie et al., 2010; Mohammed et al., 2016).
More information is needed regarding fertilizer-N uptake (FNU) and subsequent recovery
(FNR) for grain production (i.e., agronomic efficiency, AEN) from broadcast urea
applications, with and without NBPT, made during cold weather months (late-fall to
early-spring).
This article reports on the results of a three-year study (2011/12, 2012/13,
2013/14) from central Montana where urea applications with and without NBPT were
made according to three application timings, i.e., late-fall, winter, and spring. The
principal objective was to quantify the effect of application timing and NBPT on FNR,
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FNU, AEN, grain yield, and protein of winter wheat under semiarid conditions in the
NGP. Additionally, it was coupled with a companion study (conducted at the same fields)
where direct measurements of NH3 loss from urea and urea+NBPT according to the three
timings were quantified using a mass-balance micrometeorological approach (Engel et
al., 2017). We hypothesized that significant NH3 loss from urea would occur following
some of the application timings (i.e., late-fall, winter), ultimately affecting FNR.
Materials and Methods
Field Locations and Experimental Design
Field experiments were conducted on dryland farms in Fergus County, MT,
during the 2011/12, 2012/13 and 2013/14 growing seasons in no-till fields under a
fallow-wheat rotation. The climate of the area is considered semiarid with annual
precipitation (1981-2010) equivalent to 401 mm and mean air-temperature of 6.9 ºC
(MCO-UM, 2015). The 2011/12 and 2013/14 experiments were conducted in the same
field (47°22'26.15"N, 110° 4'33.56"W) where the predominant soil was a Danvers clay
loam (fine, smectitic, frigid Vertic Argiustolls). The 2012/13 experiment (47°22'27.71"N,
110° 6'10.40"W) was conducted in a second field approximately 2 km away where the
predominant soil was a Tamaneeen clay loam (fine, smectitic, frigid Typic Argiustolls).
Both soils were formed in deep, calcareous alluvium or colluvium deposits without
restrictions to root growth and classified as well-drained (Soil Survey Staff, 2013).
Selected soil properties and pre-seed NO3-N concentrations are provided in Table 1. The
experimental design was a split-plot arrangement of a randomized complete block design
with four replications. The whole plots were arranged as a 2 x 3 factorial of two rates of
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NBPT [0 g kg-1 (NBPT-) and 1 g kg-1 (NBPT+)] and three fertilizer timings (late-fall,
winter, spring). Subplot treatments consisted of two N rates (50 and 100 kg N ha-1). The
rates were designed to bracket the range of N application rates commonly applied by
Montana growers. In addition, there was a 0 N control included in each replication,
resulting in 13 total treatments. Urea was treated with NBPT using liquid Agrotain®
Ultra (26.7%; Koch Agronomic Services, Wichita, KS) following manufacturer’s
instructions. All fertilizer material was broadcast applied to the soil surface. The calendar
dates for the application timings and wheat harvest are provided in Table 2. The late-fall
application occurred about the time, or just before, the upper soil layer (0-10 cm) became
frozen in late-Nov or early-Dec. The winter application was applied in Feb to generally
frozen upper soil layers, and spring application occurred in April following crop greenup. Winter wheat (c.v. Falcon) was planted in Sept with an air-drill in 0.30-m wide rows
at a rate of 67 kg ha-1 by the cooperating farmer. Individual plots were 6-rows wide (1.8
m) and 8-m long. Labelled fertilizer (5% atom 15N urea) [0 g kg-1 (NBPT-) and 1 g kg-1
(NBPT+)] was broadcast applied to microplots (1.5 x 1.5 m) established inside the
existing large plots (1.8 x 8 m). The labelled urea was impregnated with NBPT as
described for unlabelled urea.
Sampling and Analytical Methods
Grain yield was measured by harvesting an 8-m2 area from the field-plots with a
small-plot combine. Biomass measurements were collected at maturity harvesting ~1 m2
of above-ground biomass (straw + grain) from the 15N micro-plots. Biomass samples
were oven-dried (60 °C) and then hand-threshed to determine grain to straw ratio. This
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ratio was then applied to the measured grain yield to estimate straw yield. Samples (straw
or grain) were ground to pass through a UDY mill (UDY Corp., Fort Collins, CO).
Subsamples were analyzed for total N (LECO Corporation, St. Joseph, MI) and 15N
abundance by mass spectrometry at UC-Davis Stable Isotope Facility (Davis, CA). All
yields are reported on a dry matter basis. Protein was adjusted to 120 g kg-1 moisture
content. A conversion factor of 5.7 was used to convert grain-N to protein (Jones, 1941).
Calculations and Statistical Analysis
Total N uptake (kg N ha-1) in grain or grain plus straw was calculated by
multiplying N concentration by grain or straw yield. Fertilizer-N uptake, kg N ha-1, and
FNR, % applied N, in grain (FNUG, FNRG) or grain plus straw (FNUT, FNRT) were
calculated following Stevens et al. (2005).
Fertilizer N fraction Nf =

atom %15 N sample - atom %15 N control plot
atom %15 N fertilizer - atom %15 N control plot

FNU=Total N uptake x Nf

FNR=

1

2

FNU
x 100 [3]
N rate

The amount of N derived from soil-N (kg N ha-1) was calculated as the difference
between total N uptake and FNU. The efficiency of fertilizer-N for grain production or
agronomic use efficiency of N (AEN, kg grain kg-1 N) was calculated following Ladha et
al. (2005).
AEN =

YF -Y0
N rate

4
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where YF and Y0 are grain yield (kg ha-1) of fertilized and unfertilized plots, respectively.
We combined and then analyzed three years (2011/12, 2012/13, 2013/14) of data together
using the MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). The model
included fixed effects of year, NBPT addition, application timing, and N rate, and
random effects for block(year) and block*NBPT*timing(year), to account for the wholeplot error. The PDIFF option was used to compare treatment means where the F values
were significant at α=0.05 level. Single degree of freedom orthogonal contrasts were
performed for the timing x NBPT interaction. Figures and regression analysis and
correlation coefficients (r2) between FNR and cumulative NH3 loss, and N uptake and N
rate were conducted with Sigma Plot 13.0 software (Systat Software, San Jose, CA).
Results
Fertilizer-N Uptake
Fertilizer-N uptake was significantly affected by year averaging 24.0, 19.0 and
24.2 kg N ha-1 for the grain (FNUG), and 30.7, 25.4 and 28.8 kg N ha-1 for grain plus
straw (FNUT) in 2011/12, 2012/13, and 2013/14, respectively. Fertilizer-N uptake was
significantly affected by both application timing and NBPT (Table 3). Spring applied-N
resulted in greater FNUG (27.7 kg N ha-1) and FNUT (34.8 kg N ha-1) than late-fall (FNUG
19.1, FNUT 24.2 kg N ha-1) or winter (FNUG 20.5, FNUT 26.0 kg N ha-1) applications.
The addition of NPBT to urea increased FNUG from 20.2 to 24.6 kg N ha-1 and FNUT
from 25.5 to 31.1 kg N ha-1. Fertilizer-N uptake increased with N rate (Fig. 1). Both
FNUG and FNUT were significantly affected by the interactions of year and timing,
NBPT and timing, NPBT and rate, timing and rate, and NBPT x timing x rate (Table 3).
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The interaction of year and timing resulted because the benefit from spring applied-N
was greater in 2011/12 and 2013/14 compared to 2012/13 (Fig. 2). In 2012/13, the
precipitation received during the month preceding heading (i.e., 197 mm) may have
resulted in NO3-N leaching (Fig. 3). The NBPT x timing interaction resulted because the
response to NBPT was greater for late-fall and winter compared to spring applications;
and late-fall compared to winter applications (Fig. 4). The timing and rate interaction
showed a greater benefit from increasing urea application rate (50 vs. 100 kg N ha-1) with
spring (FNUG 19.7, FNUT 24.2 kg N ha-1) than late-fall (FNUG 14.6, FNUT 18.3 kg N ha1

) or winter (FNUG 15.6, FNUT 19.3 kg N ha-1) applications. The NBPT and rate

interaction resulted because the response to NBPT was greater at 100 (FNUG 6.0, FNUT
7.5 kg N ha-1) than at 50 kg N ha-1 (FNUG 2.8, FNUT 3.6 kg N ha-1). Soil-derived N
uptake (i.e., mineralized organic N) did not increase with N rate, and the soil supplied
54.0 and 71.2% of the N contained in grain and/or grain plus straw at 100 and 50 kg N
ha-1, respectively (Fig. 1).
Fertilizer-N Recovery
Fertilizer-N recovery was significantly affected by year averaging 31.8, 24.7, and
32.0% for the grain (FNRG), and 40.6%, 33.2% and 38.1% for grain plus straw (FNRT) in
2011/12, 2012/13, and 2013/14, respectively. Fertilizer-N recovery was significantly
affected by both application timing and NBPT (Table 3). Spring applied-N resulted in
greater FNRG (36.5%) and FNRT (46.1%) than late-fall (FNRG 24.9, FNRT 31.7%) and
winter (FNRG 26.8, FNRT 34.1%) applications. The addition of NPBT to urea increased
FNRG from 26.5 to 32.3%, and FNRT from to 33.6 to 41.0% (average of three years and
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two N rates). Both FNRG and FNRT were also affected by the interactions of year and
timing, and NBPT and timing (Table 3). The year and timing interaction resulted because
the benefit from spring applied-N was greater in 2011/12 and 2013/14 compared to
2012/13 (Fig. 2). The NBPT and timing interaction resulted because the response to
NBPT was greater for late-fall and winter compared to spring applications; and late-fall
compared to winter applications (Fig. 4). Fertilizer-N recovery in grain rose from 28.2 to
30.7% and in grain plus straw rose from 36.0 to 38.6% as N rate was increased from 50
to 100 kg N ha-1. Fertilizer-N recovery in grain and grain plus straw was directly related
to cumulative NH3 loss at the field sites (Fig. 5), quantified in our companion study and
using a micrometeorological technique (Engel et. al 2017).
Grain and Straw Yield and Protein
Winter wheat was very responsive to N fertilization in each of the three years
(Table 4). Grain yield was 1923, 2779, and 2352 kg ha-1, and straw yield was 2453, 3606,
and 2672 kg ha-1 for the unfertilized control (0 N) in 2011/12, 2012/13, and 2013/14,
respectively. With 100 kg N ha-1, grain yield was 3231, 3728, and 3528 kg ha-1, and straw
yield was 4244, 5056, and 4008 kg ha-1 in 2011/12, 2012/13, and 2013/14, respectively.
Grain and straw yield were greater in 2012/13 than in 2011/12 and 2013/14 (Table 5)
because of more precipitation during 2012/13. Grain and straw yield were not affected by
application timing, NBPT, and the interaction of timing and NBPT (Table 4).
Grain protein was affected by year (Table 4) decreasing in order 2013/14>
2011/12>2012/13. Grain protein of the unfertilized control (0 N) was 80, 62, and 84 g kg1

in 2011/12, 2012/13, and 2013/14, respectively. Grain protein content rose as the N
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application rate increased from 50 to 100 kg N ha-1 (Table 5). Overall, grain protein was
more sensitive to application timing and NBPT relative to grain or straw yield. Grain
protein was significantly affected by timing, with spring-applied N producing higher
protein than late-fall or winter-applied N (Table 5). Treatment of urea with NBPT
significantly improved grain protein; the response was consistent across years, averaging
6 g kg-1. Grain protein was affected by the interactions of timing and rate, and NBPT and
rate (Table 4). The timing and rate interaction resulted because the benefit from
increasing urea application rate (50 vs. 100 kg N ha-1) was greater following spring (25.5
g kg-1) compared to the late-fall (17.4 g kg-1) and winter (14.6 g kg-1) applications
(interaction data not shown). The NBPT and rate interaction resulted because the
response to NBPT was greater at 100 (8.9 g kg-1) than at 50 kg N ha-1 (3.2 g kg-1)
(interaction data not shown).
Agronomic Use Efficiency of Nitrogen
Agronomic use efficiency of N differed among years, decreasing in the order
2011/12>2013/14>2012/13 (Table 5). Application timing or treatment of urea with NBPT
had no effect on AEN (Table 4). In contrast, AEN decreased when the N rate increased
from 50 to 100 kg N ha-1 (i.e., 16.0 to 11.4 kg grain kg-1 N) (Table 5). Agronomic use
efficiency of N was affected by the timing and rate interaction. The reduction of AEN
with increasing N rate was greater for spring (-6.7 kg grain kg-1 N) compared to the latefall (-3.2 kg grain kg-1 N) or winter (-3.7 kg grain kg-1 N) timings (interaction data not
shown).
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Discussion
Fertilizer-N Uptake and Fertilizer-N Recovery
Our study found that FNU and FNR of surface applied urea in the grain or grain
plus straw were greater for spring compared to late-fall and winter application timings.
We attribute this response to the better synchrony of spring applied-N with crop N
demand (Malhi et al., 2001) and the lower volatility loss of spring applied-urea (Engel et
al., 2017). In the absence of NBPT, late-fall and winter application timings should be
avoided if FNR is to be maximized. In our companion study (Engel et al., 2017), we
found NH3 loss was lower for spring applied-N because large precipitation events (>12
mm) followed the fertilizer application and presumably allowed urea to infiltrate to a
depth where it couldn’t volatilize to the atmosphere (Hargrove, 1988; Holcomb et al.,
2011). In contrast, the precipitation events that followed the late-fall and winter
applications were typically light (≤6 mm) and scattered, and as a result urea likely
remained near the surface for a prolonged period where it was susceptible to volatility
(Engel et al., 2017).
Overall, the precipitation pattern observed in our three-year study, i.e., dry winters
and wetter springs, was consistent with the long-term pattern for Montana (MCO-UM,
2015). Also, our observation that urea FNU and FNR were greater from spring
applications timings was consistent with other cereal grain studies in Montana
(Mohammed et al., 2016) and Alberta (Nyborg et al., 1990; Malhi and Nyborg, 1991).
These studies all found greater FNU or FNR from spring compared to early-fall (SeptOct) applications. In the Alberta studies, Nyborg et al. (1990) and Malhi and Nyborg
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(1991) attributed their results to greater denitrification and/or immobilization of fertilizerN during the overwinter period. The strong relationship between cumulative fertilizer
NH3 loss and FNR indicates that volatilization also represents an important pathway for
N loss in semiarid climates when urea is applied during the overwinter period. This was
further validated by our finding that the addition of NBPT improved FNU and FNR of
urea, in particular for the late-fall and winter application timings. The greater response to
NBPT for the late-fall or winter timings was not surprising given the larger volatility loss,
and was consistent with a meta-analysis (Abalos et al., 2014), where the largest benefit to
NBPT was found under environmental conditions that promoted NH3 loss.
Immobilization and denitrification may have further contributed to the lower
FNR of late-fall and winter applications relative to spring timings. It is now recognized
that soil microbial activity at sub-zero temperatures exerts a critical control over the fate
of fall-applied N in northern latitudes (Jensen et al., 2000; Clark et al., 2009). In northcentral Alberta, Malhi and Nyborg (1991) found that recovery of 15N-labelled urea in notill barley, broadcast applied at 50 kg N ha-1, was generally lower with October (i.e.,
13.4-28.7%) than May applications (i.e., 22.3-32.3%). Applying urea in the fall increased
the amount of fertilizer-N immobilized in soil, ultimately lowering the availability of N to
the crop. Previous Alberta studies by Malhi and Nyborg (1983) and Nyborg et al. (1990)
also reported that a considerable portion of fall-applied 15N labelled-urea (i.e., 22-46%),
nitrified during the winter, can be lost through denitrification as soils become saturated
during spring thaw. In our study, N immobilization likely affected FNR to a greater
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extent than denitrification as the field sites were never saturated for prolonged time
periods (> 1 wk) except following a major snowmelt event during March 2013/14.
The contribution of fertilizer-derived N to winter wheat N uptake increased with
N rate, yet FNR did not diminish at the higher rate of 100 kg N ha-1. Indeed, FNR was
higher in the grain (by 2.5 %) and grain plus straw (by 2.6%) at 100 kg N ha-1 than at 50
kg N ha-1. Previous 15N fertilizer rate studies have reported FNRG or FNRT of cereal
crops will decrease with increasing N rate (Pilbeam et al., 1997; Jokela and Randall,
1997; Raun et al., 1999; Rimski-Korsakov et. al., 2012), particularly above the optimum
N level of yield response (Jokela and Randall, 1997). In our study, above-ground crop
biomass was still rising with increasing N rate and without reaching an apparent yield
plateau. For example, biomass yield (grain + straw) averaged 5262, 7097, and 7932 kg
ha-1 at 0, 50, and 100 kg N ha-1, respectively. These results agree with those of Stevens et
al. (2005) for corn (Zea mays L.) in the Midwest, where an increase in N rate (i.e., 67-268
kg N ha-1) resulted in greater uptake of fertilizer-derived N but at relatively constant FNR
(i.e., 31-37%).
Winter wheat uptake of N from soil was larger than the N derived from fertilizerN, even at the higher rate of 100 kg N ha-1. These results demonstrate the importance of
soil organic matter mineralization in supplying the N required by cereal crops (Omay et
al., 1998; Stevens et al., 2005). The contribution of soil-derived N to winter wheat N
uptake decreased as urea application rate increased, yet the uptake of soil-N remained
relatively constant. Apparently, the addition of 15N urea had no priming effect on soil
organic matter mineralization (Westerman and Kurtz, 1973). Similar results were
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reported by Rimski-Korsakov et al. (2012) who found that N fertilization (i.e., 0-250 kg
N ha-1) did not promote the uptake of soil-derived N by corn.
Grain and Straw Yield and Protein
The most critical factor influencing winter wheat production in this study was N
fertilization and the large response to fertilizer-N reflected the low available soil N levels
at the field sites. Addition of fertilizer-N (0 to 50 kg N ha-1) improved grain and straw
yield by 34.0% (799 kg ha-1) and 35.5% (1035 kg ha-1), respectively; whereas the
addition of fertilizer-N from 50 to 100 kg N ha-1 improved grain and straw yield by
10.9% (345 kg ha-1) and 12.4% (490 kg ha-1), respectively. Grain protein increased 12.6%
(9.6 g kg-1) and 22.3% (19.1 g kg-1) with the first and second fertilizer-N rate increment,
respectively. With increasing levels of N supply, winter wheat yield response to fertilizerN is typically low and the N absorbed by the crop in excess almost invariably results in
higher grain protein (Terman et al., 1969). Optimizing N availability with crop need is
critical to improve FNU and subsequent winter wheat production (Mohammed et al.,
2013). This was particularly evident on grain protein. There was a consistent effect of
spring-applied N; broadcasting urea in April improved N supply during the grain-filling
period without compromising grain yield. In central Montana, Mohammed et al. (2016)
showed that spring-broadcast urea at 90 kg N ha-1 resulted in higher winter wheat grain
protein (129 g kg-1) than fall-broadcast urea (89 g kg-1), but only during wet crop seasons.
Although NBPT is widely recognized as an approach to mitigate NH3 volatility
for improved FNR (Abalos et al., 2014), the agronomic benefit provided by NBPT has
been found inconsistent or frequently negligible for dryland wheat in the NGP (Grant,
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2014; McKenzie et al., 2010). Environmental conditions (i.e., precipitation, temperature)
exert an important control on the effectiveness of NBPT with surface applications of urea
(Malhi et al., 2001; Keshavarz-Afshar et al., 2016). In our study, the apparent
discrepancy between increased FNRG or FNRT with NBPT and yet minimal straw and
grain yield or protein increase was somewhat puzzling, but may be a function of the fact
that NH3 losses and mitigation by NBPT were not extremely large at the field sites
compared to available N pools. For example, NBPT mitigated NH3 volatilization by
13.4% in late-fall 2012/13 (maximum NBPT- vs. NBPT+ differential) (Engel et al.,
2017). This equates to only 13.4 kg N ha-1 at the 100 kg N ha-1 rate which represents a
small fraction of the overall available N pool (soil + fertilizer). Abalos et al. (2012) and
Thapa et al. (2015) reported that mitigation of cumulative NH3 emissions by NBPT (i.e.,
26-58%) caused minimal or no improvements on rainfed barley or spring wheat grain
yield, protein or N uptake.
Agronomic Use Efficiency of Nitrogen
Agronomic use efficiency of N has been defined as the product of FNR and the
efficiency with which the plant uses each additional unit of N acquired (i.e., physiological
efficiency) (Dobermann, 2005). Management strategies that enhance FNR or N
physiological efficiency (i.e., NBPT) are thus expected to increase AEN for winter-wheat.
In general, our reported AEN values were usually lower than the estimated average for
wheat (i.e., 18 kg grain kg-1 N) (Ladha et al., 2005). Agronomic use efficiency of N was
lower in 2012/13 relative to 2011/12 and 2013/14 perhaps because the considerable
precipitation received during vegetative growth phases resulted in NO3-N leaching. Vick
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et al. (2016) estimated evapotranspiration from a no-till winter wheat crop during the
2012/13 growing season at a location 55 km from our field site in central Montana
(46°59’41.1”N, 109°36’49.5”W). Over the 28 d preceding heading, their estimate of
evapotranspiration was 107 mm in contrast to the 197 mm of precipitation received at our
field site. The 90 mm of excess water was likely sufficient to transport NO3-N deeper into
the profile where it was less positional available to the crop. Overall, AEN was not
sensitive to urea application timing or NBPT because these factors had a minimal effect
on grain yield. Agronomic use efficiency of N was sensitive to N fertilization, decreasing
with N rate, and consistent with the law of diminishing returns for plant nutrients
(Burzaco et al., 2014; Martinez et al., 2016).
Conclusions
This study found FNRG and FNRT were greater for spring (Apr) urea applications
relative to late-fall (late Nov - early Dec) and winter (Feb) urea applications for winter
wheat grown in the semiarid climate of central Montana. Addition of NBPT increased
FNRT of urea in particular for late-fall (by 11.3%) and winter (by 6.9%) urea
applications. The strong relationship between FNRT measured herein and cumulative
NH3 loss (r2 = 0.77) measured in our companion paper (Engel et al., 2017) indicated that
volatilization represented an important N loss pathway for urea applications during the
overwinter period (late Nov to March). Grain and straw yield were not sensitive to urea
application timing or NBPT. Conversely, grain protein was more sensitive to urea timing
with higher protein from spring application (100 g kg-1) than late-fall (93 g kg-1) and
winter (92 g kg-1) applications. Addition of NBPT to urea significantly improved grain
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protein; the response was consistent across years, averaging 6 g kg-1. In the NGP, spring
urea applications should be encouraged to provide the highest FNR compared to
overwinter applications. Alternatively, addition of NBPT can improve urea FNR for
applications made during cold weather months.
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Table 1. Soil chemical and physical properties (0-10 cm) and pre-seed NO3-N levels (0-60 cm) at the field sites
in central Montana.
Soil Type

pH

Soil Texture

Organic C†

(g kg-1)

(g kg-1)

TN

K‡

Olsen P§

NO3-N

(g kg-1) (mg kg-1) (mg kg-1)

(kg N ha-1)

clay

silt

sand

6.3

354

362

284

18.5

1.9

345

30

19.0

----

25.7

Tamaneen clay loam 7.3

283

454

263

13.6

1.2

405

37

----

43.7

----

Danvers clay loam

2011/12 2012/13 2013/14

† OC, organic carbon; TN, total nitrogen determined by LECO dry combustion (LECO Corporation, St. Joseph, MI).
‡K - 1M NH4 acetate extractable
§Olsen or 0.5M NaHCO3 extractable P (Olsen et al., 1954).
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Table 2. Dates of winter wheat harvest and fertilizer-N application, and cumulative
precipitation during 2011/12, 2012/13, and 2013/14 growing seasons in central Montana.
Management

Year
2011/12

2012/13

2013/14

25-July-12

2-Aug-13

29-July-2014

Late-fall

29-Nov-11

12-Dec-12

01-Dec-13

Winter

28-Feb-12

08-Feb-13

02-Feb-14

Spring†

24-Apr-12

12-Apr-13

12-Apr-14

206

295

181

Harvest date
Fertilizer-N application

Precipitation (mm)
Growing Season (Dec-July)
†N applied at pre- or early-tillering

Table 3. Analysis of variance of fertilizer-N uptake in grain (FNUG) and grain plus straw (FNUT), and fertilizer-N
recovery in grain (FNRG) and grain plus straw (FNRT) for winter wheat experiments in central Montana over three years.
FNUG
Effect

FNUT

FNRG

kg N ha-1

d.f.

FNRT
N % applied

2

<.0001

0.0001

<.0001

0.0002

NBPT†

1

<.0001

<.0001

<.0001

<.0001

Y x NBPT

2

0.6855

0.5281

0.8662

0.5603

Timing (T)

2

<.0001

<.0001

<.0001

<.0001

YxT

4

0.0030

0.0065

0.0015

0.0032

NBPT x T

2

0.0014

0.0011

0.0041

0.0039

spring vs. late-fall, winter x NBPT

1

0.0041

0.0037

0.0067

0.0068

late-fall vs. winter x NBPT

1

0.0178

0.0139

0.0420

0.0390

Y x NBPT x T

4

0.2710

0.2783

0.3889

0.4187

Rate (R)

1

<.0001

<.0001

0.0006

0.0045

YxR

2

0.4190

0.5345

0.1719

0.3190

NBPT x R

1

0.0035

0.0049

0.7595

0.8781

Y x NBPT x R

2

0.1021

0.1781

0.0977

0.1702

TxR

2

0.0005

0.0014

0.8338

0.6807

YxTxR

4

0.1439

0.1242

0.2250

0.1316

NBPT x T x R

2

0.0274

0.0280

0.2355

0.2493

Y x NBPT x T x R

4

0.1770

0.1954

0.2684

0.3015

†NBPT, urease inhibitor N-(n-butyl) thiophosphoric triamide.
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Year (Y)

Table 4. Analysis of variance of grain and straw yield, protein content, and agronomic use efficiency of N (AEN) for winter
wheat experiments in central Montana over three years.
Effect

d.f.

Grain Yield

Straw Yield

Protein

AEN

1

<.0001

<.0001

0.0002

-

Year (Y)

2

<.0001

<.0001

<.0001

0.0020

NBPT†

1

0.8909

0.3334

<.0001

0.9393

Y x NBPT

2

0.8265

0.7392

0.9588

0.9343

Timing (T)

2

0.4209

0.2027

<.0001

0.2269

YxT

4

0.3979

0.4604

0.7059

0.4562

NBPT x T

2

0.6350

0.6981

0.8236

0.6087

Y x NBPT x T

4

0.9209

0.6550

0.9689

0.9068

Rate (R)

1

<.0001

<.0001

<.0001

<.0001

YxR

2

0.3701

0.6632

0.2949

0.1570

NBPT x R

1

0.2405

0.0848

0.0172

0.2781

Y x NBPT x R

2

0.1981

0.4175

0.5763

0.3513

TxR

2

0.1787

0.2782

0.0009

0.0338

YxTxR

4

0.3576

0.0832

0.1288

0.6259

NBPT x T x R

2

0.9855

0.8582

0.1549

0.8426

Y x NBPT x T x R

4

0.9322

0.8620

0.4728

0.9019

Contrast
0N vs. 50N, 100N
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†NBPT, urease inhibitor N-(n-butyl) thiophosphoric triamide.

Table 5. Grain and straw yield (kg ha-1), protein content (g kg-1), and agronomic use efficiency of N (AEN; kg grain kg-1 N)
for winter wheat experiments in central Montana over three years.
Effect
Grain Yield
Straw Yield
Protein
AEN
-1
-1
-1
(kg ha )
(kg ha )
(g kg )
(kg grain kg-1 N)
Year
2011/12†

3963b

97b

16.1a

2012/13
2013/14
NBPT§
NBPTNBPT+
Timing
Late-fall
Winter

3589a
3323b

4834a
3776b

80c
107a

11.5c
13.5b

3318
3328

4152
4230

92b
98a

13.7
13.7

3281
3299

4118
4164

93b
92b

12.9
13.2

Spring

3389

4290

100a

15.0

Rate
50
3151b
3946b
85b
16.0a
100
3496a
4436a
104a
11.4b
-1
† Average of 50 and 100 kg N ha rates.
‡ Means followed by a common letter within year or treatment (NBPT, timing, rate) are not significantly different at
P<0.05.
§ NBPT, urease inhibitor N-(n-butyl) thiophosphoric triamide.

67

3057c‡
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Fig. 1. Fertilizer-derived N (15N labelled), soil-derived N (non-labelled), and total N
(fertilizer plus soil) uptake and N rate relationship over three years (average of late-fall,
winter, and spring application timings). Values represent means ± SD.
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Fig. 2. Fertilizer-N uptake (A) or recovery (B) in grain and grain plus straw of winter
wheat following three application timings (late-fall, winter, and spring) in 2011/12,
2012/13, and 2013/14 (average of 50 and 100 kg N ha-1 rates). Values with different
letters indicate significant differences (P<0.05) among treatments. Note: scale on y-axis
differs for FNU and FNR.
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Fig. 3. Precipitation distribution in 2011/12, 2012/13, and 2013/14 at the field locations.
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Fig. 4. Fertilizer-N uptake (A) or recovery (B) in grain and grain plus straw of winter
wheat for urea applications with (+) and without (-) NBPT following three application
timings (late-fall, winter, and spring) over three years (average of 50 and 100 kg N ha-1
rates). Values with different letters indicate significant differences (P<0.05) among
treatments. Note: scale on y-axis differs for FNU and FNR.
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Fig. 5. Fertilizer-N recovery (FNR) in grain (A) and grain plus straw (B) of winter wheat
and cumulative NH3 loss relationships among the N management strategies that include
NBPT- and NBPT+ (100 kg N ha-1) applied at three application timings (late-fall, winter,
and spring) over three years (2011/12, 2012/13, and 2013/14).
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CHAPTER FOUR
BULK OPTICAL CHARACTERIZATION OF DISSOLVED ORGANIC MATTER
FROM SEMIARID WHEAT-BASED CROPPING SYSTEMS
Abstract
Dissolved organic matter (DOM) plays a critical role in the cycling of nutrients
and long-term agricultural sustainability. The composition of DOM in soil is likely
altered due to management, yet there is limited knowledge on the effect of long-term
cropping on DOM chemical character. Here, we characterized water extractable DOM
composition along a gradient of soil organic carbon (SOC) affected by differing cropping
and tillage intensity in a semiarid climate of the northern Great Plains, USA. Soil samples
(0-10, 10-20, 20-30 cm) were collected from conventional till-fallow winter wheat
(Triticum aestivum L.; Ftill-W), no-till spring pea/oilseed-wheat (Pisum sativum L.; Pg/OW), and no-till continuous wheat (W-W) fields, and analyzed using UV/Vis absorbance
and excitation-emission matrix fluorescence spectroscopy. The concentration of DOM
decreased with depth and was significantly greater (P<0.05) under W-W or Pg/O-W than
Ftill-W. The absorbance at 254 nm (Abs254), a proxy for DOM aromatic nature, indicated
that aromaticity decreased with depth and lower biomass-C inputs (i.e. W-W≥ Pg/O-W
≥Ftill-W). Multidimensional parallel factor (PARAFAC) analysis revealed humic-like
(C1, C2), monolignol-like (C3), and protein/tannin-like (C4) components with varying
fluorescence intensities as a function of cropping system and soil depth. DOM
humification, indicated by the humification index (HIX), increased significantly with
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depth (P<0.05) and was higher for Ftill-W (2.95) than W-W (2.61) or Pg/O-W (2.28).
Overall, DOM became depleted of plant-derived constituents and was enriched by more
decomposed, condensed substances in Ftill-W, as compared to W-W or Pg/O-W soils.
DOM composition is strongly affected by cropping intensity and such changes are
important drivers controlling SOC accretion in arable soils.

Introduction
Dissolved organic matter (DOM) is the most dynamic and reactive component of
soil organic carbon (SOC) in terrestrial ecosystems (Bolan et al., 2011). Although this
pool accounts for a minimal portion of SOC (i.e. <0.5-1%), DOM components exert a
critical control over the biogeochemistry of soils by serving as a substrate for microbial
activity and influencing the availability of plant nutrients and metal ions (Kalbitz et al.,
2000; Bolan et al., 2011). The occurrence of DOM in soil is also critical to regulate both
CH4 and N2O production (Bolan et al., 2011). Furthermore, terrestrial DOM is an
important source of organic matter in freshwater ecosystems, affecting drinking water
supplies through eutrophication and nutrient runoff (Wilson and Xenopoulos, 2009).
DOM is a heterogeneous mixture of plant and microbial derived constituents with
varying degrees of reactivity (Bolan et al., 2011). Chemically, DOM can be
conceptualized in terms of biologically active and stable humified fractions. Biologically
active compounds are both aliphatic (i.e. amino acids, carbohydrates) and aromatic
constituents (i.e. fulvic acids) of low molecular weight rapidly metabolized by soil
microorganisms (Vázquez et al., 2016; Pan et al., 2017). Contrarily, humified pools are
complex aromatic substances derived from decomposing lignocellulosic polymers
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(Stevenson et al., 1994; Vázquez et al., 2013) that can exhibit strong resistance against
biodegradation (Marinari et al., 2010).
Several factors affect the quantity and quality of SOC and the water extractable
DOM fraction in arable soils (Kalbitz et al., 2000). Besides soil temperature and water
content (Burke et al., 2008), management practices (i.e. tillage, crop rotation) can
influence SOC occurrence by (i) modifying soil physical structure and aggregation
(Bongiovanni and Lobartini, 2006; Dieckow et al., 2009), (ii) changing the amount and
quality of biomass-C inputs returned to the system (Chantigny, 2003; Vázquez et al.,
2016), and (iii) altering mineralization and humification pathways of plant residues in
soil (Kalbitz et al., 2000; Vázquez et al., 2016). No-tillage (NT) management is often
claimed to promote SOC accretion in surface soil (i.e. 0-30 cm) (Dieckow et al., 2009;
Norton et al., 2012). However, the effect of long-term cropping intensity on SOC quality
is not clear and still under debate; management practices may differentially affect SOC
composition depending on site-specific environmental factors, such as climate and soil
type (Embacher et al., 2007; Borisover et al., 2012).
In the northern Great Plains of North America, conversion from native semiarid
shortgrass steppe to dryland wheat-fallow (W-F) cropping has resulted in severe soil
erosion and a net loss of nutrients (DeLuca and Zabinski, 2011). A century of cultivation
has decreased surface SOC and associated C fractions by ~50-60% (Norton et al., 2012;
Hurisso et al., 2013). Recently, NT management has become increasingly popular,
currently comprising 60% of dryland agriculture in this region (Hansen et al., 2012).
With NT management, precipitation storage has improved and led to greater cropping
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system intensification with legume and/or oilseed crops being grown in rotation with
wheat (Miller et al., 2015; Chen et al., 2015). More diverse and intensified NT systems
have prompted SOC recovery through increased biomass-C inputs and minimal
disturbance of soils. Several reports have documented higher SOC contents under NT
annual cropping than conventional tillage (CT) with W-F systems (reviewed by Watts et
al., 2011 and Collins et al., 2012). A recent study by Engel et al. (2017) quantified SOC
levels among eight management systems in southern Montana, including CT fallowwheat (Ftill-W), NT spring pea/oilseed-wheat (Pg/O-W) and NT continuous wheat (W-W).
After 10 yr, cumulative SOC stocks (0-30 cm) for NT W-W, NT Pg/O-W and Ftill-W
systems, average of two N levels, were equivalent to 38.4, 37.9, and 33.7 Mg C ha-1,
respectively. The degree to which SOC accumulated in soil was directly related to
biomass-C inputs, particularly root and/or root-derived C. Engel et al. (2017) report SOC
maintenance levels at 2.6 Mg ha-1 yr-1 of shoot + root + rhizodeposit C, or 7.0 Mg ha-1 yr1

of net primary productivity (NPP), with accretion or loss occurring above or below these

thresholds, respectively.
Accumulation of SOC after 10 yr of NT annual cropping (Engel et al., 2017)
suggests recovery trends towards improved soil quality. Within this context, some
differences in SOC composition were expected. The objective of this study was to
characterize the chemistry of SOC following a continuum from minimally disturbed soils
with high biomass-C inputs (i.e. NT annual cropping) to more strongly degraded fields
(CT W-F). We extracted and further analyzed DOM from soil samples (0-30 cm)
collected in 2012 along Ftill-W, Pg/O-W and W-W fields (Engel et al., 2017) by combined
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use of non-destructive spectroscopic techniques such as UV/Vis absorbance and
excitation emission matrix fluorescence spectroscopy (EEMs). We hypothesized that (i)
additional biomass-C inputs under NT annual cropping (Pg/O-W, W-W) would increase
plant-derived DOM constituents when compared to Ftill-W, (ii) such changes would be
associated with increasing SOC sequestration rates, and (iii) the influence of cropping
systems on DOM properties is attenuated from surface soil to subsoil layers.
Materials and Methods
Experimental Site and Study Design
The soil analyzed in this study came from a long-term cropping system study
established at Montana State University’s Arthur H. Post Agronomy Research Farm,
located 10 km west of Bozeman, Montana, USA (45° 40’ N, 111° 09’ W, elevation 1450
m). The location is characterized by a semiarid cold climate with annual precipitation of
411 mm and a mean annual temperature of 6.7 °C (Western Regional Climate Center,
2014). The soil is a Mollisol-type, classified as an Amsterdam silt loam (fine-silty,
mixed, superactive, frigid Typic Haplustolls), generally deep and well-drained, and
derived from loess-like deposits mixed with volcanic ash (Soil Survey Staff, 2013).
Selected soil properties to a depth of 30 cm are presented in Table 1. The field study
consisted of eight management systems replicated four times in a randomized complete
block design, previously described by Engel et al. (2017). The water extractable DOM
was characterized in three of the eight cropping systems, including Ftill-W, Pg/O-W and
W-W managed at a high N fertility level, and where large differences in SOC mass
accretion were observed.
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Soil Sampling and Processing
Soil sampling occurred in September 2012, or 10 yr after initiation of the field
trial, using a truck mounted hydraulic probe. Triplicate soil cores (5 cm dia.) were
collected to a depth of 30 cm from each plot, separated into three depth increments (0-10,
10-20, and 20-30 cm) and composited per depth. The composite core samples were
placed in plastic-lined bags, dried (50 ˚C), and then crushed to pass through a 2-mm
sieve. A subsample of the sieved material was then separated, and all identifiable crop
residue material including roots were removed by hand-picking with tweezers prior to its
analysis.
Dissolved Organic Matter Extraction
Soil (50 g) was added to an acid-washed (10% HCl), pre-combusted (425 °C, 4 h)
250-mL Erlenmeyer flask with 100 mL of ultrapure Milli-Q® water (≤18. 2 MΩ cm-1).
The flasks were shaken (15 min, 100 rpm) and then allowed to settle for 15 min at room
temperature (25 °C). The supernatant was subsequently passed through a pre-combusted
Fisherbrand Glass Fiber Circle (Grade 6, 1.6 µm) and then vacuum filtered through a precombusted 0.7 µm Millipore glass fiber filter (EMD Millipore, Merk KGaA, Germany).
Extracts were transferred to opaque, acid-washed, and pre-combusted glass bottles and
stored in the dark at 4 °C prior to analysis within 24 h of sample extraction. Filtered
Milli-Q® water blanks were collected in the same way as for the soil extracts. Waterextractable DOM concentration, expressed as dissolved organic carbon ([DOC]; mg C L1

) and total nitrogen ([WEN]; mg N L-1), was quantified in 15 mL aliquots using a total C

and N Shimadzu combustion analyzer (TOC-VCSH, Shimadzu Corp., Kyoto, Japan).
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UV-Vis Absorbance Spectroscopy
Ultraviolet and visible light absorbance was measured in a 1 cm path-length
quartz cuvette using a Genesys 10 Series spectrophotometer from 190 to 1100 nm
(Thermo-Scientific, Rochester, NY) and VISIONlite software. Specific UV absorbance at
254 nm (SUVA254, L mg-1 C m−1), a proxy for DOM aromatic nature, was calculated as
follows: SUVA254 = 100 x [Abs254/(DOC)], where L is the optical path length (cm) and
DOC is in mg C L−1 (Weishaar et al., 2003). Samples with absorbance values at 254 nm
(Abs254) > 0.3 a.u. (absorbance units), were diluted to volumes with Abs254 < 0.3 a.u.
prior to collecting the entire absorbance and fluorescence spectra (Miller and McKnight,
2010). Dilution factors (2 and 4; diluted by half to a quarter the original concentrations)
were subsequently used when post-processing the EEMs fluorescent data; UV/Vis
absorbance values from 190 to 1100 nm were used to calculate necessary spectral
corrections for primary and secondary inner filter effects (Tucker et al., 1992).
Methodological and system blanks were run at the beginning of the experiment and
between five sample sets.
Fluorescence Spectroscopy
EEMs were obtained with a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer
(Horiba) equipped with a Xe lamp light source and 1 cm path length quartz cuvette at 25
°C with the following specifications: excitation wavelengths of 240–450 nm scanned
over 5 nm intervals, emission wavelengths of 300–560 nm recorded in 2 nm increments,
data integration period 0.25 s, and 5 nm band pass for both excitation and emission
monochromators. All data were generated in signal/reference mode to normalize the
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emission signal relative to the excitation light intensity. EEMs were normalized by the
area under the Raman peak of a Milli-Q® water sample each day at Ex = 350 nm and Em
= 365-450 nm. Post-collection data manipulation was performed to correct for inner filter
effects, Raman scattering, and our method blank subtraction following the protocol
outlined in D’Andrilli et al. (2017). System blanks of Milli-Q® water were scanned daily
to monitor instrument performance, and also were used to post-process the EEMs of our
methodological blanks to check for contamination.
DOM humification was measured from the EEMs data by calculating the
humification index (HIX) (Zsolnay et al., 1999) for each sample. Briefly, the area in the
upper quarter (434-480 nm; Em peak fluorescence intensities) was divided by the area in
the lower quarter (300-344 nm) at Ex =255 nm (Zsolnay et al., 1999). HIX is proportional
to DOM condensation or humified state, and has been used to differentiate sources of
DOM (i.e. fulvic acids vs. microbial biomass) upon soil drying (Zsolnay et al., 1999).
The Fluorescence Index (FI) was calculated as the ratio of fluorescence emission
intensity 470 nm and 520 nm (in Raman Units; R.U.), obtained at an excitation
wavelength of 370 nm (Cory and McKnight, 2005). This index allows for discrimination
between microbial (high FI ~1.8, bacteria leachate, algae) or terrestrially derived (low FI
~1.2, plant and soil) DOM (Cory and McKnight, 2005).
PARAFAC Modelling – Multivariate Analysis
Parallel factor (PARAFAC) analysis was applied to the EEMs data using drEEM
(Decomposition Routines for Excitation Emission Matrices; v. 0.3.0) and the N-way
toolbox in MATLAB R2016b (The MathWorks, Inc., Natick, MA) (Murphy et al., 2013,
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Stedmon and Bro, 2008). A non-negativity constraint was applied to both excitation and
emission loadings, considering that negative fluorescent intensities and concentrations are
chemically impossible (Ohno and Bro, 2006). No samples were identified as outliers, and
PARAFAC analysis resolved four components comprising the 36 EEMs normalized data
set, explaining 99.8% of the total variance. The PARAFAC model was validated by splithalf analysis with all the components of the split model test finding a match with a
Tucker correlation coefficient >0.95 (Murphy et al., 2013). The Fluorescence Efficiency
(FE, R.U. cm-1), or quantum yield, was calculated by taking the ratio of PARAFAC
component fluorescence maxima divided by the Abs254, with higher FE indicating lower
DOM size and/or molecular weight (Wu et al., 2003).
Linear Statistical Analyses
All statistical analyses were carried out using PROC GLM of SAS 9.4 (SAS
Institute, Cary, NC). The effects of cropping system and soil depth on DOM size and
spectroscopic features were analyzed with a two-way ANOVA. The assumptions of
normal distribution and equal variance were tested using Shapiro–Wilk and Levene’s
tests, respectively. When significant effects were observed, treatment means were
compared using Fisher’s least significant difference (LSD) procedure at α=0.05. Single
degree of freedom orthogonal contrasts were performed for the cropping system x soil
depth interaction. Pearson correlation coefficients (r-value) were used to examine
relationships between DOM properties. All figures were developed with SigmaPlot 13.0
software (Systat Software, San Jose, CA).
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Results and Discussion
Dissolved Organic Carbon and C:N Ratio
The distribution of DOC concentration, among each of the three soil depths and
cropping systems, was summarized by box and whisker plots (Fig. 1). DOC
concentration decreased with soil depth (P<0.0001; Table 2). The 0-10 cm layer
contained more DOC than the 10-20 and 20-30 cm layers, averaging 27.90, 14.23, and
12.85 mg C L-1, respectively (Fig. 1). The contrast cropping system vs. soil depth showed
larger DOC decreases under Pg/O-W and W-W than Ftill-W (-50.05, -58.42% and 41.19%, respectively) (P=0.0178; Table 2). DOC concentration was lowest in Ftill-W, and
highest in Pg/O-W or W-W, averaging 14.25, 19.31, and 21.42 mg C L-1, respectively
(Fig. 1). Furthermore, DOC concentration was strongly correlated to bulk SOC (r=0.81,
P<0.0001) and TN levels (g kg-1) (r=0.75, P<0.0001) reported by Engel et al. (2017)
(Table 1).
The effect of cropping system on DOC concentration was consistent with the 10
yr change in C supply associated with NT annual cropping (Engel et al., 2017). Higher
cumulative above- and below-ground C inputs (i.e. shoots, roots, and rhizodeposits)
under Pg/O-W and W-W (29.1 and 30.7 Mg C ha-1) when compared to Ftill-W (21.1 Mg C
ha-1) increased SOC accretion and associated soil DOM fractions. This result was
expected given the fact DOM is mostly replenished in solution by bulk SOC (Kalbitz et
al., 2000; Akagi and Zsolnay, 2008). Soils at this field site (O’Dea et al., 2015) managed
under F-W have poorer aggregate stability than NT annual cropping (101 and 192-220 g
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kg-1), suggesting that physical protection likely prompted the accumulation of DOM in
W-W or Pg/O-W fields.
The C:N ratio of DOM decreased with soil depth from 11.04 to 5.87 (Fig. 1).
However, no significant differences were noted in DOM C:N ratio values among
cropping systems (P>0.05) (Table 2). The observed higher C:N in the 0-10 cm layer
clearly indicated an enrichment of N upon increasing soil depth (Toosi et al., 2012)
regardless of the cropping system.
Spectroscopic Indices Abs254, SUVA254, HIX, FI, and FE
Estimates of Abs254 were significantly affected by soil depth and cropping system
(Table 2). The Abs254 decreased from 0.55 to 0.10 with increasing soil depth (Fig. 2).
This is consistent with results reported by Hassouna et al. (2012) and Toosi et al. (2012)
and is mainly ascribed to adsorptive interactions of aromatic moieties with reactive
mineral surfaces (Kaiser and Guggenberger, 2000), e.g. Ca2+-bridging in neutral/alkaline
soils (Oades, 1988). The Abs254 properties of DOM also changed with cropping system,
and averaged 0.22, 0.31, and 0.35 for Ftill-W, Pg/O-W, and W-W, respectively (Fig. 2).
Higher inputs of plant biomass-C under NT annual cropping likely increased the
concentration of lignin-like materials and/or other hydrophobic structures in soil (Capriel,
1997; Vázquez et al., 2016), further increasing DOM aromatic nature (Hassouna et al.,
2012; Gao et al., 2017). The latter was substantiated by the modest (r=0.49) but
significant positive correlation (P<0.01) between the Abs254 and the C:N ratio (Table 3).
The overall depth pattern for SUVA254 was similar to Abs254; SUVA254 decreased from
1.96 to 0.76 with increasing soil depth (Fig. 2). However, such trend was stronger under
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Ftill-W than Pg/O-W and W-W (-55.77, -32.37% and -28.95%, respectively) (P=0.0121;
Table 2). Cropping system did not affect DOM SUVA254 estimates (P>0.05) (Table 2).
Similarly, Abs254 yielded more pronounced relationships with other DOM properties than
SUVA254 (Table 3).
HIX increased significantly with soil depth from 2.22 to 2.93 (Fig. 2). This
implied that DOM potentially contained old, highly processed structures within subsoil
layers (Rumpel and Kögel-Knabner, 2011). Such a possibility is consistent with the
modest, but significant negative correlation of the HIX and the C:N ratio (r=-0.44;
P<0.01) (Table 3). The content of N within soil organic matter is typically enriched by
humification (Ewing et al., 2006). The complexation of microbial biomass within mineral
surfaces buffers N into more condensed, recalcitrant forms; narrowing soil C:N ratios
(Ewing et al., 2006; Normand et al., 2017), yet increasing HIX (Martins et al., 2011).
Across all depths, HIX varied from 2.95 in Ftill-W to 2.28 in Pg/O-W soil (Fig. 2). The
higher HIX under Ftill-W suggested that DOM was depleted of more labile-C
components. Highly disturbed arable soils have more humified SOC than NT (Milori et
al., 2006; Martins et al., 2011) or grassland soils (Kalbitz et al., 1999). The physical
breakdown of aggregates under CT fosters the microbial oxidation of native SOC and
precludes the stabilization of fresh plant- and/or microbial-degradation byproducts
(Ewing et al., 2006; Dieckow et al., 2009). The distribution of FI was not affected by
cropping system or soil depth (Table 2), and oscillated between 1.23 and 1.44 (Fig. 2),
lower than the estimated average for arable soils (i.e. 1.50-1.90) (Hassouna et al., 2012;
Sun et al., 2017). Terrestrial, plant-derived material dominated DOM fluorescence (Cory
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and McKnight, 2005); our sampling scheme was perhaps not deep enough to catch
microbial, autochthonous signatures of DOM occurring in subsoil layers (Hassouna et al.,
2012). FE increased sharply with soil depth and was generally higher under Ftill-W than
Pg/O-W or W-W (Table S1). This indicated DOM was comprised by low molecular size
constituents within subsoil layers, regardless of its intrinsic chemical character (Wu et al.,
2003). Reduced biomass-C inputs under Ftill-W relative to Pg/O-W or W-W likely
prompted soil microorganisms to further process the already existing pool of SOC
(González-Pérez et al., 2007); particularly when considering a microbial community shift
towards simple, energy-poor DOM (Nunan et al., 2015).
Humification is typically associated with aromaticity and the polycondensed
status of organic structures in SOC (Stevenson, 1994); several reports show high
correlations between humification and aromatic humic substances in soil (Fuentes et al.,
2006; Marinari et al., 2010). However, an opposite trend was observed in our study
among Abs254, SUVA254 and HIX (Table 3). DOM composition was more humified and
less aromatic as a function of soil depth. Our results are in agreement with findings by
Sanderman et al. (2008) and Hassouna et al. (2012) in grassland and arable soils, and
indicate a shift from fresh plant-derived to older, highly decomposed DOM upon
increasing soil depth.
EEMs and PARAFAC Components of DOM
Average EEMs, representative of cropping system by soil depth fluorescent
profiles, are shown in Fig. S1. All samples contained DOM species fluorescing at low
(<240-280/300-330 nm) and high (<240-275/390-540 nm) excitation/emission (Ex/Em)
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wavelengths, including fluorescence maxima overlapping EEM regions commonly
associated with fluorophore peaks B (tyrosine-like), T (tryptophan-like), A (humic-like),
and C (humic-like) (Coble et al., 1996; Coble et al., 1998). Fluorescence intensities
decreased upon increasing soil depth and NT annual cropping (i.e. Pg/O-W and W-W)
contained higher fluorescence intensities than Ftill-W soils (Fig. S1). Since DOM is a
complex mixture of biomolecules that can fluoresce in overlapping Ex/Em wavelength
regions, the application of PARAFAC analysis was used to resolve the EEMs into
individual DOM fluorescing components characterized by their Ex/Em maxima (Coble et
al., 2014; D’Andrilli et al., 2017).
Four different fluorescent components, hereafter referred to as components one
through four (C1-C4), were identified by PAFAFAC analysis (contour plots Fig. 3a;
loading scores Fig. S2). The spectral Ex/Em maxima of these components and
descriptions of similar DOM markers reported in the literature are summarized in Table
4. PARAFAC C1 and C2 resembled mid- and large-size humic-like fluorophores
characteristic of soil, sediment, and freshwater environments (Ishii and Boyer, 2012).
Fluorescent markers in this region are linked with recalcitrant plant or soil-derived
constituents highly resistant to microbial decomposition (Cory and McKnight, 2005), but
susceptible to photochemical and abiotic degradation (Coble et al., 2014).
PARAFAC C3 showed maximum fluorescence in a region analogous to the
secondary fluorescence of B-peak (Ex/Em: 230/305 nm); a region commonly ascribed to
microbial-derived DOM, but also more recently attributed to simple phenolic compounds
(i.e. monolignols) of plant origin (Coble et al., 2014). PARAFAC C3 also contained
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fluorescence indicative of more complex lignin-like precursors, e.g. Ex 240 nm spanning
Em 308-556 nm. Thus, we attribute C3 fluorescence to include simple and somewhat
more complex lignin-like chemical species. PARAFAC C4 exhibited maximum
fluorescence in a region analogous to the primary fluorescence of B-peak and secondary
fluorescence of T-peak (Ex/Em 275/305-340 nm) (Coble et al., 1996; Coble et al., 1998),
overlapping fluorescence between protein- and tannin-like DOM markers (Cuss and
Gueguen, 2013; Coble et al., 2014).
In terrestrial ecosystems, DOM exists as a mixture of organic fragments at various
stages of oxidation and decay (Masoom et al., 2016). Microbial processing of vegetative
inputs alters DOM reactivity by increasing soil aggregation and adsorptive processes
within mineral surfaces (Lehmann and Kleber, 2015). Unfortunately, we cannot
determine the absolute soil versus plant origin of DOM by fluorescence spectroscopy,
thus can only consider C1, C2, C3 and C4 to be a mixture of terrestrially-derived
signatures with minimal biological contribution (i.e. FI: 1.23-1.44). Nevertheless, our
PARAFAC model identified chemical species at different stages of decomposition.
Average FE (n=36) was higher for C1 (1.92±0.25) followed by C3 (1.77±0.26), C2
(1.19±0.16), and C4 (0.67±0.08), indicating molecular weights decreased in the order
C4>C2>C3>C1. Taken together, we infer fluorescent DOM chemical character is best
described when considering the progressive transformation of plant and microbialderived biopolymers in solution. Future research should incorporate a DOM continuum
model (Lehmann and Kleber, 2015), rather than classifying fluorescent components as
only humic- and/or protein-like chemical species.
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Variations of PARAFAC Components
The distributions of PARAFAC component Ex/Em fluorescent maxima (Fmax;
R.U.) among soil depths and cropping systems are presented in Fig. 3b. The Fmax was
assumed to be a proxy for the relative concentration of each PARAFAC component in
each sample (Murphy et al., 2013). In general, Fmax decreased with soil depth (Fig 3b;
Fig. 4), with a further significant decrease in Fmax below the 10-20 cm depth only
detected for C2 (Table 5). As already discussed, adsorption processes within the soil
matrix can gradually affect the vertical occurrence of DOM fractions (Kaiser and
Guggenberger, 2000). Alternatively, microbial degradation of labile DOM, occurring in
surface soil, can also limit the downward movement of DOM (Marinari et al., 2010).
Across all depths, mean Fmax of C1 and C3 were similar among Ftill-W, Pg/O-W
and W-W (Table 5). However, significant increases in average Fmax were reported for
NT annual cropping (Pg/O-W and W-W) for both C2 (P=0.0422) and C4 (P=0.0171) over
Ftill-W (Table 5). No significant variation in Fmax was determined for each component
when comparing Pg/O-W and W-W cropping systems. Accordingly, NT annual cropping
increased Fmax of all PARAFAC components, whereas Ftill-W led to a more depleted
fluorescent soil DOM pool. This suggested DOM composition to be mainly driven by the
amount of biomass-C inputs rather than the quality of crop residues returned to the
system. Moreover, cumulative changes in DOM chemical character influenced bulk SOC
dynamics. The occurrence of PARAFAC components at high Ex/Em wavelengths (C1
and C2) reflected reasonably well with the ΔSOC gradient imposed by Ftill-W, Pg/O-W,
and W-W (Fig. 5), which averaged -3.80, 1.51 and 2.70 Mg C ha-1, respectively (Engel et
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al., 2017). The higher SOC accretion rate by W-W vs. Pg/O-W likely resulted from
slightly greater biomass-C inputs under W-W than Pg/O-W and lower quality (high C:N
ratio) of W-W residues (O’Dea et al., 2015; Duval et al., 2016). This response was
consistent with reports by Kaiser and Guggenberger et al. (2000) and Kramer et al.
(2012) that recalcitrant, aromatic DOM is the greatest contributor for long-term SOC
storage.
Strong positive correlations were found between all four PARAFAC components,
Abs254, and DOC concentrations (Table 3). Both UV-absorbing compounds and
fluorescent molecules contributed to the bulk pool of DOM concentration (Borisover et
al., 2012; Sharma et al., 2017). Fmax values increased strongly with higher SOC
concentrations (Fig. 4). The depth pattern was similar among PARAFAC components;
Fmax was higher in surface soil, particularly under NT annual cropping (Pg-O/W, W-W).
It is important to note, however, the trend was more pronounced within C1 and C3, than
C2 or C4 (Fig. 4), describing highly condensed DOM with lower molecular weights and
aromaticity at depth.
Conclusions
The results of this study supported our hypothesis that changes in SOC accretion
patterns altered the chemical structure of SOC. Characterization of soil water extractable
DOM revealed contrasting structural features after 10 yr of cropping intensity and tillage
(Engel et al., 2017). Annual cropping with NT management increased the DOM pool
concentration and compositional diversity; higher inputs of biomass-C promoted the
accumulation of fresh, plant-derived DOM constituents in solution relative to the
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conventional Ftill-W management. Contrarily, DOM extracted from Ftill-W was more
humified than Pg/O-W or W-W, which may reflect the more decomposed, recalcitrant
native SOC pool. DOM composition surveyed by EEMs can be used to track SOC quality
changes and provide further insights on the mechanisms driving SOC microbial
processing, decomposition, and sequestration. Accretion of SOC was accompanied by the
presence of a larger and more enriched DOM pool, likely favoring the uptake of nutrients
by winter wheat.
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Table 1. Selected physical and chemical properties of soil at the experimental site.
Soil depth
Texture
BDa
CECb,g
ECc,h
pHi
Sand
cm

Silt

ICd

SOCe,j

TNf,j

g kg-1

g kg-1

g kg-1

C:N

Clay

g kg-1 g kg-1 g kg-1

g cm-3

cmolc kg-1

dS m-1

0-10

173

613

214

1.16

18.41

0.11

6.28

0.58

13.0

1.3

9.7

10-20

163

606

231

1.34

17.97

0.07

6.59

0.87

9.6

1.1

8.7

20-30

158

630

212

1.43

19.42

0.05

7.22

1.64

7.7

0.9

8.5

a
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BD=bulk density; b CEC= cation exchange capacity; c EC= electrical conductivity; d IC = inorganic carbon;
e
SOC = soil organic carbon; f TN= total nitrogen.
g
unbuffered 0.2 M NH4Cl; h 1:2 soil:water extract; i 1:1 soil:water extract; j LECO dry combustion.

Table 2. Two-way ANOVA of the effect of cropping system (CS) and soil depth (D) on dissolved organic carbon (DOC)
concentration, C:N ratio, absorbance at 254 nm (Abs254), specific UV absorbance at 254 nm (SUVA254),
humification index (HIX) and fluorescence index (FI) of DOM soil extracts.
Factors

DOC

C:N

Abs254

SUVA254

HIX

FI

F

P

F

P

F

P

F

P

F

P

F

P

CS

2

6.70

0.0049

0.17

0.8439

4.14

0.0286

2.16

0.1369

3.91

0.0338

2.07

0.1484

D

2

34.19

<0.0001

11.87

0.0003

46.57

<0.0001

57.63

<0.0001

4.64

0.0197

1.82

0.1839

CS x D

4

2.37

0.0806

1.18

0.3476

0.70

0.6017

2.00

0.1274

0.19

0.9411

0.23

0.9217

contrasta

1

6.47

0.0178

0.52

0.4785

2.13

0.1579

7.38

0.0121

0.37

0.5482

0.44

0.5114

contrast 0-10 vs. 10-30 x Ftill-W vs. NT CS; Ftill-W conventional till fallow winter wheat; NT CS,Pg/O-W no-till spring
pea/oilseed-wheat and W-W no-till continuous wheat.
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a

df

Table 3. Pearson correlation coefficients (r) between various DOM parameters for all soil depths and cropping systems.
Abs254

Abs254

0.94***

1.00

SUVA254

0.56***

0.77***

1.00

HIX

-0.52**

-0.50**

-0.42*

1.00

FI

0.24

0.14

-0.12

-0.15

1.00

C:N

0.42*

0.49**

0.55***

-0.44**

0.05

1.00

C1

0.92***

0.98***

0.74***

-0.42**

0.24

0.44**

1.00

C2

0.88***

0.97***

0.80***

-0.41*

0.05

0.48**

0.97***

1.00

C3

0.72***

0.75***

0.61***

-0.81***

0.01

0.51**

0.70***

0.72***

1.00

C4

0.90***

0.92***

0.63***

-0.64***

0.21

0.50**

0.89***

0.85***

0.79***

SUVA254 HIX

FI

C:N

C1b

C2

C3

C4
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a

DOCa

1.00

Dissolved organic carbon (DOC) concentration, absorbance at 254 nm (Abs254), specific UV absorbance at 254 nm (SUVA254),
humification index (HIX), fluorescence index (FI), and C:N ratio of soil extracts.
b
C1, C2, C3 and C4 refer to PARAFAC fluorescent components. *, **, *** significant at P<0.05; P<0.01 and P<0.001, respectively.

Table 4. Approximate location of peaks [excitation and emission (λex /λem, nm)] of PARAFAC identified components for
DOM soil extracts.
Previous models
(λex /λem, nm)

Literature component
description

Previous PARAFAC
assignment

C1

<240-250/390440

<240-260/374-450a
240/405-408b
<250/410c
<250/397h

Terrestrial and marine
humic-like

C3a,C2b,C2c,C2h

Terrestrial humiclike (plant/soil
derived)

C2

<240-275/455540

<240-275/434-520a
240/474-480b
260/500c
260/490d
>240/465f
<250/460h

Terrestrial humic-like

C2a,C1b,C4c,C3d, C2f,C1h

Terrestrial humiclike (plant/soil
derived)

C3

<240/303-312

240/312-315b
273/309f
<230-300i
220/320j

Tyrosine-like

C3b,C5f, C5i,C3j

Monolignol-like
(lignin precursor)

C4

280/300-330

280/328d
260/340e
270/354f
285/354g
260/320h

Tryptophan-like;
Phenol-like

C6d,C2e,C4f,C3g,C4h

Protein-like;
Tannin-like
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a
g

Current study
component
description

Current study
(λex /λem, nm)

Component

Ishii and Boyer, 2012; b Zhao et al., 2012; c Sharma et al., 2017; d Murphy et al., 2008; e Pan et al., 2017; f Ohno and Bro, 2006;
Borisover et al., 2012; h Cao et al., 2016; i Zhou et al., 2017;10Gao et al., 2017.
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Table 5. Two-way ANOVA of the effect of cropping system (F, conventional till fallow
winter wheat; PgW no-till spring pea/oilseed-wheat; W no-till continuous wheat) and soil
depth (0-10, 10-20 and 20-30 cm) on fluorescence maxima (Fmax) in Raman units (R.U.)
of PARAFAC components one through four (C1, C2, C3 and C4).
PARAFAC Components
C1

C2

C3

C4

Fmax (R.U.)
Cropping System (CS)
Ftill-W

0.32 ± 0.04

0.19 ± 0.02

0.28 ± 0.05

0.11 ± 0.02

Pg/O-W

0.35 ± 0.04

0.21 ± 0.02

0.39 ± 0.05

0.15 ± 0.03

W-W

0.39 ± 0.04

0.23 ± 0.02

0.33 ± 0.04

0.15 ± 0.02

0-10 cm

0.50 ± 0.03a

0.27 ± 0.02a

0.45 ± 0.05a

0.22 ± 0.02a

10-20 cm

0.32 ± 0.02b

0.20 ± 0.01b

0.33 ± 0.03b

0.10 ± 0.01b

20-30 cm

0.25 ± 0.01b

0.16 ± 0.01c

0.23 ± 0.03b

0.09 ± 0.01b

Soil depth (D)

ANOVA
Factor

df

C1

C2

C3

C4

F

P

F

P

F

P

F

P

2

1.77

0.1927

2.56

0.0980

2.27

0.1251

3.38

0.0510

F vs. NT

1

2.45

0.1305

4.60

0.0422

3.15

0.0886

6.56

0.0171

PgW vs. W

1

1.08

0.3092

0.52

0.4769

1.39

0.2504

0.19

0.6647

D

2

30.06

<0.0001

25.67

<0.0001

8.30

0.0018

37.39

<0.0001

CS x D

4

0.43

0.7850

0.19

0.9431

0.16

0.9580

0.29

0.8805

CS

Data are mean ± SE (n=12). Means followed by a common letter within a column are not
significantly different (LSD Fisher P<0.05). d NT, no-till PgW and W.
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Table S1. Two-way ANOVA of the effect of cropping system (F, conventional till fallow
winter wheat; PgW no-till spring pea/oilseed-wheat; W no-till continuous wheat) and soil
depth (0-10, 10-20 and 20-30 cm) on fluorescence efficiency (FE) in Raman units (R.U.
cm-1) of PARAFAC components one through four (C1, C2, C3 and C4).
PARAFAC Components
C1

C2

C3

C4

FE (R.U. cm-1)
Cropping System
(CS)
Ftill-W

2.68 ± 0.61a

1.64 ± 0.38a

2.19 ± 0.63

0.83 ± 0.18

Pg/O-W

1.50 ± 0.21b

0.95 ± 0.14b

1.64 ± 0.21

0.63 ± 0.10

b

b

1.49 ± 0.42

0.56 ± 0.13

W-W

1.57 ± 0.33

0.99 ± 0.24

Soil depth (D)
0-10 cm

0.96 ± 0.05b

0.53 ± 0.03b

0.86 ± 0.07b

0.42 ± 0.02b

10-20 cm

1.52 ± 0.16b

0.95 ± 0.09b

1.45 ± 0.09b

0.49± 0.05b

20-30 cm

3.28 ± 0.55a

2.10 ± 0.34a

3.00 ± 0.64a

1.11 ± 0.19a

ANOVA
Factor

df

C1

C2

C3

C4

F

P

F

P

F

P

F

P

2

5.31

0.0123

4.48

0.0223

0.93

0.4077

1.57

0.2294

F vs. NT

1

10.59

0.0034

8.92

0.0064

1.79

0.1936

2.97

0.0977

PgW vs. W

1

0.03

0.8646

0.03

0.8587

0.07

0.7880

0.16

0.6901

D

2

17.74

<0.0001

19.90

<0.0001

8.33

0.0018

11.34

0.003

CS x D

4

1.82

0.1573

1.78

0.1662

0.81

0.5290

0.65

0.6301

CS

Data are mean ± SE (n=12). Means followed by a common letter within a column are not
significantly different (LSD Fisher P<0.05). c NT CS, no-till PgW and W.
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Fig. 1. Box and whisker plots of (a) dissolved organic carbon (DOC) concentration (mg
C L-1) and (b) C:N ratio from different cropping systems (Ftill-W, conventional till fallow
winter wheat; Pg/O-W no-till spring pea/oilseed-wheat; W-W no-till continuous wheat)
and soil depths (0-10, 10-20 and 20-30 cm). Box plots show the 25 and 75 percentile
ranges; solid and dashed inbox lines represent the median and mean, respectively;
whiskers delimit the non-outlier ranges; and the symbol (x) represent outlier values.
Different letters indicate significant differences (LSD Fisher test, P<0.05).
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Fig. 2. Box and whisker plots of (a) absorbance at 254 nm (Abs254), (b) specific UV absorbance at 254 nm (SUVA254), (c)
humification index and (d) fluorescence index from different cropping systems (Ftill-W, conventional till fallow winter wheat;
Pg/O-W no-till spring pea/oilseed-wheat; W-W no-till continuous wheat) and soil depths (0-10, 10-20 and 20-30 cm). Box plots
show the 25 and 75 percentile ranges; solid and dashed inbox lines represent the median and mean, respectively; whiskers delimit
the non-outlier ranges; and the symbol (x) represent outlier values. Different letters indicate significant differences (LSD Fisher
test, P<0.05).
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Fig. 3. PARAFAC analysis results of soil DOM showing a) components one through four
(C1, C2, C3, and C4) and b) fluorescence maxima (Fmax) in Raman units (R.U.) of each
component (n=36) from different cropping systems (Ftill-W, conventional till fallow
winter wheat; Pg/O-W no-till spring pea/oilseed-wheat; W-W no-till continuous wheat)
and soil depths (0-10, 10-20 and 20-30 cm).
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Fig. 4. Relationship between average fluorescence maxima (Fmax) in Raman units (R.U.)
of a) high- (C1, C2) and b) low- (C3, C4) Ex/Em PARAFAC components and soil
organic carbon (SOC) concentration (g kg-1) from different soil depths (0-10, 10-20 and
20-30 cm). Filled and semi-filled squares represent annual cropping (Pg/O-W and W-W)
and Ftill-W, respectively.
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Fig. 5. Cumulative fluorescence maxima (Fmax) in Raman units (R.U.) of humic-like
(C1 and C2), monolignol-like (C3) and protein/tannin-like (C4) PARAFAC components
among cropping systems (Ftill-W, conventional till fallow winter wheat; Pg/O-W no-till
spring pea/oilseed-wheat; W-W no-till continuous wheat) with different 10 yr soil
organic carbon (SOC) accrual patterns (Δ MT ha-1) in the 0-30 cm layer. Data adapted
from Engel et al. (2017).
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Fig. S1. Average (n=4) excitation-emission matrices (EEMs) of bulk DOM by cropping
system (Ftill-W, conventional till fallow winter wheat; Pg/O-W no-till spring pea/oilseedwheat; W-W no-till continuous wheat) and soil depth (0-10, 10-20 and 20-30 cm).
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Fig. S2. Excitation and emission spectral loadings of the non-negativity constrained fourcomponent (C1, C2, C3, and C4) PARAFAC model of DOM soil extracts.
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CHAPTER FIVE
THE OXIDIZABLE FRACTION OF ORGANIC MATTER BY POTASSIUM
PERMANGANATE IN SEMIARID DRYLANDS: FROM SOILS TO SPECTRA

Abstract
Organic matter (OM) oxidized by slightly alkaline KMnO4, or permanganate
oxidizable carbon (POXC), has recently emerged as a standardized metric of active,
labile-C within soil quality frameworks. Yet, qualitative information on POXC,
particularly in semiarid drylands, is very scarce. The aim of this study was to characterize
POXC within three long-term cropping field sites in Montana, USA, (i) across a wide
range of edaphic and management conditions (n=148); and (ii) to identify the molecular
composition of the soil soluble OM fraction before and after the KMnO4 reaction using
electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI FT-ICR MS). The concentration of POXC decreased upon increasing soil depth (050 cm), and was significantly greater under perennial or annual cropping than fallowwheat systems. Soil OM changes, however, were equally or better expressed when
considering soil organic carbon (SOC) concentration. The occurrence of POXC was
strongly related to SOC (R=0.87; P<0.001) and total nitrogen (TN) (R=0.82; P<0.001),
regardless of soil textural differences. The ESI FT-ICR MS analysis indicated the
KMnO4 reaction oxidized dissolved OM of contrasting molecular character; rapidly
depleting chemical constituents at varying levels of lability and aromaticity. Although
POXC is a sensitive, rapid assay well suited for characterizing soil OM dynamics, it may
not provide a clear advantage over SOC when considering major land use alterations. The
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view of POXC as a merely labile, simple biodegradable OM fraction needs to be
reconsidered.

Introduction
Labile carbon (labile-C) is the most reactive and dynamic factor of soil organic
carbon (SOC) in terrestrial ecosystems (Haynes, 2005). Typically comprised of simple,
biodegradable materials (i.e. carbohydrates, amino sugars), labile-C is a critical
component of soil quality frameworks (Wander, 2004; Singer and Ewing, 2012);
measurements of labile-C provide early indication of SOC changes due to land use and
management practices (Haynes, 2005; Duval et al., 2013; Raiesi and Kabiri, 2016).
Accumulation of SOC, and ultimately labile-C, is a function of spatiotemporal
interactions between environmental (i.e. temperature, moisture) and edaphic factors (i.e.
texture, profile depth) within a particular site (Austin et al., 2004; Burke et al., 2008). In
arable soils, tillage, crop rotation and other management practices can broadly affect the
turnover and cycling of SOC, by (i) modifying soil physical structure and aggregation
(Bongiovanni and Lobartini, 2006; Dieckow et al., 2009), (ii) changing the amount and
quality of biomass-C inputs returned to the system (Galantini and Suñer, 2008; Vázquez
et al., 2013; Vázquez et al., 2016), and (iii) altering mineralization and humification
pathways of plant residues in soil (Kalbitz et al., 2000; Vázquez et al., 2016; Conti et al.,
2016).
Labile-C pools of SOC can be quantified or indexed by chemical or physical
procedures. The oxidation of SOC by slightly alkaline 0.02 M KMnO4 is now routinely
employed in the study of active, biologically available organic matter (OM) in arable
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(Weil et al., 2003; Culman et al., 2012; Awale et al., 2013; Hurisso et al., 2017), forest
(Zhang et al., 2011; Wang et al., 2015), and floodplain ecosystems (Rennert et al., 2017).
The occurrence of permanganate-oxidizable carbon (POXC) has been related to smallsized (53–250 μm), heavy (> 1.7 g cm-3) organic particles (Culman et al., 2012); being
often, but not always, positively correlated with SOC (Tirol-Padre and Ladha, 2004;
Plaza-Bonilla et al., 2014; Wang et al., 2017) and OM fractions (i.e. microbial biomass C,
particulate SOC) (Tirol-Padre and Ladha, 2004; Culman et al., 2012; Awale et al., 2013).
Soil POXC is also an important indicator of net N mineralization (Wade et al., 2016) and
agronomic performance (i.e. crop yields) (Weil et al., 2003; Hurisso et al., 2017), being
very responsive to organic amendments (Tirol-Padre and Ladha, 2004; Culman et al.,
2013) and fertilizer-N applications (Wang et al., 2017).
The size and composition of mineral particles affects the content and distribution
of OM fractions in arable soils (Galantini et al., 2004; Duval et al., 2013; Traversa et al.,
2014). The stabilization of OM is largely determined by organo-mineral complexes
(Oades, 1988; Lützow et al., 2006); negatively charged clay surfaces tend to preserve
labile-C via cation bridging and ligand exchange reactions (Sparks, 2003). Physical
encapsulation can also affect the cycling and turnover of OM (Lützow et al., 2006).
Texture affects aggregation and pore-size distribution, ultimately controlling microbial
activity and OM mineralization in surface soil layers (Hassink et al., 1993; Six et al.,
2004).
Analyzing the structural characteristics of soil OM oxidized by KMnO4 can
improve our understanding of the nature and distribution of POXC in arable soils,
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particularly when targeting KMnO4 reactive or resistant OM species (Margenot et al.,
2017). While several analytical techniques have been used to infer POXC optical features
in the solid phase, e.g., 13C nuclear magnetic resonance spectroscopy (NMR) (Skjemstad
et al., 2006; Suárez-Abelenda et al., 2014; Margenot et al., 2017), near-infrared (NIR) or
diffuse reflectance Fourier transformed mid-infrared (MidIR) spectroscopy (Calderón et
al., 2017), little is known about POXC’s aqueous composition and chemical character.
The fraction of interest, labile-C, is lost and emitted as CO2 following OM oxidative burst
(Gruver, 2015). Similarly, 13C NMR, NIR, or MidIR, while useful, can only describe
POXC as a bulk mixture of KMnO4-reactive functional groups, e.g. lignin-, phenol(Skjemstad et al., 2006) or carbohydrate-like (Suárez-Abelenda et al., 2014); providing
little information about reactive OM composition at the molecular level (Avneri-Katz et
al., 2017).
Ultrahigh resolution Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) at high magnetic field (>7 T) is a powerful state-of-the-art analytical
technique that can resolve > 10,000 molecular formulae (mass resolving power >
350,000) within aquatic and terrestrial-derived mixtures (D’Andrilli et al., 2015);
identifying OM composition of diverse origins, including arable and grassland soils
(Ohno et al., 2010; de Oliveira et al., 2015; Seifert et al., 2016). The objective of this
study was to characterize the aqueous POXC fraction of soil managed under annual
cropping and alternate crop-fallow systems, and perennial plant cover in a semiarid
climate of the North American Great Plains. Specifically, we aimed to determine the (i)
concentration of POXC as affected by land management and soil depth, (ii) relationship
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between POXC and SOC concentration; (iii) relationship between the concentration of
POXC and particle size; and (iv) molecular composition of dissolved OM before and
after the KMnO4 reaction by FT-ICR MS.

Materials and Methods
Description of Studies
We analyzed 148 soil samples collected from three long-term cropping field sites
encompassing a wide range of edaphic properties widespread within the state of Montana
(Montagne et al., 1982). The study sites were located near Bozeman (Gallatin County,
45° 40’ N, 111° 09’ W), Fife (Cascade County, 47° 29’N, 111° 00’ W) and Moccasin
(Judith Basin County, 47° 03’ N, 109° 57’ W). The most relevant climatic conditions of
each site are shown in Table 1.
The Bozeman soil is a Mollisol-type, classified as an Amsterdam silt loam (finesilty, mixed, superactive, frigid Typic Haplustolls); soils are very deep and well-drained,
derived from loess-like deposits mixed with volcanic ash. The dominant soil at Fife was a
Vertisol-type, classified as a Lawther silty clay (fine, smectitic, frigid Typic Haplusterts);
soils are very deep and slowly-permeable, formed in calcareous clay lake sediments. The
Moccasin soil is a Mollisol-type, classified as a Judith clay loam (fine-loamy, carbonatic,
frigid Typic Calciustolls); soils are very deep and well-drained, derived from calcareous
alluvium or colluvium limestone deposits (Soil Survey Staff, 2013). Selected soil
properties to a depth of 20 cm are presented in Table 2.
The Bozeman study consisted of eight management systems replicated four times
in a randomized complete block design, previously described by Engel et al. (2017).
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Samples (n=36) were collected (0–10, 10–20, 20–30 cm) in September 2012 from
conventional till (CT) fallow-wheat and no-till (NT) continuous wheat systems managed
at a high N fertility level (50 kg Mg-1 of targeted yield; Miller et al., 2015). Samples were
also taken from a perennial plant cover mixture (i.e. alfalfa-grass) established in 2002 as
Conservation Reserve Program (CRP) land (USDA FSA, 2007). The Fife study consisted
of a field-scale strip trial conducted within a private farm. Samples (n=48) were collected
(0–10, 10–20, 20–50 cm) in September 2012 from fallow-wheat and pulse crop (Pisum
sativum L.)-wheat rotations under NT or CT. The Moccasin study consisted of three
management systems replicated four times in a randomized complete block design,
previously described by Chen et al. (2015). Samples (n=64) were collected (0-10, 10-20,
20-30, and 30-40 cm) in September 2014 from NT fallow-wheat, and camelina
(Camelina sativa L. Crantz)-wheat rotations receiving 75-115 kg N ha-1. Adjacent native
pasture (NP) and CRP land (>10 yr) were also sampled (0-40 cm) to represent original
and restored soil conditions, respectively.
Total C and N Fractions, and Particle Size Analysis
Composite, oven-dried (50 °C), and sieved (<2 mm) soils samples were ground
and analyzed for total C (TC) and N (TN) concentrations by dry combustion using a CN
analyzer (TruSpec CN, LECO®, Saint Joseph, MI); inorganic carbon (IC) concentration
was determined by the modified pressure–calcimeter method of Sherrod et al. (2002).
The total SOC fraction was calculated by subtracting IC from TC. Particle size
distribution of Bozeman, Fife, and Moccasin soils was determined in 5 g subsamples with
a modified pipette method (Gavlak et al., 2003).
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POXC Concentration
Soil POXC was measured in duplicate subsamples following Weil et al. (2003).
Briefly, 2.5 g of soil were added into 50 mL sterile, polyproplene centrifuge tubes with
18 mL of deionized water (<0.05 mg C L-1) and 2 mL of 0.2 M KMnO4 in 1 M CaCl2 (pH
7.2). Tubes were shaken (2 min, 120 rpm), and then allowed to settle in dark for 10 min
at room temperature (25 °C). The supernatant (0.5 mL) was subsequently mixed with
49.5 mL of deionized water. The remaining MnO4- was quantified at 550 nm using a
Lambda 35 UV/Vis spectrophotometer (PerkinElmer, Waltham, MA) within 24 h of
sample extraction. The POXC fraction (mg kg-1) was calculated as
0.02

9000

0.02

where 0.02 mol L-1 is the concentration of the initial KMnO4 solution, a is the intercept,
and b is the slope of the standard curve, respectively; Abs is the absorbance (a.u.,
absorbance units) of the unknown sample; 9000 mg is the amount of C oxidized by 1 mol
of KMnO4 with Mn+7 being reduced to Mn+4; 0.02 L is the volume of KMnO4 solution
reacted with soil; and Wt is the mass of sample (kg) used in the reaction.
OM Molecular Characterization
Molecular characterization of POXC (POXCMC) was performed indirectly,
considering soil OM chemical species before and after KMnO4 treatment. Similar to the
experimental approach employed by Skjemstad et al. (2006), we defined POXCMC as
POXCMC = DOCT - POXCNL
where DOCT represents the total pool of dissolved OM present in soil before the KMnO4
reaction; POXCNL represents the non-oxidizable C, or the pool of DOCT that was not
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released as CO2 during KMnO4 oxidation reaction. Molecular formulae of each fraction
were determined by FT-ICR MS (see next section).
The POXC fraction is a time sensitive metric of labile-C; oxidizable OM is
rapidly depleted by KMnO4 (< 2 min), with the entire pool of OM virtually reacting upon
longer exposure times (Weil et al., 2003; Gruver, 2015). The KMnO4 reaction produces
an array of soluble intermediates and reaction products, depending on the nature of the
substrate, before forming an insoluble MnO2 precipitate (Dash et al., 2009). In the current
study, the POXCNL fraction refers to any molecular formulae without Mn complexation.
DOCT Extraction, before KMnO4 Reaction
A subset of soil samples (n=6) from Bozeman was extracted for FT-ICR MS
analysis. Treatments included fallow wheat (FW) and annual cropping (AC) systems at 010, 10-20, and 20-30 cm depths. Briefly, 2.5 g of soil were added into 50 mL sterile,
polypropylene centrifuge tubes with 18 mL of deionized water and 2 mL of 1 M CaCl2
(for rapid settling of the soil after shaking). Tubes were shaken (2 min, 120 rpm) and then
allowed to settle in dark for 10 min at room temperature (25 °C). The supernatant (15
mL) was passed through a pre-rinsed Whatman 0.45 µm nylon filter, and extracts were
analyzed for dissolved organic carbon (DOC; mg C L-1) (TOC-VCSH, Shimadzu Corp.,
Kyoto, Japan); including a DOCT operational blank (20 mL of deionized water exposed
to our experimental design).
POXCNL Extraction, after KMnO4 Reaction
A second 2.5 g subsample was extracted with 0.02 M KMnO4 following the same
procedure outlined for DOCT extraction. The remaining supernatant (15 mL) was passed
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through a pre-rinsed Whatman 0.45 µm nylon filter; including a POXCNL operational
blank (18 mL of deionized water and 2 mL of 0.2 M KMnO4).
Solid Phase Extraction of DOCT and POXCNL Fractions
The DOCT and POXCNL were extracted by solid phase extraction (SPE; PPL
Agilent Technologies, Santa Clara, CA) to concentrate the OM and remove inorganic salt
species prior to FT-ICR MS (Dittmar et al. 2008). Briefly, SPE cartridges were
conditioned with HPLC grade methanol and acidified Milli-Q® water (pH=2) in
consecutive steps. DOCT and POXCNL samples were acidified to pH=2 just prior to SPE.
After sample passage through the SPE cartridges, cartridges were rinsed with acidified
Milli-Q® water (pH=2) and dried with N2 gas in a fume hood. The adsorbed OM was
eluted (1 mL) into cleaned (acid washed), combusted (450 °C for 5 hr) amber glass vials
with HPLC grade methanol. All samples were stored in the dark at 4 °C prior to FT-ICR
MS experimentation.
Electrospray Ionization (ESI) and FT-ICR MS Analysis
Negative ion mode ESI FT-ICR mass spectra were generated with a custom built
ESI source (Emmett et al., 1988) coupled to a 9.4 T superconducting magnet FT-ICR
mass spectrometer at the National High Magnetic Field Laboratory (NHMFL;
Tallahassee, FL) following the protocol outlined in D’Andrilli et al. (2013). ESI sample
syringes and spray rigs were triplicate rinsed with methanol between samples and
methanol blank mass spectra were collected routinely after rinsing the syringe and spray
rigs to exclude sample contamination within the instrument.
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Singly charged, negative gaseous ions were produced by ESI prior to entering the
FT-ICR MS instrument. ESI and FT-ICR MS experimental parameters were as follows:
50 µm i.d. fused-silica tube, syringe pump flow rate 0.5 µL/min, temperature 20 °C,
needle voltage -2200 V, tube lens -300 V, heated metal capillary operated at 10.5 W,
chirp rate of 50 Hz/µs ranging between m/z 100-1500, and octopole ion guide
frequencies set at 2.0 MHz. Multiple time domain acquisitions were co-added (50-100),
Hanning apodized, and zero-filled once before rapid Fourier transformation and
magnitude calculation.
NHMFL software was employed for mass spectral calibration and to generate
peak lists for molecular formula assignment limited to mass spectral peaks 6x the
baseline rms noise, a conservative threshold. Mass spectra were internally calibrated
(DOCT fraction) by a walking calibration method with known methylene homologous
compound series ranging 200-700 Da (Savory et al., 2011), or externally calibrated
(POXCNL fraction using a dual spray ESI source) with Thermo Negative Ion Calibration
Mixture #Prd88324 (ThermoScientific). Elemental composition assignments of singly
charged OM species (NHMFL software by Corilo, Yuri. © EnviroOrg™, Florida State
University: 2016) included all possible naturally occurring molecular combinations of C,
H, N, O, and S with the following limitations: 12C: 1-100, 1H:1-200, 14N:0-2, 16O:1-50,
and 34S:0-1; the POXCNL fraction included 55Mn:0-2. Singly charged chemical species
were confirmed by the 13C isotopic mass spectral peak separations of m/z 1.0034 between
ions differing in elemental composition by 12Cc versus 12Cc-1-13C1. Correctly identified
molecular formulae were confirmed by individual monoisotopic mass spectral peaks and
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spacing patterns (e.g., 1.0034 Da is the difference between 12Cn and 12Cn_1–13C1), mass
accuracy of the assigned peaks < 1 ppm, and fitting -CH2 group homologous series
(D’Andrilli et al. 2013). Spectral peaks in the POXCNL samples considered for molecular
formula assignment were also analyzed for Mn3,4,5,6+-OM complexation or Mn-bound
OM species (Dash et al., 2009) in order to target the Mn intermediate species in solution
(i.e. any compounds not oxidized to CO2). However, without a monoisotopic mass
spacing pattern for Mn, any Mn complexed OM molecular formulae were identified with
the mass spacing patterns of the C, H, N, O, and S naturally occurring isotopic mass
spectral peaks (e.g., identifying 12C81H216O455Mn1 using the C isotopic mass spectral peak
12

C71H216O455Mn113C1 with a difference of m/z 1.0034). After identification of Mn-

complexed OM, any molecular formula with Mn inclusion was removed from the peak
lists to highlight the OM remaining after KMnO4 reaction (POXCNL). Peak lists of
POXCNL were filtered to the same OM sorting procedures as the DOCT fraction for
consistency. Briefly, peak lists were filtered for molecular formulae having (i) a mass
spectral range of 200-990 Da, (ii) -CH2 group homologous series, (iii) the CcHhOo OM
molecular backbone (i.e. no hydrocarbons were considered), (iv) an H/C ratio > 0.3, and
(v), 0 < O/C < 1 (confirming no molecular species with zero O atoms). Finally, molecular
formulae above the S/N threshold (6σ) in the blank control samples were removed from
mass spectral peak lists prior to further interpretation. Molecular composition was
subsequently analyzed for molecular heterogeneity (CcHhN1-2OoS0-1; composition
percentages of CcHhOo, CcHhOoS1, and CcHhN1-2Oo); chemical characterization by
common DOM chemical class speciation on van Krevelen diagrams or H/C to O/C
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atomic ratio plots (Kim et al. 2003); aromaticity percentages, calculated from grouped
data with an aromaticity index > 0.5, describing less hydrogen saturated DOM chemical
species (Koch and Dittmar 2006); and chemical lability percentages, calculated by the
grouped percentage of molecular formulae above the molecular lability boundary at
H/C≥1.5, describing more labile DOM chemical species similar to lipids, proteins, and
carbohydrates (D’Andrilli et al. 2015).
Statistical Analysis
All statistical analyses were carried out using PROC GLM of SAS 9.4 (SAS
Institute, Cary, NC). The effects of land management and soil depth on POXC
concentration were analyzed with a two-way ANOVA within each site. The experiments
were grouped following a gradient of dryland agricultural land-use intensity, e.g. NP,
CRP, AC, and FW; and regardless of specific tillage type. The assumptions of normal
distribution and equal variance were tested using Shapiro-Wilk and Levene’s tests. When
significant effects were observed, treatment means were compared using LSD Fisher at
α=0.05. Regression analysis were performed to examine the relationship between POXC
and total OM (SOC or TN), and/or particle size.

Results and Discussion
SOC and POXC as Affected by Land Management and Depth
The concentration of SOC was significantly affected by land management (Table
3). The SOC decreased following the order AC=CRP>FW (P<0.001) at Bozeman,
AC>FW (P=0.001) at Fife, and NP>CRP>AC=FW (P<0.001) at Moccasin. The
concentration of SOC (g kg-1) decreased with soil depth by 40.2%, 55.7%, and 53.8% at
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Bozeman, Fife, and Moccasin, respectively (P<0.001; Table 3). The distribution of SOC
was also affected by the land management and soil depth interaction (Table 3); SOC
declined more rapidly under AC (b=-0.31) and CRP (b=-0.29) than FW (b=-0.18) at
Bozeman; or under NP (b=-0.63) when compared to FW (b=-0.32), AC (b=-0.25), or
CRP (b=-0.36) at Moccasin (Fig. S1).
Similar to SOC, the concentration of POXC was significantly affected by land
management (Table 3). The POXC decreased following the order AC ≥CRP≥FW
(P=0.003), AC>FW (P=0.002), and NP≥CRP≥AC>FW (P<0.001) at Bozeman, Fife, and
Moccasin, respectively. The concentration of POXC decreased with soil depth by 41.4%,
54.0%, and 46.1% at Bozeman, Fife, and Moccasin, respectively (P<0.001; Table 3). The
distribution of POXC was also affected by the land management and soil depth
interaction (Table 3). Soil POXC declined more rapidly under AC (b=-11.45) than CRP
(b=-9.98) or FW (b=-9.04) at Bozeman; or under NP (b=-13.81) or CRP (b=-14.04) when
compared to FW (b=-10.72) or AC (b=-8.03) at Moccasin (Fig. S1).
Among sites, the concentrations of SOC and POXC responded similarly to the
gradient of land management imposed by NP, CRP, AC, and FW. Minimally disturbed
soils likely prompted a larger, but more stable, physically protected SOC pool
(Bongiovanni and Lobartini, 2006; Dieckow et al., 2009), thus favoring a relative POXC
enrichment among the profile (Hurisso et al., 2017). Likewise, the accumulation of plantderived OM in NP, CRP or AC probably favored the occurrence of this fraction; soil
POXC is often correlated with lignin and other aromatic sources (Tirol-Padre and Ladha,
2004; Skjemstad et al., 2006). It was evident, however, that SOC exhibited a greater
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sensitivity than POXC to changes in land management or soil depth; this is indicated by
generally higher F-values in the ANOVA model (Table 3). The POXC fraction may be a
good indicator of OM changes in areas under different management practices (i.e.
fertilization, crop rotations) (Plaza-Bonilla et al., 2014; Wang et al., 2017). Yet, it did not
provide a clear advantage over SOC when considering major land use alterations (i.e.
native pasture vs. agriculture); particularly when tracking OM recovery trends
(Skjemstad et al., 2006).
The proportion of SOC oxidized by KMnO4 (POXCr, %) ranged from 3.1 to
4.9%, 3.1 to 5.4%, and 2.0 to 5.8% at Bozeman, Fife, and Moccasin, respectively; in
accordance with ratios reported by Culman et al. (2012) and Hurisso et al. (2017). No
apparent overall trend in POXCr was detected among sites (Table 3). However, Moccasin
showed increasing trends of POXCr % within subsoil layers (i.e. 20-40 cm) or
agricultural management systems (i.e. AC, FW) (Table 3), implying OM at varying
stages of decomposition and oxidizability (Culman et al., 2012; Tatzber et al., 2015;
Rennert et al., 2017).
POXC as Affected by SOC, TN, and Particle Size
In general, soil POXC (mg kg-1) was highly correlated with SOC (g kg-1) among
all sites (R=0.87) and within Bozeman (R=0.87), Fife (R=0.94) and Moccasin (R=0.77)
(Fig. 1a). This response was anticipated given the fact POXC is a proxy of SOC (Weil et
al., 2003); confirming previous reports in arable soils (Culman et al., 2012; Plaza-Bonilla
et al., 2014; Wang et al., 2017). Notably, however, we detected a distinctly weaker
correlation when considering two NP Moccasin samples at very high SOC levels (37.3
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and 44.8 g kg-1; excluded from modeling). Apparently, the experimental conditions of the
KMnO4 reaction cannot account for a surplus of labile-C; corrections may be necessary
to account for the non-linear nature of POXC in grassland soils (Gruver, 2015; Calderón
et al., 2017). As with SOC, higher TN levels (g kg-1) resulted in large POXC increases
among all sites (R=0.82) and within Bozeman (R=0.77), Fife (R=0.88) and Moccasin
(R=0.70) (Fig. 1b); both SOC and TN contributed significantly as sources of POXC
(Wang et al., 2015; Tatzber et al., 2015).
Major edaphic covariates, e.g., soil depth or particle size, were included in the
regression model to determine any potential unexplained variation between POXC and
SOC or TN. Overall, the relationship between POXC and SOC or TN among sites was
not improved when adjusted for percent (%) sand (SOC R=0.87; TN R=0.83), % clay
(SOC R=0.87; TN R=0.83), or % silt (SOC R=0.87; TN R=0.82), suggesting POXC
concentration was not affected by soil texture. This response was consistent with a report
by Sims and Nielsen (1986) that particle size has a minor influence on OM storage within
Montana frigid soils. Temperature, rather than soil moisture, limits plant residue
decomposition in regional cold temperature environments; where soil OM may be able to
persist without being complexed or stabilized within clays minerals (McDaniel and
Munn, 1985). Similarly, differences in soil depth minimally contributed to improving the
relationship between POXC and SOC (R=0.88) or TN (R=0.86).
The effect of soil texture on POXC extractability was examined by analyzing the
relationship between clay/SOC, silt/SOC, and clay + silt/SOC ratios with soil POXC
concentration among sites (Fig. 2). The functions exhibited an exponential decay pattern
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with POXC decreasing as soils became proportionally enriched by fine-particle sized
fractions. The strength of the relationship increased in the order clay/SOC (R=0.34) <
silt/SOC (R=0.63) < clay + silt/SOC (R=0.83) (Fig. 2); confirming soil POXC as a
slightly processed (Culman et al., 2012), physically protected pool of OM (Tirol and
Ladha 2004; Gruver, 2015).
DOCT Character among Depths and Cropping Systems
The interpretation of ESI FT-ICR MS molecular composition data can benefit
from the use of van Krevelen diagrams, or H/C versus O/C ratio plots (Kim et al., 2003).
A useful graphical analysis, van Krevelen diagrams illustrate OM chemical nature with
respect to readily ionizable compounds in solution; categorizing OM into general
biomolecular classes at varying levels of hydrogen saturation and oxygenation (Kim et
al., 2003; Ohno et al., 2010). Regions of protein-, amino sugar-, and lipid-like OM (H/C
≥1.5) are typically linked to more labile, bioavailable DOCT fractions; whereas regions of
lignin-, tannin-, aromatic-like OM (H/C<1.5) generally represent recalcitrant,
polycondensed DOCT pools (D’Andrilli et al., 2015). Bozeman (0-30 cm) FW and AC
soil sample van Krevelen diagrams are displayed in Fig 3a and b, respectively; depicting
one data point for each molecular formula assigned from one resolved peak in the
spectrum. Both FW and AC DOCT clustered in the middle of the lignin-like region, e.g.
H/C ~1.0 and O/C ~0.50, reflecting OM of terrestrial nature (D’Andrilli et al., 2015;
Seifert et al., 2016). The FW and AC composition spanned over H/C: 0.35-2.25 and O/C:
0.05-0.96; exhibiting chemical species with varying levels of hydrogen saturation (H/C),
oxygenation (O/C), and aromaticity (Fig. 3a, b); including lignin-, tannin-, carbohydrate-,
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lipid-, and protein-like OM. The DOCT averaged 13309, 10289, and 6586 assigned
molecular formulas within 0-10, 10-20, and 20-30 cm soil layers, respectively (Table 4).
Among all depths, DOCT was characterized by 9607 (FW) and 10516 (AC) assigned
molecular formulas of comparatively high lability (i.e. <16.5%) (D’Andrilli et al., 2015).
Molecular weights of DOCT ranged between ~200 and 990 Da; similar to that reported
for DOCT by Ohno et al. (2010) (225-800 Da) and de Oliveira et al. (2015) (200-650 Da)
within arable soils. Molecular weights of DOCT decreased with soil depth, averaging
543.2, 510.2, and 486.1 Da within the 0-10, 10-20, and 20-30 cm soil depth, respectively.
The average % of CcHhOo species, or OM molecular backbone, was found in a narrow
range between 36.4 and 38.5%. In contrast, about 50% of DOCT molecules contained Nspecies, while <11% contained S-bearing compounds (Table 4).
Vertical profile differences were more pronounced than land managementinduced effects; in other words, soil depth was a major factor defining OM chemical
character. Soil DOCT molecular markers were predominantly concentrated within surface
soil; likely reflecting the large, diverse pool of plant-derived OM accumulating within the
0-10 cm layer (Ohno et al., 2010). DOCT, and particularly its dominant aromatic portion,
is gradually adsorbed by mineral surfaces via ligand-exchange (Hassouna et al., 2010;
Avneri-Katz et al., 2017). Alternatively, microbial degradation of labile-C, occurring in
surface soil, can also limit the downward movement of DOCT (Marinari et al., 2010);
further depleting OM chemical species at depth. The ESI FT-ICR MS analysis revealed
molecular weights of DOCT decreased substantially with increasing soil depth, and that
DOCT became progressively enriched by % CHON1-2 (Table 4). This implied a shift from
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fresh plant-derived to older, highly decomposed OM (Sanderman et al., 2008). The
chemical character of subsoil OM is typically enriched by decomposed, microbial
derived-C bearing little resemblance with plant-derived DOCT (Sanderman et al., 2008;
Hassouna et al., 2010). The formation of moderately recalcitrant OM is marked by (a)
decreasing DOCT molecular weights (Ohno et al., 2010); (b) higher % CHOS and %
CHON1-2 (Ohno et al., 2010; D’Andrilli et al., 2013); and (c) lower H/C ratios (Ohno et
al., 2010). The complexation of microbial biomass within mineral surfaces buffers N and
S into more condensed, recalcitrant forms of OM (McGill and Cole, 1981; Normand et
al., 2017); narrowing soil C/N and C/S ratios, yet increasing DOCT condensation degree
(Ewing et al., 2006; Martins et al., 2011). The depth pattern detected in this study is
consistent with our previous findings at Bozeman that highly humified, subsoil FW or
AC DOCT (i.e. 20-30 cm) is comprised by low-molecular weight compounds of narrow
C/N ratio (Romero et al., 2017). The marked decrease in %CHOS upon increasing soil
depth may suggest that C-bonded S, or humified OM containing S-amino acids, was not a
dominant fraction of subsoil DOCT (McGill and Cole 1981).
POXC Chemistry and Characterization of KMnO4 Reactive OM
Negative ESI FT-ICR mass spectra and van Krevelen diagram examples of OM
molecular markers before (DOCT) and after (POXCNL) KMnO4 treatment are represented
in Fig. 4a and b, respectively. Average molecular weight, % molecular composition, %
aromaticity, and % MLBL for DOCT and POXCNL fractions (0-10 cm) are presented in
Table 5.
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Mass spectral distributions were shaped differently for DOCT and POXCNL pools.
The commonly found Gaussian distribution for natural OM (Fig. 4a) was not detected for
POXCNL. Highly ionizing chemical species (inorganic salts remaining after SPE) were
detected within POXCNL (Fig. 4b); potentially confounding spectral peaks of less
ionizable OM species in solution. Further SPE conditioning steps, e.g. inorganic removal
confirmation, may be required for future POXCMC work.
The chemical character of OM obtained from POXCNL was very different from
that of DOCT. The POXCNL samples were strongly depleted of unbound Mn-OM
molecular constituents relative to DOCT. Fractionation of OM as a function of its
reactivity with KMnO4, was first introduced by Loginow et al. (1987), based on the
assumption that POXC mimics the enzymatic degradation of OM by soil
microorganisms. Recent studies, however, have shown KMnO4 efficiently degrades OM
with varying degrees of biological reactivity, including lignin-, phenol- (Tirol and Padre
2004; Skjemstad et al., 2006), chitin-, and carbohydrate-like functional groups (SuárezAbelenda et al., 2014). The ability of KMnO4 to react with charcoal has also been
reported in arable soils (Skjemstad et al., 2006). In our study, the concentration of POXC
increased as a function of labile DOCT constituents (Fig. 5); implying KMnO4-reactive
OM was favored by aliphatic chemical species (i.e. lipids, proteins, carbohydrates)
(D’Andrilli et al., 2015). The KMnO4 reaction, however, also removed aromatic
molecules typically regarded as more recalcitrant-C (i.e. phenols, polyphenols). Further,
no molecular formula matches were determined between DOCT and POXCNL extracts;
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the KMnO4 reaction affected all OM fractions across a continuum of reactivities
detectable by ESI FT-ICR MS analyses.
Chemical oxidation of DOCT by KMnO4 caused an increase of average molecular
weight, % aromaticity, and % lability (Table 5); that is, the products of partial oxidation
of DOCT, or DOCT intermediates not completely oxidized to CO2, and the products of
Mn-complexation and subsequent cleavage as POXCNL (Fig. 4b). The contribution of %
CcHhOo increased upon KMnO4 treatment, averaging 37.3% and 48.4% for DOCT and
POXCNL, describing less heterogeneous OM composition after the KMnO4 reaction.
Similarly, the POXCNL fraction was characterized by lower oxygenation than DOCT
(Table 5), clustering strongly reduced OM chemical species within the aromatic-like
region of the van Krevelen diagram at low O/C (AI > 0.5; Fig. 4b). The KMnO4 reaction
likely favored the accumulation of monocyclic aromatic hydrocarbons (Suárez-Abelenda
et al., 2014) via cyclisation and/or polymerization reactions (Gonzalez-Vila and Martin,
1985). Hydrocarbons, while detected by ESI FT-ICR MS, were not considered for this
work based on the criteria set forth for determining soil OM fractions before and after
KMnO4 exposure. However, the increase in low O/C molecular constituents and
aromaticity supports the reduction mechanisms previously reported.
While likely favoring more labile DOCT constituents, chemical oxidation of OM
by KMnO4 (Weil et al., 2003) did not discriminate recalcitrant- from labile-C. The
complex nature of the KMnO4 reaction made subtractions of DOCT and POXCNL
molecular composition impossible. This produced an intriguing result, which was not
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originally anticipated, based on other literature studies. Future OM work should provide
detailed descriptions of POXC chemistry and CO2 evolution within arable soils.

Conclusions
The results of this study contribute to the growing body of evidence that POXC is
a fast and sensitive metric for characterizing soil OM dynamics under a wide range of
edaphic and land management conditions. In semiarid drylands, however, OM changes
may be equally or better expressed by SOC when considering gradients of agricultural
land-use intensity. The occurrence of POXC was mainly dictated by SOC or TN levels,
regardless of soil textural differences. In contrast, a relative enrichment of fine-size
mineral particles over SOC (i.e. the clay + silt/ SOC) rapidly depleted POXC
extractability; confirming POXC as a slightly processed, physically protected OM
fraction. Our ESI FT-ICR MS results implied the aqueous POXC fraction represents a
mixture of OM chemical species at varying levels of aromaticity and lability. The
KMnO4 reaction produces strongly reduced OM chemical species; potentially favoring
the labile-C pool, but ultimately reacting with more recalcitrant, aromatic soil OM
fractions of narrow H/C ratio.
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Table 1. Annual climatic conditions at each site; 1981-2010.
Site
Rainfall
ETa
T

Tmax

Tmin

(mm)

(mm)

(°C)

(°C)

(°C)

Bozeman

480

309

6.8

13.7

-0.1

Fife

411

278

7.1

14.4

-0.2

Moccasin

405

275

6.6

14.0

-0.6

a

ET, evapotranspiration (2000-2013); mean annual temperature (T), maximum (Tmax) and minimum (Tmin).
Data taken from Montana Climate Office (2015).
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Table 2. Selected physical and chemical properties of surface soils (0-20 cm) among sites.
Soil depth

Texture

BDa

CECb,g

ECc,h

pHi

ICd

SOCe,j

TNf,j

g kg-1

g kg-1

g kg-1

C:N

Sand

Silt

Clay

g kg-1

g kg-1

g kg-1

g cm-3

cmolc kg-1

dS m-1

0-10

173

613

214

1.16

18.41

0.11

6.28

0.58

12.97

1.34

9.66

10-20

163

606

231

1.34

17.97

0.07

6.59

0.87

9.65

1.11

8.73

0-10

221

309

470

1.20

19.01

0.15

6.99

0.59

17.75

1.96

9.04

10-20

192

287

521

1.31

18.73

0.15

7.75

3.24

11.36

1.51

7.56

0-10

355

386

259

1.15

20.65

0.08

7.46

0.93

22.57

2.05

10.80

10-20

330

371

299

1.32

16.13

0.09

7.87

6.84

17.05

1.79

9.49

cm
ST1

ST2

ST3

BD=bulk density; b CEC= cation exchange capacity; c EC= electrical conductivity; d IC = inorganic carbon concentration;
SOC = soil organic carbon concentration; f TN= total nitrogen concentration.
g
unbuffered NH4Cl; h 1:2 soil:water extract; i 1:1 soil:water extract; j LECO dry combustion (LECO Corp., St. Joseph, MI).
e
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a

Table 3. Two-way ANOVA of the effect of management, and soil depth on (i) soil organic carbon (SOC), (ii) permanganate
oxidizable carbon (POXC), and (iii) % SOC as POXC (POXCr) among sites.
Bozeman, MT

Fife, MT

Moccasin, MT

SOC

POXC

POXCr

SOC

POXC

POXCr

SOC

POXC

POXCr

g kg-1

mg kg-1

%

g kg-1

mg kg-1

%

g kg-1

mg kg-1

%

Native Pasture

--

--

--

--

--

--

20.32a

685.52a

3.57c

Conserv. Reserve Program

10.54a

382.04ab

3.64

--

--

--

16.64b

648.94ab

3.95bc

Annual Cropping

10.99a

404.51a

3.70

12.65a

536.31a

4.26

14.15c

607.74b

4.36a

Fallow Wheat

9.07b

359.20b

3.95

12.00b

492.92b

4.14

12.80c

543.01c

4.35ab

0-10 cm

13.13a

490.55a

3.77

17.75a

746.91a

4.20ab

22.56a

826.56a

3.86b

10-20 cm

9.63b

367.90b

3.85

11.36b

453.95b

4.00b

17.04b

617.69b

3.64b

20-30/50 cme

7.85c

287.29c

3.67

7.86c

342.98c

4.40a

13.90c

595.53b

4.34a

30-40 cm

nd

nd

nd

nd

nd

nd

10.41d

445.44c

4.39a

Management (LM)

Soil depth (D)

Factor
LM

20.8***

7.3**

2.6

11.2**

11.0**

1.0

22.6***

15.5***

6.6***

D

149.5***

149.7***

0.8

878.6***

340.4***

3.7*

55.2***

101.9***

6.3**

LM x D

6.3**

2.7*

0.6

0.8

0.5

0.3

4.2***

2.6*

0.5

Means followed by a common letter within a column are not significantly different (LSD Fisher P<0.05); nd, not
determined.
*, **,*** significant at P< 0.05, <0.01 and <0.001, respectively.
e
Soils were collected at the 20-30 cm depth at Bozeman and Moccasin, and at 20-50 cm at Fife.
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Table 4. Average (±SE) dissolved organic matter (DOCT) molecular formulae (MF), molecular weight (MW, Da), hydrogen:
carbon (H/C) ratio, oxygen:carbon (O/C) ratio, % molecular composition, % aromaticity, and % lability (MLBL) among
cropping systems (FW, fallow wheat; AC, annual cropping) and soil depths (0-10, 10-20, and 20-30 cm) at Bozeman, MT.
a
MF
MW
H/C
O/C
Molecular Composition, %
Aromaticity, % bMLBL, %
CHO

CHOS1

CHON1-2

Management
FW

AC

513.13

1.11

0.52

38.47

8.05

53.43

8.85

16.14

(±2261)

(±18.10)

(±0.01)

(±0.01)

(±0.95)

(±2.14)

(±1.36)

(±0.79)

(±0.55)

10516

513.20

1.11

0.52

36.43

9.80

53.17

8.79

15.43

(±1920)

(±23.21)

(±0.00)

(±0.01)

(±0.84)

(±0.84)

(±1.07)

(±1.09)

(±0.13)

13309

543.22

1.12

0.51

37.65

11.20

51.20

8.90

16.38

(±992)

(±16.0)

(±0.01)

(±0.01)

(±0.35)

(±0.20)

(±0.20)

(±0.36)

(±0.77)

10289

510.18

1.10

0.51

37.35

9.37

53.30

10.38

15.76

(±1099)

(±24.85)

(±0.00)

(±0.00)

(±0.25)

(±0.09)

(±0.30)

(±0.40)

(±0.27)

6586

486.10

1.11

0.54

37.35

6.21

55.40

7.19

15.22

(±1471)

(±8.89)

(±0.00)

(±0.00)

(±2.95)

(±2.33)

(±0.30)

(±0.15)

(±0.04)

Soil depth
0-10 cm

10-20 cm

20-30 cm

a

Koch and Dittmar (2006); bD’Andrilli et al. (2015).

143

9607

Table 5. Number of molecular formulae (MF), average molecular weight (MW, Da), hydrogen:carbon (H/C) ratio, oxygen:
carbon (O/C) ratio, % molecular composition, % aromaticity, and % lability (MLBL) before (DOCT) and after (POXCNL) the
KMnO4 reaction (0-10 cm; Bozeman, MT).
a
MF
MW
H/C O/C Molecular Composition, %
Aromaticity, % bMLBL, %
CHO
DOCT

CHOS1 CHON1-2 CHONS CHON2S1

14301 559.28 1.11 0.51 37.30 11.40

POXCNL 840

726.92 1.13 0.30 48.45 13.21

51.40

-

-

8.54

15.61

33.22

4.40

0.71

29.29

27.02

a

Koch and Dittmar (2006); bD’Andrilli et al. (2015).
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1200

a)

POXC mg kg

‐1

1000

Bozeman
y=32.99x + 45.2
2
***
R =0.87

NP
Mocca s i n

800
Fife
y= 41.03x + 8.8
R2 =0.94***

600
all soils
y=37.17x + 39.3
R2 =0.87***

400

Moccasin
y=31.44x + 134.5
R2 =0.77***

200
0

10

20

30

40

50

‐1

SOC g kg
1200

b)

POXC mg kg‐1

1000

Bozeman
y=385.84x ‐ 50.8
2
***
R =0.77

800

Fife
y= 462.46x ‐ 191.8
2
***
R =0.88

600
400

Moccasin
y=348.49x + 41.5
R2 =0.70***

all soils
y=403.14x ‐ 71.28
R2 =0.82***

200
0

1

2

TN g kg

3

4

‐1

Fig. 1. Relationship between permanganate oxidizable carbon (POXC) and a) soil
organic carbon (SOC) and b) total nitrogen (TN) concentrations among sites. NP, native
pasture.

1200

a)

b)
y= 362.1 + 665.2 *e(‐0.5x)
R2 =0.34***

1000

POXC mg kg‐1

c)

800

y= 338.3 + 1374.4 *e(‐0.7x)
R2 =0.63***

(‐0.2x)

y= 197.09 + 1147.5 *e
2
***
R =0.83

Bozeman
Fife

600

Moccasin

400

200
2

4

6

Clay / SOC

8

10

12

0

2

4

6

Silt / SOC

8

10

12

0

2

4

6

8

10

12

14

Clay + Silt / SOC

Fig. 2. Relationship between permanganate oxidizable carbon (POXC) concentration and a) clay/SOC, b) silt /SOC, and c) clay +
silt/SOC ratios among sites.
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Fig. 3. ESI FT-ICR MS molecular composition visualized on van Krevelen diagrams
illustrating dissolved organic matter (DOCT) within a) fallow wheat (FW) and b) annual
cropping (AC) systems at Bozeman, MT (0-10, 10-20, and 20-30 cm). Molecular
composition ratios of hydrogen to carbon (H/C) and oxygen to carbon (O/C) are plotted
on the y and x axis, respectively. Molecular composition above the molecular lability
boundary (MLBL; D’Andrilli et al. 2015) is plotted in darker color hues for FW and AC
samples. Percentages are provided for lability (L) and aromaticity (A).
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Fig. 4. Negative ESI FT-ICR mass spectra and van Krevelen diagrams of representative (a) dissolved organic matter (DOCT)
and (b) KMnO4 non-oxidizable organic matter (POXCNL) pools within annual cropping soil (0-10 cm; Bozeman, MT).
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700
AC
y = 629.9x ‐ 9282.3
R2 =0.88

POXC mg kg‐1

600
500
400

FW
y = 104.6x ‐ 1338.6
R2 = 0.99

300
200
15.0

15.5

16.0

16.5

17.0

17.5

MLB L
Fig. 5. Relationship between permanganate oxidizable carbon (POXC) concentration and
labile molecular composition percentages (MLBL: D’Andrilli et al. 2015) within annual
cropping (AC) and fallow wheat (FW) soil (0-30 cm; Bozeman, MT).
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Fig. S1. Distribution of soil organic carbon (SOC) and permanganate oxidizable carbon
(POXC) concentrations within different soil depths and land management systems (NP,
native pasture; CRP, conservation reserve program; AC, annual cropping; FW fallow
wheat) at Bozeman (a) and Moccasin (b) sites. Note: scale on y-axis differs among sites.
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CHAPTER SIX
CONCLUSION
Managing a resilient soil resource is a foundation goal for the long-term
sustainability of semiarid drylands (Liebig et al., 2004; Raiesi, 2012; Vázquez et al.,
2013). Farming practices in the NGP region have evolved from CT fallow-wheat systems
to continuous, diversified cropping systems under NT management (Lin and Chen, 2014;
Chen et al., 2015; Engel et al., 2017b). The advancement of NT has improved the
functioning of dryland winter wheat cropping by increasing water storage, reducing soil
erosion, and enhancing NO3- conservation (Liebig et al., 2004). More diverse and
intensified NT systems have prompted OM recovery through increased biomass-C inputs
and minimal disturbance of soils (Watts et al., 2011; Collins et al., 2012).
The general objective of my dissertation was to characterize the cycling of labile,
reactive pools of soil organic C and N among NT wheat-based cropping systems
subjected to differing cropping intensity and fertilizer-N management. In the first portion
of my work, we analyzed the cycling of 15N-labelled fertilizer as affected by N
management principles (i.e. source, rate, time, and placement). We conducted both
laboratory and field experiments quantifying the fate of 15N-labelled fertilizer as affected
by microbial N uptake and/or NH3 volatilization. The second portion of my dissertation
characterized dissolved organic matter (DOM) and permanganate oxidizable carbon
(POXC) concentration and composition in samples collected from three long-term (>10
yr) cropping system studies across a wide range of management and edaphic conditions.
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Chapter 2 investigated the effect of mineral-N forms, or N-source (e.g., NH4+ or
NO3-), on microbial immobilization (FNI) under controlled conditions. Recovery of
fertilizer-N on incubated (26 d, 10ºC) surface soil (0-10 cm) was measured using 15N
labelled NaNO3 or (NH4)2SO4 (98% atom) along a gradient of labile-C availability (i.e. 0,
10, 100 mg glucose-C). Fertilizer-N immobilization vs. incubation-day relationships
conformed to an exponential rise to maximum functions. At 26 d, FNI was equivalent to
0.87, 27.6, and 65.9% for NaNO3 and 8.8, 41.2, and 65.3% for (NH4)2SO4 at 0, 10, and
100 mg glucose-C, respectively. The preferential absorption of NH4+ over NO3- was
primarily attributed to the reduced energy requirements for NH4+ assimilation into
microbial cells (Murphy et al., 2003). We concluded microbial uptake of fertilizer-N
represents an important short-term biochemical pathway that impacts FNR by winter
wheat. Then, utilization of NO3- based sources may represent a benefit over NH4+ or ureaN containing fertilizers in the NGP.
Chapter 3 summarized a multi-year data field study (2011-2014) quantifying grain
yield, protein, and FNR by winter wheat as affected by surface 15N-urea (5% atom)
applications (late-fall, winter, spring) with and without urease inhibitor NBPT [N-(nbutyl) thiophosphoric triamide]. Results showed that FNR by winter wheat was greater
for spring (April) (46.1 %) urea applications relative to late-fall (late November–early
December) (31.7 %) and winter (February) (34.1%) timings. Addition of NBPT (1 g kg-1)
increased FNR by winter wheat, in particular for late-fall (by 11.3%) and winter (by
6.9%) applications. Estimates of FNR measured herein were strongly related to
cumulative NH3 emissions (r2 = 0.77) reported by a companion study (Engel et al.,
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2017a) within the same field site. We concluded volatilization from urea is a major
pathway of fertilizer-N loss during the overwinter period (late November–March).
Therefore, management strategies to enhance urea FNR in the NGP should consider
delaying fertilizer-N applications until the spring or addition of NBPT for late-fall and
winter timings, scenarios more susceptible to NH3 volatility.
Chapter 4 presented an experimental descriptive study aiming at characterizing
DOM by means of UV-Vis absorbance and excitation emission matrix fluorescence
spectroscopy (EEMs). We analyzed soil samples (0–10, 10–20, 20–30 cm) among
conventional till-fallow winter wheat (Ftill-W), no-till spring pea/oilseed-wheat (Pg/O-W),
and no-till continuous wheat (W-W) cropping systems. The concentration of DOM
decreased with depth and was significantly greater under W-W (21.4 mg C L-1) or Pg/OW (19.3 mg C L-1) than Ftill-W (14.2 mg C L-1). The absorbance at 254 nm (Abs254), a
proxy for DOM aromatic nature, indicated that aromaticity decreased with depth and
lower biomass-C inputs (i.e. W-W≥ Pg/O-W ≥Ftill-W). The DOM composition detected in
our study indicated a mixture of organic fragments at various stages of transformation
and decay; PARAFAC modeled humic- like (C1, C2), monolignol-like (C3), and
protein/tannin-like (C4) constituents with differing fluorescence and size properties. The
extent of such DOM decomposition continuum was greatly affected by cropping
intensity, and reflected very distinct decadal SOC trends of loss (-3.8 Mg C ha-1) and
recovery (1.5 or 2.7 Mg C ha-1) along the profiles. We concluded DOM composition
surveyed by EEMs can be used to track SOC quality changes and provide further insights
on the mechanisms driving SOC microbial processing, decomposition, and sequestration.
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Our work suggest NT annual cropping offers a vast potential to decrease the
environmental footprint of dryland agriculture in the NGP, restoring OM levels and
enhancing nutrient cycling through the continuous flow of biomass-C inputs in surface
soil.
Chapter 5 introduced a comprehensive characterization of POXC distribution and
molecular composition in semiarid drylands. We analyzed POXC across a wide range of
edaphic and management conditions (n=148) (Lin and Chen, 2014; Engel et al., 2017b)
by combined use of UV-Vis absorbance and ESI FT-ICR MS. Results showed POXC
concentration decreased upon increasing soil depth, and was significantly higher under
perennial (382.2 - 685.5 mg kg-1) or annual cropping (404.5 – 607.7 mg kg-1) than fallowwheat systems (359.2 – 543.0 mg kg-1). Soil OM changes, however, were equally or
better expressed when considering SOC concentration. Our ESI FT-ICR MS results
implied POXC represents a mixture of OM chemical species at varying levels of
aromaticity and lability. The KMnO4 reaction did not discriminate recalcitrant- from
labile-C after 2 min exposure time. We concluded POXC is a sensitive, rapid assay well
suited for characterizing soil OM dynamics. However, POXC may not provide a clear
advantage over SOC when considering major land use alterations. The view of POXC as
a merely labile, simple biodegradable OM fraction needs to be reconsidered.
Throughout the integration of biochemical, 15N isotope and OM spectroscopic
techniques, we were able to establish relationships between soil quality and fertility
attributes in response to differing tillage, cropping intensity, and fertilizer-N regimes. Our
experimental approach provided a comprehensive tool for agroecosystem evaluation at
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the farm level, identifying NT scenarios that can be used for sustainable management
frameworks within the NGP.
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SPECTROSCOPY ANALYSIS – FIFE SITE
This supplementary data set summarizes OM chemical characterizations, by UV-Vis
absorbance and excitation-emission matrix fluorescence spectroscopy, not reported in
Chapter 4.
Location: Private farm, Cascade County, MT (47° 29’ N, 111° 00’ W).
Soil type: Lawther silty clay (fine, smectitic, frigid Typic Haplusterts).
Cropping systems: Conventional till fallow-winter wheat; pulse crop-wheat.
Soil depths: 0-10, 10-20, 20-50 cm.
Number of samples: 24.
Data: Dissolved organic carbon (DOC).
Absorbance at 254 nm (Abs254).
Specific UV absorbance at 254 nm (SUVA254).
Humification Index (HI).
Fluorescence Index (FI).
Fluorescence Maxima (Fmax).
Fluorescence Efficiency (FE).
PARAFAC analysis.
OpenFluor data analysis.

Table 1. Two-way ANOVA of the effect of cropping system and soil depth on dissolved organic carbon (DOC) concentration,
absorbance at 254 nm (Abs254), specific UV absorbance at 254 nm (SUVA254), humification index (HIX), and fluorescence
index (FI) of DOM soil extracts.
Factors

DOC

Abs254

SUVA254

HIX

FI

F

P

F

P

F

P

F

P

F

P

Cropping System (CS)

1

3.37

0.0862

2.02

0.1753

0.00

0.9882

0.08

0.7756

0.03

0.8643

Soil depth (D)

2

19.12

<0.0001

25.70

<0.0001

2.99

0.0808

9.33

0.0023

6.49

0.0093

CS x D

2

1.26

0.3116

1.03

0.3818

2.98

0.0814

0.22

0.8058

3.86

0.0443

1

1.20

0.2909

0.04

0.8396

4.66

0.0474

0.32

0.5808

3.63

0.0760

0-10 vs. 10-30 x F-W vs. P-Wa
a

df

F-W conventional till fallow - winter wheat; P-W no-till pulse crop - wheat.
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Table 2. Pearson correlation coefficients (r) between various DOM parameters for all soil depths and cropping systems.
Abs254

Abs254

0.96***

1.00

SUVA254

0.29

0.52**

1.00

HIX

-0.08

-0.14

-0.41*

1.00

FI

-0.10

-0.20

-0.28

-0.27

1.00

C1

0.83***

0.87***

0.43*

0.05

-0.20

1.00

C2

0.69***

0.79***

0.54**

-0.02

-0.22

0.96***

1.00

C3

0.19

0.30

0.63**

-0.74***

0.28

0.37

0.51*

1.00

C4

0.79***

0.85***

0.53*

-0.34

-0.05

0.90***

0.89***

0.65***

SUVA254

HIX

FI

C1b

C2

C3

C4

1.00

Dissolved organic carbon (DOC) concentration, absorbance at 254 nm (Abs254), specific UV absorbance at 254 nm
(SUVA254), humification index (HIX), and fluorescence index (FI).
b
C1, C2, C3 and C4 refers to PARAFAC fluorescent components.
* ** ***
, ,
significant at P<0.05; P<0.01 and P<0.001, respectively.
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a

DOCa

Table 3. Approximate location of peaks [excitation and emission (λex /λem, nm)] of PARAFAC identified components for
DOM soil extracts.
Approximate
location
(λex /λem, nm)

Literature
descriptiona

Openfluor
Matchesb

Sourcec

<240-250/390440

Terrestrial and
marine humiclike

18

drinking water,
estuaries,
coastal water,
shelf areas,
open ocean

C2

<240-275/450540

Terrestrial
humic-like

19

river, open
ocean, reservoir,
drinking water

subtropical
lagoon,
mediterranean
sea,
scandinavian
lake

Stedmon et al.,
2007; Kowalczuk
et al., 2013

C3

<240/300-330

Tyrosine-like

2

wastewater,
treated water,
greywater

-------

Murphy et al.,
2011

C4

280/300-330

Tryptophan-like;
Phenol-like

3

open ocean,
river, coastal
waters, estuaries

artic, temperate
coastal plain,
tropical river

Yamashita et al.,
2010

PARAFAC
No.
C1

temperate
coastal plain,
tropical river,
coral cay
archipelago

Selected
referencesc
Yamashita et al.,
2011; Murphy et
al., 2008

Coble et al. (2014). b OpenFluor PARAFAC components with a similarity score greater than 0.95 (Murphy et al., 2014).
c
reports available on OpenFluor data base (Murphy et al., 2014).
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a

Ecozonec
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Table 4. Two-way ANOVA of the effect of cropping system (Ftill-W, conventional till
fallow-winter wheat; P-W pulse crop-wheat) and soil depth (0-10, 10-20 and 20-50 cm)
on fluorescence maxima (Fmax) in Raman units (R.U.) of PARAFAC components one
through four (C1, C2, C3 and C4).
C1

C2

C3

C4

Fmax (R.U.)
Cropping System (CS)
Ftill-W
P-W

0.36 ± 0.05
0.37 ± 0.05

0.23 ± 0.02
0.23 ± 0.02

0.68 ± 0.07
0.64 ± 0.07

0.19± 0.02
0.19 ± 0.03

Soil depth (D)
0-10 cm
10-20 cm
20-50 cm

0.51 ± 0.05a
0.30 ± 0.02b
0.28 ± 0.03b

0.28 ± 0.03a
0.20 ± 0.01b
0.20 ± 0.01b

0.66 ± 0.06ab
0.51 ± 0.07b
0.82 ± 0.09a

0.26 ± 0.03a
0.12 ± 0.01b
0.17 ± 0.02b

Factor
CS
D
CS x D

df
1
2
2

ANOVA
C2

C1

C3

C4

F

P

F

P

F

P

F

P

0.02
8.47
0.21

0.8812
0.0044
0.8155

0.05
4.44
0.38

0.8252
0.0339
0.6908

0.19
4.25
1.04

0.6662
0.0379
0.3795

0.00
8.79
0.32

0.9960
0.0039
0.7307

Data are mean ± SE (n=8). Means followed by a common letter within a column are not
significantly different (LSD Fisher P<0.05).
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Table 5. Two-way ANOVA of the effect of cropping system (Ftill-W, conventional till
fallow-winter wheat; P-W pulse crop-wheat) and soil depth (0-10, 10-20 and 20-50 cm)
on fluorescence efficiency (FE) in Raman units (R.U. cm-1) of PARAFAC components
one through four (C1, C2, C3 and C4).
C1

C2

C3

C4

FE (R.U. cm-1)
Cropping System (CS)
Ftill-W
P-W

1.30 ± 0.18
1.23 ± 0.17

Soil depth (D)
0-10 cm
10-20 cm
20-50 cm
Factor

0.90 ± 0.14
0.85 ± 0.15

0.44 ± 0.04b
0.78 ± 0.06b
a
1.08 ± 0.16a
1.56 ± 0.21
1.10 ± 0.17a
1.46 ± 0.18a
ANOVA

df

C1

C2

2.66 ± 0.40
2.49 ± 0.55

0.66 ± 0.08
0.60 ± 0.09

1.02 ± 0.09c
2.55 ± 0.32b
4.16 ± 0.43a

0.40 ± 0.03c
0.64 ± 0.11b
0.85 ± 0.06a

C3

C4

F

P

F

P

F

P

F

P

CS

1

0.16

0.6996

0.13

0.7231

0.23

0.6364

0.65

0.4352

D

2

9.27

0.0031

10.42

0.0020

29.43

<0.0001

12.21

0.0010

CS x D

2

3.60

0.0571

3.68

0.0540

1.96

0.1799

3.38

0.0656

Data are mean ± SE (n=8). Means followed by a common letter within a column are not
significantly different (LSD Fisher P<0.05).
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Figure 1. Box and whisker plots of dissolved organic carbon (DOC) concentration (mg C
L-1), absorbance at 254 nm (Abs254), and specific UV absorbance at 254 nm (SUVA254) of
different cropping systems (Ftill-W, conventional till fallow-winter wheat; P-W pulse crop
- wheat) and soil depths (0-10, 10-20 and 20-50 cm). Box plots show the 25 and 75
percentile ranges; black and blue inbox lines represent the median and mean,
respectively; whiskers delimit the non-outlier ranges; and the symbol (x) represent outlier
values. Different letters indicate significant differences (LSD Fisher test, P<0.05).
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Figure 2. Box and whisker plots of humification index and fluorescence index of different
cropping systems (Ftill-W, conventional till fallow winter wheat; P-W pulse crop - wheat)
and soil depths (0-10, 10-20 and 20-50 cm). Box plots show the 25 and 75 percentile
ranges; black and blue inbox lines represent the median and mean, respectively; whiskers
delimit the non-outlier ranges; and the symbol (x) represent outlier values. Different
letters indicate significant differences (LSD Fisher test, P<0.05).
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Figure 3. PARAFAC analysis results of soil DOM showing (a) components one through
four (C1, C2, C3, and C4) and (b) fluorescence maxima (Fmax) in Raman units (R.U.) of
each component (n=24) from different cropping systems (Ftill-W, conventional till fallowwinter wheat; P-W pulse crop-wheat) and soil depths (0-10, 10-20 and 20-50 cm).
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Figure 4. Excitation and emission spectral loadings of the non-negativity constrained
four-component (C1, C2, C3, and C4) PARAFAC model of DOM soil extracts.
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SOIL N ANALYSIS – 2015/2016 FERTILITY TRIAL
This supplementary data set summarizes short term fertilizer-N dynamics in surface soil.
Location: Private farm, Fergus County, MT (47° 22’ N, 110° 4’ W).
Soil type: Danvers clay loam (fine, smectitic, frigid Vertic Argiustolls).
Cropping system: no-till fallow winter wheat.
Soil depth: 0-10 cm.
Number of samples: 25.
Treatments: urea, urea + nitrification inhibitor, Ca(NO3)2, CaNH4NO3, unfertilized
control.
N rate: 100 kg N ha-1; spring applied.
Sampling dates: 0, 13, 24, 48, and 74 days after fertilizer-N application.
Data: Inorganic-N concentration (NO3-, NH4+).
Nitrification potential.
Soil pH.
Environmental soil variables.
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Table 1. Soil environmental variables, 0-10 cm depth.
Sampling- DAF
Soil Temperature (oC)

Soil Moisture (%)

0 days

10.4 (±0.3)

18.2 (±0.2)

13 days

12.1 (±0.3)

19.4 (±0.1)

27 days

16.2 (±0.2)

16.0 (±0.2)

48 days

11.2 (±0.1)

19.0 (±0.2)

74 days

16.1 (±0.2)

17.1 (±0.2)

Means (±SE) n=5. DAF, days after fertilization.

180

Figure 1. Soil inorganic-N (NH4+ or NO3-) concentration (mg kg-1) in CaNH4NO3,
Ca(NO3)2, urea, and urea + nitrification inhibitor (100 kg N ha-1) treated plots (0-10 cm)
within the 0-74 day period after fertilizer-N application. Total N (NH4+ + NO3-).
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Figure 2. Nitrification potential (NP, mg N kg-1 d-1) in CaNH4NO3, Ca(NO3)2, urea, and
urea + nitrification inhibitor (100 kg N ha-1) treated plots (0-10 cm) within the 0-74 day
period after fertilizer-N application. NP determined via the shaken slurry method
described by Hart et al. (1994).

182

Figure 3. Soil pH (1:1) in CaNH4NO3, Ca(NO3)2, urea, and urea + nitrification inhibitor
(100 kg N ha-1) treated plots (0-10 cm) within the 0-74 day period after fertilizer-N
application.
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PLANT N ANALYSIS – 2011/2016 GROWING SEASONS
This supplementary data set summarizes 2011-2014 estimates of fertilizer-N recovery
(FNR) by winter wheat, collected at a Private farm in Fergus County, MT (partially
reported in Chapter 2); and 2014-2016 estimates of FNR by winter wheat collected at the
MSU Central Agricultural Research Center near Moccasin, MT.
Location: Private farm, Fergus County, MT (47°22’ N, 110° 4’ W); Central Agricultural
Research Center (CARC) near Moccasin, MT (47°03’ N; 109°57’ W).
Soil types: Danvers clay loam (fine, smectitic, frigid Vertic Argiustolls); Tamaneen clay
loam (fine, smectitic, frigid Typic Argiustolls); Judith clay loam (fine-loamy, carbonatic,
frigid Typic Calciustolls).
Cropping system: no-till fallow winter wheat.
Number of samples: 114.
Fertilizer-N source: urea, urea + NBPT, urea + NBPT + nitrification inhibitor, NaNO3,
Ca(NO3)2 (~5 % atom 15N), plus an unfertilized control.
Application time: broadcast/banded fall, broadcast spring.
Data: FNR (grain and straw) at 100 kg N ha-1.
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Table 1. Grain yield (kg ha-1) and grain protein (g kg-1) at a 100 kg N ha-1 rate for winter
wheat experiments in central Montana over 5 yr.

control

Grain Yield (kg ha-1)
Fergus County, MT
2011-2012 2012-2013
1922
2779

2013-2014
2352

CARC – Moccasin, MT
2014-2015 2015-2016
2358
1282

Urea-F†
Urea
Urea + UI
Urea + IN

3049
3068
3193
-

3678
3734
3599
-

3497
3699
3777
-

4367
3947
4312
-

3719
3345
3934

CaNH4NO3

-

-

-

-

3599

3629
-

4162
-

3731

NaNO3
Ca(NO3)2

control

3326
4076
Grain Protein (g kg-1)
Fergus County, MT
2011-2012 2012-2013
80.6
62.4

2013-2014
84.5

CARC – Moccasin, MT
2014-2015 2015-2016
73.6
79.5

Urea-F
Urea
Urea + UI
Urea + IN

96.9
115.3
125.8
-

85.5
94.5
95.7
-

105.9
119.7
123.5
-

105.6
112.2
102.3
-

85.5
104.1
106.5

CaNH4NO3

-

-

-

-

111.6

122.6
-

104.9
-

130.8
-

117.5
-

107.4

NaNO3
Ca(NO3)2

†broadcast-spring applied-N, except for urea-F (fall timing; broadcast [2011-2014] or
banded at seeding [2014-2016]). Urea + UI, urea treated with urease inhibitor Agotain®
(Koch Agronomic Services); Urea + IN, urea treated with urease inhibitor Agrotain®
and nitrification inhibitor Instinct II® (Dow AgroSciences); CaNH4NO3, applied as
CAN-27 (YaraBela®); Ca(NO3)2, applied as TROPICOTE (YaraLiva®).
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Figure 1. Fertilizer-N recovery (FNR) by winter wheat (100 kg N ha-1) collected within
the 2011-2016 growing seasons at a private farm in Fergus County, MT (CC) or at the
Central Agricultural Research Center (CARC) near Moccassin, MT. Broadcast springapplied N, except Urea-F (fall-applied broadcast/banded). Urea + UI, urea treated with
urease inhibitor Agotain® (Koch Agronomic Services); Urea + IN, urea treated with
urease inhibitor Agrotain® and nitrification inhibitor Instinct II® (Dow AgroSciences);
CaNH4NO3, applied as CAN-27 (YaraBela®); Ca(NO3)2, applied as TROPICOTE
(YaraLiva®).
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