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Abstract

Little is known about how the cycling of carbon (C) and fertilizer nitrogen (N)
between crop tissues and soil pools is expressed in perennial grains such as intermediate
wheatgrass (IWG, Thinopyrum intermedium (Host) Barkworth and Dewey), and whether
these processes change within a growing season and across IWG stand age. To evaluate
these ideas, we established three studies to quantify 1) root growth and decomposition, 2)
C uptake and partitioning to crop-microbial-soil pools, and 3) N sources and N
conservation in first-year IWG (IWG-1), second-year IWG (IWG-2), third-year IWG

(IWG-3) and annual wheat (Wheat).

These studies illuminated age-related changes in IWG root growth and
decomposition, and C uptake and partitioning. In the 0 — 15 cm depth interval, IWG-1
new root growth was 1.7 times greater than that of IWG-2, and IWG-1 (14 — 17%)
retained significantly more new C in roots than IWG-2 (6%) at the time of peak new C
recovery. Conversely, IWG-2 root decomposition and utilization of new C by
saprotrophic fungi was significantly greater than that of IWG-1, with the proportion of
new soil microbial biomass C recovered from saprotrophic fungi increasing from 30% to
40% between IWG-1 and IWG-2. Together, these results indicated IWG transitioned
from a system dominated by belowground C inputs and new root growth to one
dominated by the loss of belowground C via root decomposition and heterotrophic
decomposition across the first two years following establishment, in line with a system

transitioning from an acquisitive to conservative growth strategy.

il



The transition to a system dominated by the decomposition of belowground root
inputs suggests IWG may develop a greater capacity for recycling N from root tissues to
inorganic soil N pools, thereby lessening the need for external fertilizer N inputs.
However, the proportion of tissue N sourced from fertilizer increased between the first
and third IWG production year, suggesting reliance on fertilizer N increases with stand
age. Optimizing IWG N management recommendations to adequately meet IWG N
demands will be critical to reducing reliance on external fertilizer inputs and ensuring
IWG remains a profitable and sustainable alternative to annual grains in agricultural

landscapes.
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Preface

When compared to annual grain cropping systems, the establishment of perennial
grass crops in agricultural landscapes is expected to positively impact the economic and
social sustainability of agricultural communities, along with improving regional
environmental health. Perennial cropping systems are associated with management
practices and crop physiological attributes that improve environmental quality through
efficient resource use and nutrient uptake and utilization. In particular, the dense root
networks, high carbon (C) uptake and belowground C partitioning, and efficient uptake
and conservation of fertilizer-applied nitrogen (N) serve to increase soil C storage, reduce
reliance on fertilizer N inputs and diminish agricultural-derived N losses. These attributes

all serve to improve the provisioning of ecosystem services by agricultural systems.

Intermediate wheatgrass (IWG, Thinopyrum intermedium (Host) Barkworth and
Dewey), a cool-season grass domesticated for grain and forage production, is currently
gaining attention as a perennial alternative to annual grain crops. The extensive root
systems, high C uptake and belowground C partitioning, and well-developed N
conservation strategies make perennial crops like IWG well-suited to improve soil C
storage, minimize N losses and reduce reliance on external fertilizer N inputs. However,
little is known about how these attributes are expressed in IWG systems, and whether
these processes change within a growing season and as IWG stands age. As IWG stands
often remain in production for 3 - 5 years, this gap in knowledge significantly challenges
the understanding of how IWG will contribute to soil C storage and crop-soil N retention

as stands age. To evaluate these ideas, we established three studies to address stand age-



related effects on IWG 1) root growth and decomposition, 2) C uptake and partitioning to
crop-soil-microbial pools, and 3) N availability, primary N sources and utilization of N

conservation mechanisms.

Chapter 1 describes a study that utilized sequential core and ingrowth core
techniques to quantify standing root stocks, root growth and root decomposition in IWG
and spring wheat (7riticum aestivum L.). Along with verifying previous findings that
IWG produces and maintains larger root stocks than annual crops, we found that the
second-year IWG systems generally maintained larger standing root stocks over the
growing season than either the first-year IWG or wheat. In evaluating the processes of
root growth and decomposition that maintain standing root stocks, a clear shift in root
dynamics was observed between the first and second IWG production year. Within just
two years of establishment, IWG shifted from a system dominated by root growth to one

characterized by root decomposition and limited new root growth.

Chapter 2 builds on research that was driven by the findings in Chapter 1. In
Chapter 2, the fate of photosynthate C was directly traced through crop tissue and soil
pools, including aboveground tissues, roots, soil and rhizosphere soil microbial biomass
in IWG and wheat using '°C tracer methods. We saw clear differences in C uptake and
partitioning between wheat and IWG, and evidence of stand age-related changes in C
uptake and partitioning. In wheat, C was transferred from aboveground tissues to soil C
pools and soil microbial biomass, suggesting new C inputs readily contribute to soil C
storage in these systems. However, as almost all the Wheat root biomass decomposes

within the same growing season in which it was produced (as seen in Chapter 1), root-



derived C inputs may be largely respired within the same growing season in which they
were generated, yielding limited longer-term contributions of wheat root inputs to soil C
storage. Conversely, the first-year IWG stored a larger proportion of new C in roots
relative to wheat. The storage of new C in roots and the associated mycorrhizal networks
that colonize them may extend the spatial and temporal extent over which IWG
contributes to soil C storage, with first-year IWG root-derived C potentially contributing
to soil C pools even after crop termination. By the second production year, new C inputs
were largely retained in aboveground biomass or exported from the system via soil CO2
efflux. Coupled with the increasing proportion of new microbial C recovered from
saprotrophic fungi, these results support findings from Chapter 1 that suggest C cycling

in IWG is dominated by C decomposition processes in the second production year.

We found further evidence of significant changes in IWG resource and nutrient
use with stand age in a study described in Chapter 3. In this study, we applied '°N-
fertilizer tracer methods to directly track the fate of fertilizer-derived N through
aboveground tissues, roots, and soil pools, allowing us to evaluate N availability, N
translocation and conservation, primary N sources used to support tissue growth and
maintenance, and fertilizer-derived N uptake and removal. Aboveground tissue N content
and soil NOs-N declined with stand age, supporting previous findings that IWG stands
are N limited during the first several production years. However, although perennial
grasses often respond to N limitation by increasing the amount and proportion of
internally translocated N, we saw evidence of the contrary. The amount of N translocated

belowground between maturity and senescence declined significantly with stand age,



suggesting an alternative mechanism underlies the decline in tissue N content and soil
available NO3-N. IWG retained low proportions of applied fertilizer in aboveground
tissues and root tissues across all stand ages, relying primarily on non-fertilizer-derived
sources of N to meet the demands of tissue growth and maintenance, although the
increase in fertilizer N recovery from aboveground tissues suggests an increased reliance
on fertilizer N as IWG stands age. The low assimilation of applied fertilizer N highlights
the need for additional research regarding optimal N fertilizer management in aging IWG

stands.

Together, these studies illuminate important changes in resource use and nutrient
availability that develop over the 1 — 3 years following IWG establishment. Within just
two years of establishment, we saw clear evidence that IWG shifts from a system
dominated by root growth and belowground C allocation, to one characterized by root
decomposition and exportation of new C inputs from the crop-soil system via soil
respiration. While the enhanced decomposition in the second-year IWG suggests a
greater capacity to transform root-derived C into more stable soil C compounds and
recycle root-derived N into soil pools, the increase in decomposition may also signal
changes in the nutrient status of IWG systems that could be detrimental to the ability of
IWG to contribute to soil C accrual and long-term grain production. The low proportion
of aboveground N sourced from fertilizer implies the majority of IWG N is sourced from
non-fertilizer sources, such as the decomposition of IWG crop tissues and the
mineralization of native organic N, which may in turn promote organic matter priming

and limited soil C accrual. These ideas were corroborated by results from Chapter 2,



where high losses of new C to respiration and reduced belowground C inputs were
observed in the second-year IWG. As such, optimizing IWG N management
recommendations to more adequately meet the N demands of IWG will be critical to
maximizing IWG contributions to soil C storage, reducing reliance on external fertilizer
inputs and ensuring IWG remains a sustainable alternative to annual grains in agricultural

landscapes.



Figure P.1 Conceptual figure highlighting key results from thesis.

Parameter Year 1 Year 2 Year 3
Standing Root Stock N
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t Direction of arrow indicates values are relatively lower or higher compared to IWG

Decreased with stand age
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Chapter 1 : Effect of Stand Age and Growth Period on Root
Growth and Decomposition in Perennial and Annual Grains

Synopsis

Perennial crops such as intermediate wheatgrass (IWG; Thinopyrum intermedium
(Host) Barkworth and Dewey) produce and maintain larger standing root stocks than
annual small grain crops. However, previous studies largely report standing root stock
measurements collected at a single point in the growing season and do not separate
processes of root growth from root decomposition, which presents a significant gap in our
understanding of how roots can contribute to soil organic carbon (C) accrual or other soil
properties through time. To fill this knowledge gap, we established a root growth study in
1-year-old IWG (IWG-1), 2-year-old IWG (IWG-2) and annual spring wheat (Wheat;
Triticum aestivum L.). A combination of sequential coring and root ingrowth core
methods were used to measure standing root stock, new root production, root
decomposition and turnover of root C and root N between perennial and annual grains
and across IWG stand ages. As expected, the standing root stock was 3.2 — 6.5 and 6.3 —
9.9 times higher in IWG-1 and IWG-2 than Wheat, respectively, with these differences
attributable to significantly higher early-season root production rates and longer perennial
grain crop growing seasons. Although both IWG-1 and IWG-2 exhibited greater new root
production and root decomposition than Wheat, clear stand age-related changes in root
growth and decomposition were observed. Total root production and root production rates

were up to 1.7 and 2.6 times greater in IWG-1 than IWG-2, demonstrating a decline in



new root production as IWG stands age. Conversely, root decomposition almost doubled
from 1.39 kg m™ to 2.43 kg m™ between IWG-1 and IWG-2 in the 0 — 15 cm depth
interval, marking a shift between the first and second IWG production years from a
system dominated by root growth to one dominated by root decomposition. Since root C
inputs associated with active root production are more readily stabilized than root inputs
derived from the decomposition of root tissues, these findings suggest that the
contribution of root-derived C to stabilized soil C pools and associated soil parameters
may decline as IWG stands age. However, additional research is needed to directly link

these root dynamics to changes in soil C cycling.

Introduction

Perennial grain crops have the potential to improve the social, economic, and
environmental health of agricultural systems by diversifying crops on the landscape,
agricultural products, and agronomic practices used for crop production (Robertson et al.,
2017; Crews et al., 2018). In terms of environmental health, the agronomic practices
characteristic of perennial cropping systems and physiological traits inherent to perennial
crops impart a suite of ecological benefits on agricultural landscapes. When compared to
annual crops, the reduced tillage and diminished fertilizer inputs of perennial cropping
systems reduces soil nitrate leaching (Jungers et al., 2019; Reilly et al., 2022), enhances
nutrient uptake (Sprunger et al., 2018), and promotes the formation of stable soil
aggregates (Tiemann and Grandy, 2015; Rakkar et al., 2023). Physiological differences in

carbon (C) uptake and partitioning between perennial and annual grains (Woeltjen, 2023,



Chapter 2) such as greater photosynthetic activity (Jaikumar et al., 2013; Jaikumar et al.,
2016), higher belowground C allocation to roots (Sainju et al., 2017), and extensive root
production in perennial grains also contribute to the development of more robust soil
microbial communities (Liang et al., 2012; Tiemann and Grandy, 2015; McKenna et al.,
2020; Audu et al., 2022) and increase the potential sequestration of atmospheric CO» in
belowground C pools of perennial cropping systems. The potential to increase
belowground root and soil C in perennial cropping systems is largely dependent on these
latter physiological traits: belowground C allocation and production of extensive root
networks. Especially in perennial cropping systems characterized by yearly aboveground
biomass removal, root C inputs, either via exudation during active root growth or
decomposition of root tissues, represent the primary pathways through which C enters
soil (Villarino et al., 2021).

Perennial crops that consistently allocate C belowground and generate large root
stocks are expected to have an advantage for increasing soil C pools when compared with
annuals. Intermediate wheatgrass (IWG; Thinopyrum intermedium, (Host) Barkworth and
Dewey), a cool-season perennial grass domesticated for grain and forage production, is
emerging as a perennial alternative to annual small grains. Like other perennial grass
crops, IWG allocates a large amount of dry matter and C belowground to support the
development of deep, dense root networks (Sainju et al., 2017; Sprunger et al., 2018;
Bergquist et al., 2022). Coarse and fine root biomass in IWG can be up to 4.8 and 2.6
times greater than in wheat, and total C storage in IWG roots was 6 to 15 times greater in

IWG than wheat, indicating that root C contents are also considerably higher in IWG than



wheat (Sprunger et al., 2018a; Sprunger et al. 2018b). Even compared to other perennial
grass crops, such as smooth bromegrass and switchgrass, IWG was shown to produce
significantly larger standing root stocks to a depth of 1.2 m (Sainju et al., 2017). Despite
ample evidence of greater standing root stocks in IWG than other annual crops and
perennial grasses, the effect of larger root stocks on soil parameters, including soil C
dynamics, remains unclear.

The lack of clarity regarding the relationship between root stocks and soil C and
N cycling is due in part to methodological constraints related to temporal variability.
Most studies have compared perennial and annual grain crop rooting patterns by
measuring standing root stocks at a single time point in the growing season (e.g.,
Sprunger et al., 2018). However, standing root stocks fluctuate widely across the growing
season, and standing root stock measurements collected at a single point in time fail to
capture this seasonal variability. For example, IWG root production is expected to be
maximal in the early part of the growing season but subsides as IWG approaches
physiological maturity (Pugliese et al., 2019). The removal of aboveground biomass at
physiological maturity further shifts root growth patterns, with perennial systems often
experiencing an increase in root growth following defoliation (Wang et al., 2018; Wei et
al., 2019). Furthermore, no studies have evaluated changes in annual root dynamics in
IWG as stands age, despite evidence that C uptake and partitioning change dramatically
between the first two production years in perennial grass crops (Jaikumar et al., 2013;
Woeltjen, 2023, Chapter 2). The lack of temporal studies (regarding both within growing

seasons and across stand ages) represents a significant gap in our understanding of how
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IWG will affect soil properties such as soil C accrual over its production period when
compared to annual grains.

Beyond the lack of temporal studies, few studies isolated the root growth and
decomposition processes that drive changes in standing root stocks. The processes of root
growth and root decomposition differentially affect soil C storage potential. During active
root growth, tissues exude low molecular weight compounds that are rapidly and
preferentially stabilized into soil organic matter pools (Villarino et al., 2021). Conversely,
root tissues are decomposed more slowly, and the decomposition products could be
stored in less stable soil C pools (Villarino et al., 2021). Standing root stock
measurements alone are unable to disentangle root growth and decomposition processes,
leaving a gap in our understanding of how changes in standing root stocks between
perennial and annual grains, or within aging perennial grain stands, will affect soil C and
N cycling. Methods that isolate root growth, such as the use of root ingrowth cores to
quantify gross root production, should be used in conjunction with standing stock
measurements to gain a broader picture of the root growth and decomposition processes
occurring in perennial and annual grain systems,

To address these gaps in research, we measured standing root stocks, root growth,
root decomposition and root-derived C and N turnover in perennial (IWG) and annual
grain cropping systems using paired sequential core and root ingrowth core methods. The
annual grain system was represented by spring wheat (7riticum aestivum L.), a common
small grain grown in the Upper Midwest, USA. We used two IWG stands, one in its first

year of production (IWG-1) and one in its second year of production (IWG-2), allowing
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us to isolate stand age-related effects on IWG root dynamics while comparing root
dynamics between perennial and annual grains. To address uncertainties in seasonal root
dynamics, we sampled roots at five times throughout the growing season aligning with
five key physiological growth stages: spring vegetative growth, elongation, maturity,
post-harvest early regrowth and post-harvest late regrowth. We expected standing root
stocks, root growth and root decomposition to be greater in both IWG systems than wheat
due to the difference in life strategy. Between the two IWG systems, we expected
standing root stocks, root growth and root decomposition to be greater in the older IWG-
2 stand than IWG-1 due to the difference in stand age and expected continued root
growth over time. Across the growing season, we expected root stocks and root growth in
all systems to increase during the early part of the growing season (i.e., between
vegetative growth and stem elongation), and for root growth to subside around
physiological maturity. In IWG systems, we expected to see an increase in root
production during fall regrowth, after grain and biomass were harvested at physiological
maturity, followed by a decline in root stocks and root growth as stands undergo

senescence.

Materials and Methods

Study Location and Site Description
This study was established at the Rosemount Research and Outreach Center
located in southeast Minnesota (44°42' N, 93 05" W) during the 2020 and 2021 growing

seasons. Temperature and precipitation varied across experiment years (fig. 1.1), with
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2021 being categorized as a moderate to severe drought year. Soils are deep, well-drained
silt loams classified as Typic Hapludolls (NRCS, 2023).

We utilized a modified staggered-start approach with repeated measures to isolate
the effect of life strategy (i.e., annual vs. perennial cropping system treatments) and
intermediate wheatgrass (IWG; Thinopyrum intermedium, (Host) Barkworth and Dewey)
stand age on root growth dynamics at various points throughout the growing season. Each
experiment year, a 1-year-old intermediate wheatgrass (IWG-1) and a 2-year-old
intermediate wheatgrass (IWG-2) stand were selected to represent the perennial grain
cropping systems. The annual grain system was spring wheat (Wheat; Triticum aestivum
L.), and Wheat was planted in a different field each experiment year. Each experiment
year, three different fields (each field containing one cropping system per field) were
included, so all three cropping systems were represented in both experiment years (table
1.1). All fields in this study were within a 1.45 km radius and were verified to have
similar site conditions, including soil texture and hillslope position. In each field, four
replicate blocks were delineated.

The agronomic management details for each cropping system can be found in
table 1.1. Both IWG-1 and IWG-2 were harvested for grain annually when
approaching physiological maturity (see Heineck et al., 2022, table 1.1). After grain
harvest, remaining IWG straw was mowed to a height of 10 cm and removed from the
field. Similarly, spring wheat was harvested for grain annually at physiological maturity
(table 1.1), at which point all aboveground biomass was cut to 10 cm and removed from

the field.
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Sequential Cores

Sequential coring methods were used to estimate the standing root stock every six
weeks to align with five key crop growth stages (figure 1.2, table 1.2). The growth stages
can be described as follows, along with their associated range of Zadok’s growth stage
scores: vegetative growth (20-29), stem elongation (30-37), physiological maturity (87-
91), early vegetative regrowth (20-24) and late vegetative regrowth (25-29; Zadoks et al.,
1974. Since wheat was harvested at maturity and the field was subsequently planted to a
new crop, sequential cores were not collected from wheat after the maturity sampling. At
each sampling, a 5 cm diameter auger was placed adjacent to the crop crown at a 45-
degree angle to the soil surface (Steingrobe et al., 2001; supplemental figure 1.1). The
auger was then pounded into the soil to extract a 21 cm long core of soil to a vertical
depth of 15 cm. Soil cores were placed in bags and stored on ice in a cooler during
sampling, then transported to a laboratory where they were kept at 4 C until further
processing. In total, four replicate cores were collected from each cropping system at
each of the five samplings. Shortly after extraction, roots were separated from soil using
hydropneumatic elutriation (Smucker et al., 1982). Briefly, the process uses compressed
air and water to flush soil free from roots over a 410-micron mesh screen. Following
elutriation, roots were dried at 60 C then further cleaned by hand to remove remaining

organic debris and sand particles prior to weighing.
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Ingrowth Cores

Total root production across the growing season and root production rates
between each crop growth stage were quantified using root ingrowth cores (fig. 1.2; Neill
1992; Steingrobe et al., 2001; Chen et al., 2016). In brief, immediately following
sequential core extraction (table 1.2), a5 cm x 21 cm cylinder root ingrowth core
constructed from galvanized steel mesh (3.5 mm) was inserted into the cored hole. In the
field, root ingrowth cores were then packed to field bulk density with a root-free soil
mixture composed of soil collected from the experimental area within each cropping
system field. Soil for the root-free soil mixture was always collected within 1 week of
ingrowth core installation to ensure the nutrient concentrations of root-free soil mixtures
closely approximated those of the surrounding area (Steingrobe et al., 2001). After
collection from the field, the soil was brought to the laboratory where it was passed
through a 2 mm sieve to remove root fragments. Since sieving disrupted native soil
aggregation, fine sand was added to the root-free soil at a ratio of 1:3 sand:soil (Sprunger
et al., 2017). The root-free soil mixture was then pre-weighed to achieve the mass of soil
mixture needed to achieve field bulk density within ingrowth cores (Steingrobe et al.,
2001).

Root ingrowth cores incubated in situ for approximately 6 weeks, long enough to
allow roots to recolonize the ingrowth core but short enough to ensure little to no
decomposition occurred during the ingrowth period (Steingrobe et al., 2001; Chen et al.,
2016). Therefore, the root biomass captured in each ingrowth core was a measurement of

total root production. At the end of the 6-week ingrowth period, a sharp spade was driven
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along the edges of the ingrowth cores to sever roots protruding from the ingrowth core.
The spade was then used to remove the cores from the surrounding soil (supplemental
figure 1.1). Any remaining roots protruding from the edges of the core were clipped at
the ingrowth core edge using scissors. The soil from ingrowth cores was transferred to a
plastic bag and stored in a cooler during field sampling. In the laboratory, ingrowth cores
were kept at 4 C until further processing, and roots were separated from soil using the

methods described for sequential cores.

Root Parameters and Calculations

The sampling schematic and basis for calculations is shown in Figure 1.2.
Because soil cores were taken at a 45-degree angle to the soil surface (representing both
vertical and horizontal distance), all root biomass values are reported as root mass per
soil volume to a 15 cm depth.

The standing root stock at each sampling event was determined as the total mass
of roots extracted in sequential cores. The root production rate was calculated from the

mass of roots collected from ingrowth cores, as follows:

1G
Root production rate (kg m™3 day™') = P

where for a given growth period 1G was the mass of roots (kg m™) collected from the
ingrowth core and IP was the ingrowth core incubation period (in days), or the number of
days cores were allowed to incubate in situ. Since we assume minimal decomposition
occurred during the ingrowth core incubation period, the root mass collected from the

ingrowth core represented the total mass of roots produced during the incubation period,

16



or the total root production. We present the total root production across the growing
season, which was calculated as:
Total root production (kg m=3)
= IGvegetative to elongation T IGelongation to maturity
+ [Gpaturity to tate regrowtn T 1Giate to early regrowtn
where 1G was the root mass (kg m=) collected from the ingrowth core during each
respective growth period.

The mass of roots decomposed over the growing season was determined using the
change in standing root stock and total root production across the growing season
(Komainda et al., 2018). The change in standing root stock across the growing season
was calculated as the difference in standing root stock between the vegetative sampling
event (SRSvegetative) and final sequential core extraction (SRSrina) for each cropping

system:

ASRSgrowing season (kg m_3) = SRSfinal - SRSvegetative

Since Wheat was harvested at maturity, after which the field was prepared for
planting of the subsequent crop and was unable to be further sampled, SRSfinal Was the
standing root stock at the maturity sampling event. In IWG-1 and IWG-2, the crops
continued growing after grain harvest, and SRStina Was therefore the standing root stock
at the late regrowth sampling event. As the change in standing root stock over the
growing season is determined by the difference between new root production and root

decomposition, root decomposition was estimated as the difference between the change
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in standing root stock across the growing season (i.e., net root production; kg m=) and

total root production (kg m), similar to calculations used by Komainda et al. (2018):

Root decomposition (kg m=3) = ASRS growing season — total root production

Root C and N turnover in the upper 15 cm of the soil profile was then estimated

as follows:

Root turnover (kg m=3) = root decomposition = C or N concentration

where the C or N concentration were the average root C and N concentration
collected from an adjacent experiment (Woeltjen, 2023, Chapter 2). The methods of root
C and N determination are described in Woeltjen (2023, Chapter 2), but in brief, roots
from each cropping system were extracted to a depth of 15 cm, dried at 60 C for 48 h and
ground using a ball mill. Root samples were then prepared for elemental analysis via dry
combustion using an elemental analyzer coupled to a continuous-flow Isoprime 100
isotope ratio mass spectrometer (Elementar Pyrocube, Elementar Americas, Inc.) to

determine root C and N concentration.

Statistical Analysis
All statistical analysis was performed using R (R Core Team, 2022). The effect of
cropping system, crop growth stage and experiment year (and their interactions) on
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standing stock and root production rate was evaluated using linear mixed effects models.
Using the Ime function from the nlme package (Pinheiro et al., 2000), random intercept
models were created with a random effects structure of growth stage nested within block
replicate. Standing stock values were square-root transformed prior to statistical analysis
to meet the distribution assumptions of mixed effects models. The effect of cropping
system and experiment year (and their interaction) on the total root production, root
decomposition, root C turnover and root N turnover over the study period was evaluated
using two-way ANOVA with the Im function from the stats package (R Core Team,
2022). When main effects or interactions were significant (p < 0.05), a Tukey’s-adjusted
least-squares means comparison was performed using emmeans from the emmeans
package (Lenth, 2023). Compact letter displays were generated from the estimated means
using the cld function from the multcomp package (Hothorn et al., 2008). Prior to post-
hoc testing, all models were verified to meet model assumptions. All significant

differences were evaluated when p < 0.05.

Results
Standing Root Stock
Standing root stock varied significantly by cropping system, growth period,
experiment year, and all possible two-way interactions between variables (table 1.3). The
effect of cropping system on standing root stock varied by crop growth stage (table 1.3,
fig. 1.3a). At the vegetative growth stage, standing root stock from IWG-1 (0.53 kg m™)

was like that of wheat (0.39 kg m™), though both were nearly 3 and 4 times lower,
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respectively, than the standing root stock of the IWG-2. However, by elongation IWG-1
experienced a significant increase in standing root stock, growing by nearly 71% between
the vegetative and elongation growth stages. Following elongation, the standing root
stock in IWG-1 remained greater than wheat and smaller than IWG-2. Following crop
maturity and harvest, no significant differences in standing root stocks were detected
between IWG-1 and IWG-2. Between early and late vegetative regrowth stages, standing
root stock declined by 37% and 55% in IWG-1 and IWG-2, respectively.

A two-way interaction between growth stage and experiment year was observed
(table 1.3). Standing root stock was 0.73, 0.73 and 0.58 times lower in 2020 than 2021 at
the elongation, early regrowth and late regrowth. No significant differences in standing
root stock between 2020 and 2021 were detected at the vegetative or maturity stages.

Within experiment year, there was a significant effect of cropping system (table
1.3). In both 2020 and 2021, standing root stock was greatest in IWG-1 followed by
IWG-2 and then wheat (fig. 1.3b). Differences in standing root stock were also detected
between IWG-1 and IWG-2, with standing root stock in 2020 and 2021 almost 21% and
36% greater, respectively, in IWG-2 than IWG-1, marking a significant increase in
standing root stock between the first- and second years of IWG production. Averaged
over both 1) growth stage and 2) cropping system, standing root stocks were smaller in

2020 (0.784 kg m™®) compared to 2021 (0.984 kg m™).
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Root Production Rate and Total Root Production

Root production rates were significantly affected by cropping system, experiment
year and all two-way interactions between cropping system, growth period and
experiment year (table 1.3). When averaged across crop growth periods, significant
differences in new root production rates between cropping systems were evident (fig.
1.4a). IWG-1 and IWG-2 initially maintained a new root production rate nearly 45-65%
greater than that of wheat between vegetative growth and elongation. However, between
elongation and maturity, root production rates in IWG-1 and IWG2 decreased
precipitously to 1.84 g m=day‘and 1.36 g m3day?, respectively, compared to 2.14 g m™
day! in wheat during this same time. Following maturity and aboveground biomass
removal at grain harvest, new root production rate increased in both IWG systems,
returning to early-season levels for a short period before declining again between the
early regrowth and late regrowth period. IWG-1 maintained a 25 - 50% higher new root
production rate than IWG-2 through the last two samplings during late-season regrowth.

When averaged across experiment years, the new root production rate in IWG-1
was nearly 21% lower in 2020 than 2021, lowered from 3.54 g m=day™*to 2.768 g m™3
day?, respectively (fig. 1.4b). Despite this decline, both IWG systems on average still
maintained significantly higher new root production rates than wheat during the early part
of the growing season. In 2020, a significantly higher new root production rate was
observed in IWG-1 compared to IWG-2, though this trend was not observed again in

2021 (fig. 1.4b).
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Root Production and Root Decomposition

Total root production varied significantly across cropping system (table 1.4).
Total root production over the study period was significantly greater in both IWG
systems compared to wheat, and root production was nearly twice as high in IWG-1 (2.06
kg m®) than IWG-2 (1.20 kg m). Total root production averaged over cropping systems
was similar across years, and there was no significant effect of the cropping system x
experiment year interaction on total root production (table 1.4)

Root decomposition was significantly affected by cropping system (table 1.4).
Averaged across cropping system, root decomposition was 9.3 times greater in IWG-2
than Wheat. Trends suggest root decomposition in IWG-1 was lower than IWG-2 and
greater than wheat, though differences were not significant (P > 0.05). Root
decomposition was not affected by experiment year or the cropping system x experiment

year interaction (P > 0.05).

Turnover of Root C and N

Root C and N turnover differed significantly by cropping system (table 1.4). On
average a significantly greater mass of C was decomposed from roots in IWG-2
compared to wheat, but the mass of decomposed root C in IWG-1 did not differ
significantly from IWG-2 or Wheat. IWG systems returned a significantly greater mass
of N to soil via root turnover than wheat, with root N turnover in IWG-1 and IWG-2 on
average 3.4 and 3.8 times greater than in wheat. No significant differences in root N

turnover were detected between IWG-1 and IWG-2. Neither root C nor root N turnover
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were significantly affected by experiment year, or the cropping system x experiment year

interaction (P > 0.05).

Grain Yields

There was a significant interactive effect of cropping system and experimental
year on grain yields, where grain yields differed significantly by experimental year for
the Wheat cropping system only (table 1.5). Within both the 2020 and 2021 experiment
years, grain yields were significantly lower in IWG-1 and IWG-2 than Wheat, though no
significant difference was detected between IWG-1 and IWG-2 in either year. No
significant differences were detected in the grain yield of IWG-1 or IWG-2 between
experiment years, though grain yield was significantly lower in 2021 than 2020 for

Wheat.

Discussion
Standing Root Stocks and New Root Production in Annual and Perennial Grains
Standing root stocks were 3 to 6 and 6 to 10 times greater in IWG-1 and IWG-2
compared with spring wheat when averaged across growth period, in line with studies
showing IWG root stocks were 4 to 25 times greater in IWG than soybean, maize and
winter wheat in the upper 10 — 15 cm of soil (Sprunger et al., 2019; Reilly et al., 2022;
Rakkar et al., 2023). The larger standing root stocks in IWG were associated with

generally greater new root production rates (except between elongation and maturity)
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compared with Wheat, with Wheat on average maintaining new root production rates
around 2 g m= day*in both 2020 and 2021. The new root production rates reported for
IWG-1 and IWG-2, respectively ranging from 5 g m= day™* and 15 g m= day™ in 2020 to
9 gm3daytand 8 g m3day?!in 2021, were consistent with switchgrass monocultures
(12 g m day-1), miscanthus monocultures (8 g m= day™) and restored prairie (15 g m
day™) in their third production year (Sprunger et al., 2017). Together, these results further
illustrate the capacity of IWG to build larger root stocks than annual grains and suggest
higher root production rates sustained over longer perennial crop growing seasons drive
the difference in standing root stocks between perennial and annual grain crops.

Root decomposition, root C turnover and root N turnover were consistently
greater in IWG systems than Wheat. These results are in line with others showing
systems with greater root production are associated with greater root turnover (Luo et al.,
2021), but contradict studies showing systems with greater root biomass have slower root
decomposition rates (Fornara et al., 2009). The discrepancy may relate to the quality of
root tissues and relative ease with which root tissues are decomposed. In IWG, as with
many grasses, root tissues are readily decomposed and therefore larger root biomass
stocks would be expected to contribute to greater amounts of root biomass decomposed.
The discrepancy underscores the need for additional mechanistic studies evaluating root
turnover dynamics in perennial and annual crops.

The implications of enhanced root growth and decomposition for soil C in
perennial cropping systems, such as IWG, remain unclear. In field studies, root growth

and decomposition, and the subsequent inputs of root C into soil, have both been shown
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to have positive, negative or no correlation with soil C levels, and this effect can vary
across crop types (Guo et al., 2007; Cai et al., 2019; Morales Ruiz et al., 2020). On one
hand, greater root biomass may enhance soil aggregation and stability, while allocating a
larger amount of C input belowground to support the development of robust microbial
communities and stable soil C (Buckeridge et al., 2020; Dijkstra et al., 2021). Evidence
of enhanced aggregate stability and more diverse microbial communities has been seen in
IWG, with studies showing aggregate stability and the size of some microbial functional
groups was larger under IWG than Wheat in the presence of larger IWG root stocks
(McKenna et al., 2020; Rakkar et al., 2023). Together with our results, these studies
suggest the enhanced root growth observed in IWG systems may be beneficial for
building soil quality and soil C.

The benefits of enhanced root production and decomposition, however, may be
offset by root growth-related processes that accelerate C loss from the belowground
system. For example, organic matter priming, or the decomposition of native organic
matter induced by root growth, may offset any potential soil C gains introduced by
increased root C inputs. Ye and Hall (2019) concluded that, despite the significantly
greater root biomass generated by perennial biofuel grasses, the extensive root networks
spurred organic matter priming and ultimately limited soil C accrual in perennial grass
bioenergy systems as new root C inputs were offset by the respiratory losses of native
soil C. Though the extent of organic matter priming in IWG remains unclear, others
showed the amount of recently assimilated C lost to respiration increased dramatically

between the first and second IWG production year, suggesting the root C inputs are not
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readily stabilized into soil pools (Woeltjen, 2023, Chapter 2). Further, emerging theories
suggest roots can have a destabilizing effect on soil aggregation and C pools through the
direct destruction of soil aggregates in some cropping systems, although experimental
evidence remains limited to support this theory (Naveed et al., 2017; Dijkstra et al.,
2021). The discrepancies in the benefits and drawbacks associated with greater root
growth and decomposition further challenge the ability to predict the effect of enhanced
root growth and decomposition on longer-term soil C storage and soil quality in IWG
systems, underscoring the need for additional research to directly link changes in root

growth and decomposition to the formation of stable soil C.

Stand Age-Related Effects on Root Growth in Perennial Grains

Studies evaluating changes in root dynamics as herbaceous perennial crops age
are limited and often confounded by experimental and environmental factors. In studies
of standing root stocks within the same experimental plots across multiple study years,
root stocks grew by 74 - 192% between the first and second production years in perennial
forage and bioenergy systems (Bolinder et al., 2002; Acharya et al., 2012). In a study
conducted in Wisconsin, IWG belowground biomass (of which 83 - 88% was accounted
for by roots) rose substantially between the first and second IWG production years,
though the authors noted these results should be interpreted with caution due to the
confounding of IWG stand age with experiment year (Sakiroglu et al., 2020). Our study
was one of the first to isolate the effect of stand age and avoid confounding effects of

production year on IWG root dynamics by using a modified staggered-start experimental
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approach. We observed standing root stocks increased by as much as 36% between the
first and second IWG production years, verifying observations that perennial crops
rapidly accumulate root biomass in surface soils in the first years of production (Pugliese
etal., 2019).

The evaluation of root growth and decomposition in the first- and second-year
IWG systems showed a clear shift from a system dominated by root growth to one
dominated by root decomposition. Similar trends were seen by Woeltjen (2023, Chapter
2), where the allocation of new C to belowground pools declined significantly between
the first and second IWG production year. This transition from a system dominated by
root growth to one dominated by root decomposition is in line with a shift in economic
growth strategies. During the establishment year, young perennial plants often employ an
acquisitive growth strategy, rapidly acquiring resources and investing them into the
development of extensive belowground root networks to further enhance the capacity to
acquire nutrients and resources. Between the first and second production year, the crop
growth strategy transitions to a more conservative state, where the crop invests in tissue
maintenance and stress protection rather than the production of new tissues. The shift
from acquisitive to conservative growth between the first and second production year has
been seen in miscanthus (Tejera et al., 2021) and herbaceous perennials in the
Brassicaceae family (Pastor-Pastor et al. 2015). Jaikumar et al. (2016) further found
evidence that older IWG invests more heavily into mechanisms that protect against

environmental stressors, such as cold temperatures. Together with this previous research,
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our study presents additional evidence that IWG shifts from an acquisitive to
conservative growth strategy early in the IWG production period.

The transition from an acquisitive (dominated by root growth) to conservative to
(dominated by root decomposition) system has important implications for soil C and N
cycling. The transition from growth-dominated to decomposition-dominated will alter the
chemical quality of root inputs entering the soil and the subsequent likelihood of root-
derived C stabilization and root-derived N availability. Active root growth is commonly
associated with the input of C via root exudation, releasing relatively labile, low
molecular-weight organic substances into the soil (Cotrufo et al., 2013). These exudates
are expected to be readily utilized by microbial communities and more efficiently
transformed into stable mineral-associated organic matter (Cotrufo et al., 2013; Villarino
et al., 2021). Conversely, the decomposition of root tissues more efficiently forms
particulate organic matter, a less stable form of soil C (Villarino et al., 2021). Therefore,
in the second-year IWG stand, although more root-derived C is added to the soil through
decomposition of root tissues than in IWG-1, the C derived from root decomposition may
be poorly stabilized, leading to increases in respiratory C losses (Woeltjen, 2023, Chapter

2) and yielding limited advantages for soil C accrual.

Temporal Dynamics and Year-to-Year Variability in Root Parameters
Across the growing season, temporal fluctuation in IWG standing root stock and
root production rates were evident and were possibly associated with environmental

factors such as precipitation, nutrient availability, and physiological factors controlling C
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allocation (see Woeltjen, 2023, Chapter 2) and dry matter production. Sainju et al. (2017)
showed IWG total root biomass was significantly negatively correlated with soil water
content, and the peak in root production rates between vegetative growth and elongation
aligned with the early season peak in precipitation and subsequent increase in soil
moisture availability. Soil moisture availability drives root growth and development
across a variety of systems, including IWG, pastures, and prairies (Von Haden and
Dornbusch 2014; Sainju et al., 2017; Luo et al., 2021). Lower rainfall coupled with
increased C allocation to support aboveground reproductive growth explains the
reduction in root production rates we observed between elongation and maturity.
Following the harvest of grain at maturity, root production rates increased to levels like
those observed between the vegetative and elongation growth stages. Others observed
surges in root growth following the cutting and removal of aboveground biomass at grain
harvest in IWG and other perennial systems (Wang et al., 2018; Pugliese et al., 2019;
Wei et al., 2019), and this acceleration in root growth is likely driven in part by changes
in soil moisture availability and inherent resource conservation strategies. Luo et al.
(2021) showed that mowing of perennial pastures reduced water loss via
evapotranspiration, which in turn enhanced soil water content to support a post-mowing
peak in root development. In IWG, evapotranspiration rates similarly fell during the post-
harvest vegetative regrowth periods (de Oliveira et al., 2018), suggesting that grain
harvest in IWG may impart a similar increase to soil water availability and subsequent
root growth. During this period, perennial crops also translocate resources and nutrients

belowground to store for use in subsequent growing seasons, which aligns with a period
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of active root growth as perennial plants allocate internal resources and nutrients
belowground (Jach-Smith and Jackson, 2015). Similar to standing root stock, the final
decline in root production rates between the early and late regrowth stages aligns with
plant senescence.

Interestingly, IWG systems were more susceptible to year-to-year variability than
Wheat, which had similar standing root stock and new root production in both 2020 and
2021. These results highlight the variability and unpredictability of root growth dynamics
in IWG systems from year to year and align with other studies that documented
significant year-to-year variation in root parameters. For example, Clément et al. (2022)
noted average IWG root length in the early growing season at 0.5 m, 1 mand 1.25 m
depths differed from 10 to 25 cm, 3to 10 cm and 1 to 7 cm between the 2018 and 2019
experiment years, respectively. Others similarly found year-to-year variation in root
biomass and associated processes in IWG (Sainju et al., 2017, Reilly et al., 2022). The
greater variability in root growth parameters observed in IWG-1 compared with Wheat
may be attributable to differences in genetic diversity within populations among the IWG
and spring wheat crops. While spring wheat has undergone centuries of breeding to select
for cultivars that consistently perform across a variety of environments, IWG has been
bred for grain production for just over 30 years. Further, the differences in precipitation
across experiment years likely in part drove the year-to-year variability observed in this
study (Sainju et al., 2017), with the 2021 experiment year being categorized as a
moderate to severe drought. Regardless of the processes driving the variability in IWG

root growth and decomposition, the inconsistency in root production dynamics between
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years challenges the predictability of root dynamics in IWG systems and the ability to
predict how IWG root systems will influence soil C and N cycling when planted on a

larger scale.

Conclusions

We found significant differences in root growth between perennial grains (IWG-1
and IWG-2) and annual grains (Wheat) and between the first- and second-year IWG
stands. Regardless of stand age, IWG systems were characterized by larger standing root
stocks, greater root production and increased root decomposition when compared to
wheat. While the enhanced root dynamics in perennials compared to annuals may
increase contributions to soil C storage, it remains unclear how the increased root growth
and decomposition will affect longer-term soil C storage. Standing root stocks, root
production and decomposition were also shown to differ by stand age, with IWG shifting
from a system dominated by root growth to one dominated by root decomposition as
stands age, and potentially transitioning the system from one that readily stabilizes root C
inputs to one that stores root-derived C in less stable pools. Further, we found root
dynamics in IWG systems to be more variable than wheat, challenging the predictability
and ability of these systems to consistently provision ecosystem services associated with
enhanced root growth. Together, these results offer crucial context to discussions of the
functions roots play in perennial grain crop stands, which can offer insight to other

perennial grass cropping systems.
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Table 1.1 Agronomic management details for each cropping system.

IWG-1 IWG-2 Wheat
2020 Field ID R34 V17 R90
Planting date September 2019 September 2018 April 2020
Seeding rate 13 kg live seed ha™! 13 kg live seed ha! 2.7 million seeds ha
Row spacing 38 cm 41 cm 15cm
N fertilization date April 2020 April 2019, April 2020 April 2020
N fertilization rate 80 kg N ha! 80 kg N ha'! 80 kg N ha!
N fertilizer type Urea Urea Urea
Harvest date August 3 August 3 July 24
2021 Field ID R90 R34 R7-21
Planting date September 2020 September 2019 April 2021
Seeding rate 13 kg live seed ha™! 13 kg live seed ha™! 2.7 million seeds hat
Row spacing 32 cm 38 cm 15cm
N fertilization date April 2021 April 2020, April 2021 April 2020
N fertilization rate 80 kg N ha'! 80 kg N ha! 80 kg N ha!
N fertilizer type Urea Urea Urea
Harvest date July 28 July 28 July 28
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Table 1.2 Extraction dates of standing root stock cores (SRS), and installation dates, extraction dates and ingrowth period of root

ingrowth cores (RIC) for 2020 and 2021.

2020 2021
Installation date  Extraction date  Ingrowth period Installation date  Extraction date  Ingrowth period
(days) (days)
SRS — 05/11/2020 — — 6/3/2021 -
— 06/23/2020 — — 7/16/2021 -
— 08/07/2020 — — 8/19/2021 —
— 09/18/2020 — — 10/12/2021 —
— 10/20/2020 — — 11/23/2021 —
RIC 05/11/2020 06/23/2020 43 6/3/2021 7/16/2021 43
06/23/2020 08/07/2020 45 7/16/2021 8/19/2021 34
08/07/2020 09/18/2020 42 8/19/2021 10/12/2021 54
09/18/2020 10/20/2020 32 10/12/2021 11/23/2021 42
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Table 1.3 Analysis of variance and probability of significance for standing root stock and
root production rate. P-values < 0.05 are bolded.

Standing root stock ~ Root production rate

Cropping system (CS) <0.0001 <0.0001
Growth period (G) <0.0001 0.3335
Experiment year (Y) <0.0001 0.0030
CSxG <0.0001 0.0013
CSxY 0.0082 <0.0001
GxY 0.0025 0.0001
CSxGxY 0.2424 0.1029
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Table 1.4 Analysis of variance, probability of significance and mean of root parameters in the upper 0 — 15 cm: total root production,
root decomposition, root C turnover, and root N turnover. Within a root parameter, means not sharing any lowercase letters are
significantly different (p < 0.05) between cropping system or experiment year.

;z?lllgggg decoriggtsi tion Root C turnover  Root N turnover

ANOVA Cropping system (CS) <0.0001 0.0010 0.0008 0.0090

Experiment year (Y) 0.5106 0.2562 0.2190 0.2178

CSxY 0.0502 0.2563 0.2937 0.0599

kg m” kg m” g m” g m”

Cropping system IWG-1 2.06 a 1.39 ab 561 ab 12a
IWG-2 1.20b 243 a 990 a 14 a
Wheat 0.38 ¢ 0.26 b 126 b 4b

Year 2020 1.16 1.59 640 11.16
2021 1.27 1.13 455 8.59
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Table 1.5 IWG grain yields (kg ha™') harvested at physiological maturity. Means not
sharing any lowercase letters are significantly different (p < 0.05) between cropping
systems within an experiment year. Means not sharing any uppercase letters are

significantly different (p < 0.05) between experiment years within a cropping system.

IWG-1 IWG-2 Wheat
2020 942 Ab 369 Ab 6083 Aa
2021 1162 Ab 676 Ab 3307 Ba

36



Figure 1.1 Precipitation (inches) and mean daily temperature (degrees F) at study site
over experimental years (2020 and 2021).
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Figure 1.2 Conceptual diagram depicting sequential core extraction, ingrowth core
installation/extraction, total root production, and calculation of root decomposition and
root production rate. Total root production is represented by the cumulative mass of roots
collected from each ingrowth core across the growing season. Root decomposition is
represented as the total root production subtracted from the difference in initial and final
standing root stock. The root production rate is the mass of roots collected between each
growth stage divided by the ingrowth period.
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Figure 1.3 Means and standard error of standing root stock for three cropping systems when: a) grouped by crop growth stage and b)
grouped by experiment year. In panel a, means with different lowercase letters are significantly different within a growth stage (p <
0.05), and means with different uppercase letters are significantly different within a cropping system (p < 0.05). In panel b, different
lowercase letters denote significant differences between cropping systems within an experiment (p < 0.05). In panel a, the vertical
dotted line represents the point at which aboveground biomass was removed at maturity for grain harvest.
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Figure 1.4 Means and standard error of root production rate for three cropping systems when: a) grouped by crop growth stage and b)
grouped by experiment year. In panel a, means with different lowercase letters are significantly different within a growth stage (p <
0.05), and means with different uppercase letters are significantly different within a cropping system (p < 0.05). In panel b, different
lowercase letters denote significant differences between cropping systems within an experiment (p < 0.05). In panel a, the vertical
dotted line represents the point at which aboveground biomass was removed at maturity for grain harvest.
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Chapter 2 : Stand Age-related Changes in Carbon Uptake and
Partitioning May Limit Potential for Belowground Carbon Storage in a
Perennial Grain Cropping System

Synopsis

Contrary to expectations, many perennial crops yield little to no increase in soil
carbon (C) stocks, and it remains unclear the extent to which perennial age-related
changes in crop physiological traits such as C uptake and crop-microbial-soil C
partitioning underly this pattern. As soil C stocks respond slowly to land use changes,
experimental designs that directly track C fluxes and C incorporation into crop-microbial-
soil pools will shed light on the role C uptake and partitioning play in constraining soil C
accrual. We conducted a '*C isotope-tracer study to compare C uptake and crop-
microbial-soil C partitioning patterns between a 1-year-old (IWG-1) and 2-year-old
(IWG-2) perennial grain crop, intermediate wheatgrass (IWG; Thinopyrum intermedium
(Host) Barkworth and Dewey), and compared these to an annual grain crop, spring wheat
(Triticum aestivum L.). Crop shoots, roots, soil, and soil respired-C were sampled 10
times over a 90-day chase period to track the fate of recently assimilated '*C into crop-
soil pools. In addition, the incorporation of recently assimilated *C into soil microbial
biomass (!*C PLFA) and functional groups was determined over the first 7 days post-
label application. Results indicated IWG ineffectively partitioned new C to soil pools,
with only 12% and 8% of total assimilated C recovered from soil in IWG-1 and IWG-2
when averaged across the study period, compared to the almost 25% of total assimilated

C recovered from wheat soil. Instead of new C being mobilized to soil pools, the
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relatively large proportion of new C stored in IWG1-1 roots (14%) and arbuscular
mycorrhizal fungi compared to that of wheat or IWG-2 suggests IWG invests more
heavily in the development of root-mycorrhizal networks during its first production year.
By the second production year, very little new C was allocated belowground, with almost
50% of total assimilated C retained in aboveground tissues and over half of the
assimilated C lost via soil respiration by the end of the study period. IWG-2 also had a
larger proportion of microbial C accounted for by saprotrophic fungi than seen in the
other wheat or IWG-1. We expect the changes in C partitioning are due to a shift from an
acquisitive to conservative growth strategy that occurs between the first and second IWG
production years, which may substantially limit the potential contributions to soil C

accrual as IWG stands age.

Introduction

Cropland soil management plays a critical role in regulating the flux of carbon (C)
between atmospheric and terrestrial pools. Over the past 12,000 years, land cultivation
has already released an estimated 116 — 154 Pg C from soil now managed for agriculture,
with half of this soil carbon loss attributable to cropland management (Sanderman et al.,
2016). Most croplands continue to act as a net source of CO> to the atmosphere,
especially in systems dominated by annual crop species (West et al., 2010; IPCC, 2022),
which are predicted to lose approximately 0.3% of their C stocks each year over the
coming decades due to annual cropland management practices such as frequent tillage

and in-field disturbances (Molotoks et al., 2020; Garnier et al., 2022). Establishing
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cropland management systems that prevent soil C loss and ideally restore C stocks
through soil C sequestration on just a small fraction of the over 556 million hectares of
land area occupied by annual maize, soybean and wheat will have substantial
implications for mitigating climate change and maintaining long-term productivity of

cropland soils (Amelung et al., 2020; FAO, 2021).

The perennialization of croplands is often proposed as a strategy to increase the
potential for soil C sequestration without sacrificing cropland productivity (Gutknecht et
al., 2023). Perennial grasses, including those domesticated for biofuel, forage, and grain
production, are expected to enhance soil C accrual compared to the annual species
monocultures more typically seen in croplands (Tieman and Grandy, 2015; Augarten et
al., 2023). Under perennial grass crops, soil C accrual is promoted by extensive and dense
root networks, greater belowground C inputs and reduced soil disturbance. However,
there have been inconsistent results regarding the capacity of perennial grass cropping
systems to build soil C. While some perennial grass crops significantly increased soil C
stocks relative to annual grains within 5 years of establishment, others such as emerging
perennial grain crops show no evidence of increasing total soil C stocks during their 3 —
5-year production period (Zan et al., 2001; Sprunger et al., 2018). These discrepancies
challenge our understanding of whether perennial grass cropping systems will predictably
build soil C in agricultural landscapes and raise questions regarding the mechanisms that

underlie the inconsistent response of soil C stocks to perennial grass crop establishment.

A variety of mechanisms regulating the balance of soil C inputs and soil C losses

that drive changes in soil C stocks have been investigated, including the priming of native
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organic matter (Ye and Hall, 2019), the stabilization of C in mineral-organo complexes
(Tiemann and Grandy, 2015), and crop physiological controls over C uptake (i.e., the
total C assimilated via photosynthesis during a given time period) or C partitioning to
crop-microbial-soil pools. Crop physiological traits such as C uptake and C partitioning
are often stronger regulators of soil C dynamics and accrual than edaphic or climatic
factors (Fujisaki et al., 2018; Ji et al., 2022; Janzen et al., 2022), but we lack a clear
understanding of how perennial grass crop C uptake and C partitioning to crop-microbial-
soil pools differ from that of annual crops. Separate studies suggest perennial crops
allocate a larger proportion of recently assimilated C belowground (Woeltjen, 2023,
Chapter 1), but almost no studies directly compared these findings to annual crop C
allocation patterns. Further, almost no studies evaluated age-related changes in
herbaceous perennial crop C partitioning, despite clear age-related change in C
partitioning in woody perennials (Genet et al., 2010; Bruggerman et al., 2011). These
gaps in research hamper the ability to predict soil C accrual in perennial grass cropping

systems and thwart efforts to establish perennial crops to build C in cropland soils.

Beyond crop physiological controls, root-microbial-soil interactions strongly
regulate soil C accrual. The transfer of root-derived C into soil microbial pools, and
subsequent deposition of microbially-derived C into soil pools is increasingly recognized
as a primary pathway through which stable soil C is accrued (Cotrufo et al., 2013; Liang
et al., 2017; Buckeridge et al., 2020). Over 76% of the new soil C accrued following the
conversion from annual to perennial cropping systems is estimated to be derived from

soil microbial byproducts and tissues (Zhu et al., 2020), underscoring the importance of
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incorporating new C into soil microbial communities to enhance the potential for soil C
accrual. However, few studies directly traced the movement of C through the root-
microbe-soil continuum in perennial cropping systems, leaving a gap in our

understanding of how perennial crops will contribute to soil C storage.

To better understand the potential mechanisms limiting soil C accrual in perennial
cropping systems, we established a '*C-tracer study to directly quantify the uptake,
partitioning, and belowground respiratory losses of new C through time. This study
compared C uptake and partitioning patterns between two cool-season grasses utilized in
grain production: 1-year-old and 2-year-old intermediate wheatgrass (IWG), a perennial
grass domesticated for grain and forage production, and spring wheat, a common annual
grain. Including these three cropping systems allowed us to isolate the age-related
changes in C uptake and partitioning that occur within the first two years of IWG
establishment, while comparing C use dynamics more broadly between perennial and

annual grain crops.

Given the higher photosynthetic rate of perennial grains compared to annual
grains during the early growing season (Jaikumar et al., 2013), we expected total C
uptake during the labelling period in the IWG systems would exceed that of wheat. The
total mass and proportion of recovered *C recovered from root pools were expected to be
greater in IWG than Wheat, given the higher standing root stocks and root production
observed in IWG compared to wheat (Sprunger et al., 2018; Woeltjen, 2023, Chapter 1)
Since there is little difference in total soil C stocks between IWG and wheat (Culman et

al., 2013; Sprunger et al., 2018), despite the larger root stock and root production rates
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(see Woeltjen, 2023, Chapter 1), we expected less new C would be transferred from root
to soil pools in IWG than wheat. Along these lines, we expected a greater proportion of
assimilated C to be lost to soil respiration in the IWG system when compared to wheat.
We expected C partitioning patterns would be similar between the first- and second-year
IWG systems, though overall C uptake would be reduced in the older IWG stand

(Jaikumar et al., 2013; Jaikumar et al., 2016).

Materials and Methods

Site Description and Experimental Design

This study was established at the Rosemount Research and Outreach Center
located in southeast Minnesota (44°42' N, 9305’ W). Mean annual temperature and
precipitation were 11.1 C and 864 mm, respectively. Soils were deep, well-drained silt

loams classified as Typic Hapludolls.

We used a modified staggered-start approach with repeated measures to isolate the
effect of life strategy and stand age on C uptake and C partitioning over the growing
season in two perennial and one annual grain cropping systems. The two perennial
systems were a 1-year-old intermediate wheatgrass IWG-1; Thinopyrum intermedium,
(Host) Barkworth and Dewey) and a 2-year-old intermediate wheatgrass (IWG-2) stand.

The annual grain system was represented by annual spring wheat (Wheat). All fields in

46



this study were within a 1.45 km radius and were verified to have similar site conditions,
including soil texture and hillslope position.

Agronomic management details are summarized in table 2.1. IWG-1 was planted
in September 2019 on 38 cm rows and seeded at a rate of 13 kg pure live seed ha™!. IWG-
2 was planted in September 2018 on 41 cm rows and seeded at a rate of 13 kg pure live
seed ha'!. Both the IWG-1 and IWG-2 stands were established with ‘MN-Clearwater’
seed and were fertilized with urea at a rate of 80 kg N ha! each year at the onset of spring
regrowth (early April) and harvested for grain annually in August or September when
crops were approaching physiological maturity (see Heineck et al., 2022). In the year of
this study, the IWG-1 and IWG-2 fields were harvested for grain on August 3, 2020. After
grain harvest, the remaining IWG straw was mowed to a height of 10 cm and removed
from the field. Spring wheat was planted in April 2020 on 15 cm rows at a seeding rate of
2.7 million seeds ha™. Wheat was spring-fertilized with urea at a rate of 80 kg N ha™! in
2020 and harvested for grain on July 24, 2020, at which point all aboveground biomass

was cut to 10 cm and removed from the study area.

Experimental Design and '3C-CO: Pulse-Labeling
Four replicate 1-m? plots in each field were randomly designated for in situ '*C
pulse labeling. Replicate plots within each field were separated by at least 5 m and were

visually verified to contain crops of similar health and canopy density.
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In situ 3C pulse labeling took place in May 2020, when belowground C allocation
for both perennial and annual grains was expected to be maximal (Pugliese et al., 2019).
Replicate plots were labeled on four consecutive days between 10:00am and 2:00pm,
with the first labeling event in each field commencing on May 11. In total we conducted
12 labeling events (3 fields x consecutive labeling events in each of 4 plots per field),
labeling one replicate from each field per day for four consecutive days. For each
labeling event, a clear polycarbonate chamber (1 m x 1 m x 1 m; see supplemental
material in Appendix 2) was installed on one replicate plot in each field. Each chamber
was equipped with a closed loop copper coil cooling/dehumidification system, a
temperature / humidity sensor, and a COz sensor. Prior to chamber deployment, openings
or junctures on the chamber walls were sealed with silicone caulk, and wet soil was
mounded at the base of the chamber to prevent the exchange of gases between the
chamber and ambient atmospheres. Chamber temperature and humidity were monitored
throughout the labeling period to ensure they were consistent with ambient atmospheric

conditions.

To avoid elevating chamber CO; concentrations excessively beyond ambient
levels, crops were allowed to draw down chamber CO> concentrations until stable (about
250 ppm) after sealing the chamber to the soil surface. Then, a pulse of *C-enriched CO,
(13C-CO,) was released into the chamber by injecting 20 mL acetic acid (10% v/v) into
beakers within the chamber containing 2 g '*C-enriched sodium bicarbonate (99 atom%,
Cambridge Isotope Laboratories, Inc., Andover, MA). Longitudinal fans placed above the

beakers distributed and mixed the *C-CO label across the chamber area. Each pulse
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increased chamber CO> concentrations to approximately 550 ppm. Following the first
pulse, chamber CO; concentrations were again allowed to be drawn down to a plateau of
around 250 ppm before a second pulse of *C-CO, was released using the same protocol
as with the first pulse. Chambers were removed once chamber CO, concentrations once
again plateaued near ~250 ppm following the second pulse. In total, each plot was
exposed to 612 mg '3C through the acidification of 4 g '*C-enriched sodium bicarbonate

over a time interval of approximately 120 minutes.

Crop Tissue and Soil Samplings

Following the labeling period, crop tissue and soil samples were collected from
each labeled replicate 10 times over a 90-day chase period. The samples were collected
immediately after chamber removal (0 h), 1.5 h, 18 h, 24 h,3d, 7 d, 14 d, 30 d, 60 d, and
90 d after label application. At each sampling event, whole plants were excavated to a
depth of 15 cm from a randomly selected 20 cm x 10 cm section of row within each

labeled plot. Due to space constraints, sampled sections were separated by at least 10 cm.

Crop shoots, or aboveground biomass tissue, were clipped from the excavated
section immediately by cutting a portion of healthy, living tissue to 10 cm above the soil
surface. Along with the remainder of the excavated section, the clipped crop shoot
samples were placed in a cooler and transported to the laboratory, where they were stored

at 4 C until further processing.

In the laboratory, crop shoots were gently washed with DI water to remove

adhering soil particles and dried at 60 C. The remainder of the excavated sections were
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subsampled for root and soil analysis. Soil samples, which were further separated into
bulk and rhizosphere soils, were collected from the excavated section first. Bulk soil
represented non-root associated soil and was collected from root-free sections of the
excavated section. Rhizosphere soil samples were isolated by gently shaking the
excavated section to remove non-rhizosphere soil, with soil that adhered to roots
collected as rhizosphere soil. Bulk soil and rhizosphere soil samples were freeze-dried in
preparation for elemental and lipid analysis. The roots remaining on the excavated section
were then clipped at the crop crown, rinsed in DI water to remove soil particles, then

dried at 60 C for 48 h.

In preparation for elemental analysis, the dried crop shoot, root, and soil samples
were ground to a fine powder using a ball mill and packaged into tin capsules. The C
content and '*C abundance (6"°C, %o) were determined by dry combustion of each
sample using an elemental analyzer coupled to a continuous-flow Isoprime 100 isotope

ratio mass spectrometer (Elementar Pyrocube, Elementar Americas, Inc.) .

The C pool size of each compartment (g C m™) was estimated for each of the 10

sampling events as:
Pool Size (g C m™2) = compartment size (g m™2) * C content (%)

where compartment size was either predicted (crop shoots, crop roots) or directly
measured (soil, soil microbial biomass) and C content was the measured C content of the
compartment. Though shoot and root samples were collected at each sampling event, the

limited size of the sampling area precluded the collection of samples large enough for
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direct measurement of the compartment size. Instead, the shoot and root compartment
sizes were predicted using predictive models. These models are detailed in Table 2.2 and
are described briefly as follows. A logistic model previously developed to predict IWG
shoot biomass (g m™) as a function of growing degree days was used to predict the IWG-
1 and IWG-2 shoot biomass present at each of the 10 sampling events (Jungers et al.,
2018). The asymptote of the model represented peak shoot biomass at physiological
maturity, and therefore we substituted peak shoot biomass values determined in August
2020 from an adjacent experiment (Bowden, 2023) into the model to calibrate it to our
field study. A similar process was used to predict shoot biomass at each of the 10
sampling events for wheat. A linear model described in Bauer et al. (1987) and Bauer
(1984) was used to estimate wheat shoot biomass as a function of growing degree days in
our study. Total shoot biomass values collected at wheat physiological maturity in 2020
from an adjacent experiment (Woeltjen, 2023, Chapter 1) were substituted into the model

to calibrate it to our study.

Similarly, representative root biomass samples for compartment size measurement
could not be collected directly from labeled areas due to maximum size restrictions of the
labeling chamber. Therefore, models were developed to predict root biomass in each
cropping system at each of the 10 sampling events (table 2.2). We used root biomass
values collected between April and August 2020 from an adjacent experiment (Woeltjen,
2023, Chapter 1) to develop three models that predicted root biomass to a depth of 15 cm
as a function of the day of year. Wheat and IWG-1 root biomass trends were best

predicted by quadratic models, and therefore quadratic equations were used to estimate
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root biomass in these fields (table 2.2). IWG-2 root biomass trends were best predicted by

a linear equation (table 2.2).

The soil compartment size was directly measured as the sum of bulk and
rhizosphere soil compartments. Bulk density samples collected in each field in April 2020
were used to determine the bulk and rhizosphere soil compartment sizes. Since bulk
density did not differ significantly across cropping systems, bulk density was averaged
across fields (1.3 g cm™) and multiplied by the sampling depth (15 cm) to estimate the
soil compartment size. Further, since a given core of soil contains both rhizosphere and
bulk soil, the sizes of the bulk soil and rhizosphere soil compartments were estimated by
multiplying the whole soil pool by 0.75 and 0.25, respectively, preventing the
overestimation of C recovery from the whole soil pool (Butler et al., 2001; Pausch et al.,
2016). In this paper, we present trends in '*C recovery from the whole soil pool, which is

the sum of 13C in bulk and rhizosphere soils at any given sampling event.

Cumulative Soil Respiration

Following Mou et al. (2018) and Hafner et al. (2012), the'*C carbon released from
the crop-soil system via soil respiration was captured at each sampling event using the
alkali trap method. Briefly, in each labeled plot an opaque cylinder (8 cm diameter by 25
cm tall) was driven to a depth of 10 cm below the soil surface. A polypropylene specimen
cup filled with 40 mL of 1 M sodium hydroxide solution (the alkali trap) was placed

inside the cylinder and an opaque lid was sealed to the top of the cylinder immediately
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thereafter. Alkali traps were deployed immediately after the labelling chambers were
removed from the field and were replaced with new cups at 1.5, 18 h and 24 h after
chamber removal, yielding 1.5 h, 16.5 h and 6 h trapping periods, respectively. A new cup
was placed in the chamber at the time of sampling at the 24 h,3d, 7d, 14 d, 30 d, 60 d,
90 d and natural abundance sampling events and removed from the cylinder after a 24 h
trapping period. At the end of the trapping period, the lid was removed from the opaque
cylinder and alkali traps were removed, capped, sealed, and stored at 4 C until further

processing.

In the laboratory, the sodium hydroxide solution in each specimen cup was
reacted with excess 1 M strontium chloride to produce strontium carbonate. The
strontium carbonate was rinsed repeatedly with DI water until the pH of the rinsate was
neutral. Then, the strontium carbonates and rinsate were placed in an oven at 60 C until
all rinsate was evaporated and strontium carbonates were dry. The dried carbonates were
weighed to determine the pool size, or the mass of CO,-C (g C m™) respired during each
trapping period, then ground into a fine powder using a ball mill. The §'3C (%o) of the
dried carbonate samples was determined using a MultiCarb system in line with a dual-
inlet mass spectrometer (GV Isoprime) at the University of California — Berkeley Center
for Stable Isotope Biogeochemistry. As the trapping period varied slightly between
individual traps, the mass of CO>-C collected from each trap was divided by the trapping
period duration to determine the rate of CO,-C respiration (g C m?2 day™). Soil CO,-C
respiration rates measured at each sampling event were plotted over time, and cumulative

trapezoidal integration was then used to estimate the cumulative mass of soil respired
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CO»-C accumulated by each of the 10 sampling events. This method of estimating
cumulative soil respiration may not account for large pulses of CO> released following
precipitation events or other in-field disturbances, and therefore represents a conservative

estimate of cumulative soil CO; respiration.

Soil Microbial Biomass and Soil Microbial Community Functional Groups
Microbial biomass was extracted from rhizosphere soil samples from the 0 h—7 d
sampling events using the PLFA (Phospholipid Fatty Acid Analysis) method modified
from the Bligh and Dyer (1959) method for 3'*C-PLFA analysis (Herman et al., 2012). To
prepare rhizosphere soil for extraction, rhizosphere soil was freeze dried, and 8 g +/- 0.05
freeze-dried soil was weighed into hexane-rinsed centrifuge tubes. An initial extraction
was performed three times from each soil sample using a 0.9:1:2 ratio of citrate
buffer:chloroform (CHCIl3):methanol (MeOH). Citrate buffer and CHCIl; were added to
the extract to bring the final ratio of buffer:CHCI3:MeOH to 0.9:1:1 to allow for phase
separation overnight. The CHCI; layer was then evaporated, and the phospholipid
fraction was collected using silica column chromatography. Phospholipids were then
methylated using an alkaline methylation procedure (Herman et al., 2012) and analyzed
using an Agilent (Santa Clara, California) 7790A GC coupled with an Elementar
(Langenselbold, Germany) IsoPrime100 IRMS system. 1,2-dinonadecanoyl-sn-glycero-3-
phosphocholine (19:0 PC; Avanti Polar Lipids, Alabaster, Alabama, cat # 850367P) was

used as a surrogate standard and tridecanoic acid methyl ester (C 13:0; Sigma-Aldrich,
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St. Louis, Missouri, cat # T062) was used as an internal standard used for converting

peak areas to nmol fatty acid g dry soil ™.

Signature fatty acids (biomarkers) that indicate the microbial groups included here
are: Gram positive bacteria (G+ Bacteria; 15:0 iso and 15:0 anteiso), Gram negative
bacteria (G- Bacteria; 18:1 w9t and 16:1 w7c), saprotrophic fungi (18:2 w6,9¢) and
arbuscular mycorrhizal fungi (AMF, 18:1 w9c¢), actinomycetes (Actino; 16:0 10 me and
18:0 10me), and anaerobic bacteria (Anaerobic Bacteria; 19:0 cyclo) (Zelles, 1999).
When more than one lipid was used as an indicator for a given group, they were summed
to determine abundance and relative abundance. Total microbial biomass was determined

by summing lipids equal to or less than 20:0 carbons in length.

Raw §'°C data for each lipid were first normalized using USGS40 international
reference material (L-glutamic acid; §'3C = —26.39 + 0.04 %o) and reported relative to
Vienna Pee Dee Belemnite (VPDB). These data were then corrected for the additional
carbon molecule added during the methylation of fatty acids to fatty acid methyl esters
(FAME), by using the following formula: 8'*Cprra= [(CpLra + 1)~ 8"*Crame - 8"*Cmeon]/
CrLra, Where CpLra is the number of carbons in each individual lipid before methylation,
813Crame is the corrected §'*C value of each measured individual lipid, and §"*Cwmeon is
the corrected 3'*C of the methanol used for the methylation steps determined using
elemental combustion analysis (Butler et al., 2003). The methanol used during
methylation had a measured §'°C signature of -43.63%o and -52.36%o. The amount of

extracted microbial lipids (nmol g soil™!) for each lipid class was multiplied by a
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correction factor to compute g lipid C (g soil)!. These values were then multiplied by the

soil bulk density (1.3 g m™) and sampling depth (15 cm) to yield units of g lipid C m™.

Natural Abundance Samples

Four replicate crop shoot, root, bulk soil, rhizosphere soil, soil respiration and
rhizosphere microbial biomass samples were collected from a non-labeled portion of each
field for determination of *C natural abundance. These samples were collected and

processed according to the methods described above for labeled samples.

Isotopic Calculations

The *C from each cropping system compartment (shoots, roots, soil, soil
respiration and rhizosphere soil microbial biomass) is expressed as both the absolute
mass of recovered '*C per unit area (mg '*C m™, or the areal density) and the proportion
of peak total '3C recovered (%). The absolute mass of recovered *C allows for the
evaluation of the total contribution of new C to different crop-soil compartments, while
the proportional 1*C recovery allows for the assessment of C use patterns independent of
agronomic factors that differ between perennial and annual grain cropping systems, such

as row spacing and plant density.

To obtain these metrics, the §'3C ( %o) values obtained from the mass

spectrometer were first converted to the isotopic ratio (Rsampte) as follows:
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53¢
Rsample = <1000> + 1) + Rppg

where Rppp= 0.011237, the '3C / 12C of the Vienna Pee-Dee Belemnite standard. The

fractional abundance of *C (!*Caomu%, %) in each sample was then determined as:

Rsample + 100

13 —
Catom% -
Rsample + 1

The Cawome excess of labelled samples (**Catomo excess, %) Was then calculated by
subtracting the *Caomes of labelled samples (**Catom sample) from that of the unlabeled

natural abundance samples ('*Catom% natural abundance):

3 C — 13 C _ 13 C
atom% excess — atom% sample atom% natural abundance

Negative *Catom2 excess indicated no detectable tracer was recovered from the
sample, and therefore negative *Catomes excess Values were replaced by zeros. The absolute
mass of excess 1*C (mg '*C m-2) contained in each crop-soil compartment (shoots, roots,

soil, soil respiration) was then estimated using the following equation:

13C amount = Compartment size * compartment %C * ( 3Caromos excess / 100)

x 1000

where compartment size is the estimated mass of the compartment (g m), C content is
the carbon content (%) of the compartment, '>Catomo excess 1S divided by 100 to give the
proportion '3C in the compartment, and 1000 is a conversion factor used to convert units

from g to mg.
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The proportion of '*C recovered from each pool (% recovered *C) is further
expressed as the '*C amount in each compartment per total tracer *C recovered from the

whole crop-soil system of a given plot shortly after chamber were removed:

13
C'annparnnenLSE

% recovered 3C = T
total,Peak

where the 1*C compartment, st (mg *C m2) represents the mass of '*C recovered from a
compartment at a given sampling event. The *C ttal, peak (mg *C m™) represents the total
mass of 1°C recovered from the whole crop-soil system (sum of '*C recovered from
aboveground tissues, roots, and soil) in the corresponding plot replicate at the time of
peak tracer recovery. The time of peak tracer recovery varied between plot replicates but
was observed at either the first (0 h post-label application) or second (1.5 h post-label

application) sampling event in all plot replicates.

Statistical Analysis

To account for the spatial and temporal autocorrelation induced by repeated
sampling, the effect of cropping system and time on the mass and proportion of '*C
recovered from each carbon compartment were assessed using random intercept linear
mixed effects models (Bradford et al., 2012; Fang et al., 2016). Models were first
specified with cropping system (IWG-1, IWG-2, Wheat), time since tracer addition (time,
as categorical variable; 0 h, 1.5 h, 18 h,24h,3d,7d, 14d,30d, 60d, 90 d), C

compartment (shoots, roots, soil and cumulative respiration), and their interactions as
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fixed effects. A significant three-way interaction between cropping system, time and
carbon compartment was detected in all models (supplemental table 2.2), and therefore
we investigated the effect of cropping system and time (and their interaction) on the mass
and proportion of '3C recovered within each separate C compartment. Random effects
were defined using a nested structure with time nested in plot replicate. The same model
structure weas used to evaluate the effect of cropping system and time on the mass and
proportion of new C recovered from microbial biomass, and the effect of IWG-1, IWG-
2, Wheat), time since tracer addition (time, as categorical variable; 0 h, 1.5 h, 18 h, 24 h,
3 d, 7 d) and microbial functional group (actinomycetes, anaerobic bacteria, gram
negative bacteria, gram positive bacteria, saprotrophic fungi and arbuscular mycorrhizal

fungi) on the proportion of microbial biomass recovered from each functional group.

When significant effects were detected, we used least-squares comparison to
evaluate significant differences within levels of cropping system and time. Differences
were considered significant when Tukey-adjusted p-values were less than 0.05. Although
linear mixed effects models are robust to minor violations of assumptions, model fits
were visually inspected to confirm the assumptions were reasonably met prior to
performing post-hoc tests (Schielzeth et al., 2020). All statistical analysis was performed
with the R software (R Development Core Team, 2022; version 4.2.2) using the n/me
(Pinheiro et al., 2022; version 3.1-160), emmeans (Lenth, 2023; version 1.8.4-1), and

multcomp (Hothorn et al., 2008; version 1.4-17) packages.
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Results

Areal Density of 3C Recovery

In total, each replicate was exposed to 612 mg '>C m™. Peak assimilated '*C
recovery from the whole system (sum of '*C recovered in shoot, root, soil plus the
cumulative soil respiration) measured shortly after completing the labeling event ranged
from 199 - 387 mg '>C m™ (fig. 2.1). Whole-system '3C recovery did not differ
significantly across the study period in any cropping system, though trends suggest whole
system '*C recovery generally declined over the growing season in Wheat and IWG-1.
Whole-system '*C was just 4% different between peak tracer recovery and harvest in
IWG-2, suggesting nearly all assimilated tracer carbon was accounted for in our

sampling.

The effect of cropping system on the mass of *C recovered from crop-soil
compartments (sum of shoots, roots, and soil) varied over time, as indicated by a
significant two-way interaction between cropping system and time. Within 1.5 h of
assimilation, crop-soil '*C peaked at 387 mg m? in IWG-1, nearly 1.7 and 1.9 times
greater than Wheat and IWG-2 (fig. 2.1). However, by 30 d post-assimilation, no
significant differences in crop-soil *C were detected between IWG-1, IWG-2, or Wheat.

In each cropping system, crop-soil *C declined over time as expected (fig. 2.1).

The decline in crop-soil 1*C was accompanied by a significant increase in
cumulative soil respiration over time (fig. 2.1, table 2.3). Cumulative soil respiration also

differed significantly by cropping system (table 2.3). Averaged across the study period,
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Wheat (43.9 mg '3C m™) respired significantly less new C than IWG-1 (58.4 mg *C m?),

though IWG-2 did not significantly differ from either system (fig. 2.1).

The effect of cropping system on shoot *C recovery changed significantly over
time (table 2.3, table 2.4). Whereas IWG-1 initially retained a higher mass of *C in
shoots when compared to IWG-2 or Wheat, few significant differences in shoot '*C were
detected between any cropping systems by 60 d post-assimilation. Further, the mass of
13C recovered from shoots in IWG-1 and Wheat declined by 86% and 82%, respectively,
between 0 h and 60 d, after which all aboveground biomass was removed from fields
during grain harvest. This same trend was not observed in the IWG-2 system, where there
was no significant change in the mass of '*C recovered from aboveground tissues during

the same period.

Like shoots, root 1*C was significantly affected by cropping system, time, and
their interaction (table 2.3, table 2.4). However, across the study period, IWG-1
consistently retained a larger mass of *C in roots than IWG-2 or Wheat. By 18 h post-
assimilation, IWG-1 already retained significantly more *C in roots (36.35 mg *C m)
than IWG-2 (7.56 mg '*C m'2) or Wheat (12.02 mg '*C m). In all cropping systems a
lag between the first sampling event (0 h) and peak root 1*C was observed, though this
trend was only significant in IWG-1. Between 0 h and 3 d post-assimilation, IWG-1 root
13C increased by nearly 185% and continued to rise to a peak of 66 mg '3C m? 14 d post-
assimilation. Following this peak, root '*C declined rapidly towards initial values. A
similar trend was noted in Wheat, where peak root '*C was reached around 30 d post-

assimilation followed by a drop in root *C as values approached those of initial
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samplings. IWG-2 maintained similar root 1*C across the study period, with a minor peak

in root 1*C occurring within the first 24 h post-assimilation.

The '*C recovered from soil and rhizosphere soil microbial biomass varied
significantly between cropping systems, but neither were affected by sampling time or the
cropping system X time interaction (table 2.3). Averaged across the study period, '3C
recovered from soil was significantly greater in IWG-1 and Wheat than IWG-2 (table
2.4). Nearly 95% and 112% more soil '*C was recovered on average from IWG-1 and
Wheat when compared to IWG-2. Similarly, rhizosphere soil microbial biomass *C was
on average highest in Wheat (0.38 mg '*C m™) followed by IWG-1 (0.19 mg *C m™) and
IWG-2 (0.07 mg '3C m™) in the first 7 d post-assimilation (fig 2.3a). Though not
significant, trends suggest *C incorporation in rhizosphere soil microbial biomass peaked

18 h to 24 h post-assimilation across all systems.

Proportional 3C Recovery

The effect of cropping system on the proportion of assimilated '*C recovered from
shoots differed significantly by sampling time (table 2.3). At 0 h post-assimilation, the
highest proportion of assimilated C retained in shoots was observed in IWG-1 (84%) and
Wheat (64%) (fig. 2.2). IWG-2 (53%) retained a significantly lower proportion of new C
in shoots at 0 h than IWG-1 (fig. 2.2). The proportion of *C recovered from shoots
declined substantially across the study period in both IWG-1 and Wheat, with the

proportion of 1*C remaining in shoots 60 d post-assimilation nearly 7.6 and 4.7 times

62



lower than at the 0 h sampling, respectively. Contrasting these trends, the proportion of
assimilated C recovered from IWG-2 shoots remained relatively constant, averaging 43%
across the study period. By the 30 d sampling event, IWG-2 (50%) retained a
significantly higher proportion of '*C in shoots compared to either IWG-1 or Wheat, and
by the 60 d sampling event (just prior to grain harvest and aboveground biomass
removal) IWG-2 still retained nearly 40% of its total assimilated carbon in aboveground
tissues, a significantly greater proportion than the 10% and 11% observed in IWG-1 and
Wheat, respectively. Following the 60 d sampling event, all *C in shoots was removed
from the field with grain harvest and aboveground biomass removal. Less than 1% of
total assimilated '*C was recovered from the shoot regrowth in the IWG-1 and IWG-2 at

90 d sampling.

Similar to shoots, the effect of cropping system on the proportion of assimilated
13C recovered from roots differed significantly by sampling time (table 2.3). Although all
cropping systems initially retained just 2% - 5% of total assimilated C in roots, a
significant effect of cropping system on the proportional '*C recovery was identified
within 3 d of assimilation (fig 2.2). At 3 d post-label application, 14% of total assimilated
13C was recovered from IWG-1 roots compared to the 5% and 3% in Wheat and IWG-1,
respectively. IWG-1 maintained 14-17% of total assimilated '3C in roots until 14 d post-
assimilation, after which the proportion of new C in roots declined significantly towards
initial levels. While the proportion of total '3C recovered at the 3 d (14%), 7 d (13%) and
14 d (17%) was significantly greater than that recovery at the initial sampling event (5%),

there was no significant difference between the proportion of *C initially recovered and
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the proportion recovered from roots by the end of the study period (7%). Although trends
suggest '°C recovery peaked at the 14 d and 30 d sampling events in IWG-2 (7%) and
Wheat (8%), respectively, no significant change in '*C recovery from roots was detected

across the study period in these systems.

The proportion of '*C recovered from soil varied between cropping systems but
was not affected significantly by sampling time (table 2.3). Averaged across the study
period, Wheat (25%) retained a significantly greater proportion of '*C in soil than either
IWG-1 (12%) or IWG-2 (8%) (fig. 2.2). The proportion of '*C recovered from soil did
not differ significantly between IWG-1 and IWG-2 when averaged across the study

period.

The proportion of '3C recovered from cumulative soil respiration varied between
cropping systems and increased significantly over time in each cropping system (table
2.3). On average, IWG-2 lost nearly twice as much assimilated C to soil respiration than
in either IWG-1 or Wheat (fig. 2.2). By the end of the study period, the proportion of
assimilated C lost to soil respiration was nearly 87% in IWG-2, significantly greater than

the 49% and 39% in Wheat and IWG-1.

The proportion of '*C recovered from total rhizosphere soil microbial biomass
was significantly affected by cropping system (table 2.3). The proportion of assimilated C
recovered from soil microbial biomass in the first week following assimilation was less
than 0.5% in all cropping systems (fig. 2.3b). The proportion of '*C recovered from soil

microbial biomass was significantly greater in Wheat than IWG-1 or IWG-2. Between the
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0 h and 7 d samplings, an average of 0.17% of total assimilated '*C was recovered from
Wheat rhizosphere soil microbial biomass compared to the 0.05% and 0.04% of IWG-1

and IWG-2.

Proportion of New Microbial C Recovered in Microbial Functional Groups

Overall, gram negative and saprotrophic were the dominant consumers of new C
across all cropping systems (table 2.5). Cropping systems diverged in the primary soil
microbial functional groups consuming assimilated carbon (table 2.5). In IWG-1, a
significantly higher proportion of microbial '*C was accounted for by AMF than was seen
in IWG-2 or Wheat. In contrast, a significantly higher proportion of microbial C was

accounted for by saprotrophic fungi in IWG-2 than in IWG-1 or Wheat.

Discussion

Total C Uptake Declines with IWG Stand Age

Total '3C uptake, measured as the sum of *C recovered from crop tissue and soil
pools at the time of peak tracer recovery, was higher in IWG during the first production
year but declined to similar levels as wheat by the IWG second production year. Since we
applied the *C tracer in mid-May, we expected the first-year ING to take up more C than
wheat. Photosynthetic rates of wheat between late April and mid-May have been seen to
range from 15 to 20 umol m s™! in wheat, compared to nearly 20 to 27 umol m? s™! in
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first-year IWG stands during the same time period, marking a nearly 61% and 44%
higher photosynthetic rate in IWG-1 than wheat in late April and mid-May (Jaikumar et
al., 2013). Results from our study aligned closely with observations made by Jaikumar et
al. (2013), with *C uptake during the mid-May labeling period being 76% higher in

IWG-1 than wheat.

Age-related changes in C uptake and partitioning were observed in IWG. Nearly
twice as much *C was recovered from IWG-1 at peak crop-soil '3C recovery than in
IWG-2, suggesting the C uptake capacity of IWG declined as stands aged. Early-season
IWG photosynthetic rates have been reported to decline between the first and second
IWG production years (Jaikumar et al., 2013; Jaikumar et al., 2016), so the drop in total
13C uptake observed between IWG-1 and IWG-2 was unsurprising. These results are also
well-supported by other studies, which similarly demonstrated age-related changes in
photosynthesis and leaf gas exchange across perennial crop production years. For
example, Jaikumar et al. (2016) and Tejera et al. (2022) found the photosynthetic rate of
IWG and miscanthus declined by 18 — 30% between the first and third production years.
In these studies, age-related differences in C assimilation rates were particularly
pronounced in late April and mid-May (see also Jaikumar et al., 2013), the same period of

time when the '3C tracer was assimilated in this study.
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Wheat Transferred New C to Soil and Rhizosphere Soil Microbial Biomass,
Potentially Contributing to Stable C Formation

Despite the lower total C uptake, wheat retained an amount of C in belowground
pools that was comparable to that of the first-year IWG, and greater than that of the
second-year IWG. This trend was largely due to differences in C partitioning and short-
term C storage patterns observed between wheat and IWG systems. Wheat retained a
relatively low proportion of new C in roots (2 - 8%) and high proportion of new C in soil
(3 - 37%) across the growing season, with the average proportion recovered from soil 2 —
3 times greater than that of either of the IWG systems. These results contribute to a
similar group of studies that demonstrate the effectiveness with which wheat transfers
assimilated C from plant parts to soil pools. In a global meta-analysis evaluating crop-soil
C fluxes, wheat retained the lowest amount of new C in roots (0.2 Mg C ha™!) but
transferred the second highest amount of new C to soil annually (0.8 Mg C ha™! yr'!),
superseded only by maize and perennial ryegrass which each transferred 1.0 Mg C ha™!
yr'! to soil each year (Mathew et al., 2020). Others similarly showed wheat retained most
new belowground C in soil, with wheat labeled during the early part of its growing
season retaining almost 65% of belowground C in soil compared to just 17% in roots
(Sun et al., 2019). The relatively rapid transfer of new C from plant parts to soil is critical
for building stable soil C during the production period of the crop and suggests wheat
production may be more well-suited to contribute positively to soil carbon accumulation

than crops that less readily move carbon between plant tissues and soil pools.

In terms of evaluating longer-term trends in C storage, however, both the amount
and stability of new C retained in Wheat soils should be evaluated. Though we did not
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directly measure new C stabilization in this study, our measurements of C retention in
soil microbial communities in combination with evidence from emerging frameworks
describing soil C stabilization pathways shed light on the potential stability of new C in
wheat soils (Cotrufo et al., 2013). Soil C stabilization is largely dependent on the
efficiency with which new C is allocated to belowground pools and assimilated into
microbial biomass (Cotrufo et al., 2013; Liang et al., 2017). Both the byproducts of
microbial C cycling and direct contributions of microbial tissue turnover are expected to
be primary pathways through which C is stabilized (Buckeridge et al., 2020), with
microbial tissue turnover accounting for an estimated 76 — 92% of new soil C in annual
and perennial systems (Zhu et al., 2020). In wheat soils, incorporation of new C into
microbial biomass has been seen to correspond to an increase in new C retained in
stabilized, mineral-associated organic matter pools (Fang et al., 2016). Therefore, the
incorporation of new C into wheat soil microbial communities observed in our study
suggests wheat may have an advantage in terms of building stable soil C, compared to

systems that retain lower proportion of C in soil microbial biomass.

Low and Slow: Potential for Lower but Longer-Term C Inputs by 1-year IWG
Important differences in C cycling were noted between the Wheat and first-year
IWG, especially with regards to belowground C storage. Though both systems effectively
translocated new C belowground, demonstrated by a steady decline and increase in new
C recovered from aboveground tissues and belowground pools, respectively, IWG-1
tended to store a larger amount of C in root tissues compared with wheat. The higher root
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C storage in IWG-1 is likely due to the high investment in root biomass production
observed in first-year IWG stands (Woeltjen, 2023, Chapter 1). At peak root '*C recovery
the proportion of total '*C recovered from wheat roots was 5 — 7%, closely aligning with
studies showing annual grains such as maize and wheat retain just 6 - 7% of total
assimilated C in roots (An et al. 2015, Sun et al. 2019). In contrast, the first-year IWG
retained 14 — 17% of new C in roots, supporting studies showing IWG stores more C in
roots than wheat (Sprunger et al., 2018; Sprunger et al., 2019). However, the proportion
of new C recovered from roots within 30 days of assimilation in IWG-1 was on the lower
end of the values typically reported for other perennial systems, which can range from 63
— 70% in first-year switchgrass and Kobresia grasslands (Wu et al., 2010; Chaudhary et
al., 2012) to 10 — 55% in grazed perennial grass pastures (Wei et al., 2016; Ma et al.,
2021). The relatively low recovery of new C in first-year IWG roots compared to other
perennial grass systems may relate to the breeding and selection of IWG for grain
production. In breeding for maximum grain yields, the selection of IWG crops that
maximize aboveground biomass and reproductive development at the expense of
belowground C could drive the relatively low root '*C allocation observed in IWG-1
(Poftenbarger et al., 2023). However, few, if any, studies have evaluated the effect of
breeding and selection on root-soil interactions in IWG, and additional studies should
assess changes in root and soil C dynamics associated with breeding perennial grasses for

maximal grain production.

Coupled with the nearly 30% of applied tracer that was not recovered from the

crop-soil system by the end of the study period, the unexpectedly low proportion of new
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C recovered from first-year IWG roots also suggests new C was retained in a pool not
sampled by our design. It is well known that IWG roots extend below the 15 cm depth to
which our samples were collected (Sprunger et al., 2018; Sprunger et al., 2019), with an
estimated 40% and 52% of IWG coarse-root C and fine-root C contained below a 10 cm
sampling depth (Sprunger et al., 2018). In a '*C-labelling study, Peixoto et al. (2020)
further found IWG deposited new C as deep as 3.6 m below the soil surface through
rhizodeposition. Therefore, we expect a portion of the unrecovered tracer to be allocated
to deeper (i.e., below 15 cm) root tissues and soil pools. The deposition of new C in
deeper soil layers reduces exposure to oxygen and soil microbial activity, suggesting that
in its first production year, IWG may contribute to the accrual of organic matter that is

protected from decomposition.

IWG-1 retained a higher proportion of new microbial C accounted for by AMF
than in wheat, supporting studies evidencing the development of robust mycorrhizal
networks in perennial grain systems (Bergquist, 2019; Duchene et al., 2020; Rakkar et al.,
2023). In other non-woody systems, the density of AMF hyphae was estimated to be two
orders of magnitude larger than that of roots in the upper 30 cm of soil, with an estimated
AMF hyphal density of nearly 2700 cm cm™ compared to the 19.2 cm cm™ density
measured for fine roots (See et al., 2022). As AMF receive C from the host plant in
exchange for nutrients mined from soil organic matter, the movement of C along AMF
hyphal networks serves to extend the spatial extent over which first-year IWG influences
C storage. AMF networks extend the movement of new C into bulk soil that is

inaccessible to roots alone and potentially more protected from microbial decomposition
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than C inputs deposited into the rhizosphere. It is important to note that, while the
movement of new C along hyphal networks could increase the volume of soil in which
new C can be deposited (via the decomposition of AMF hyphae), Johnson et al. (2002)
showed new C traveling through AMF hyphal networks bypasses soil pools, being
exported directly from the system in soil CO; efflux rather than being deposited into soil

C pools.

Together, the storage of new C in roots and AMF in first-year IWG adds an
important perspective to studies comparing soil C stocks in IWG and wheat. As root and
AMF hyphal tissues can take 1 — 2 years to decompose (Gill and Jackson 2000; Leifeld et
al., 2015; Zhang et al., 2020), storage of new C in root and AMF hyphal tissues may lead
to slower, longer-term contributions of C derived from first-year IWG crops to soil C
storage. Traditional methods of monitoring soil C stocks that assess soil C stocks between
IWG and annual grains up to the year of IWG termination do not quantify root- and
hyphal-derived contributions to soil C pools that occur after ING termination, and
therefore may underestimate the potential of IWG-derived C inputs to contribute

positively to soil C storage.

Shifts in Growth Strategy May Limit Soil C Contributions by 2-year IWG
Clear age-related changes in crop-microbial-soil C partitioning patterns were
observed between the first- and second-year IWG systems. The reduction in C uptake and

belowground C allocation in the second-year IWG marks a shift in C economy, building
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on a growing body of evidence showing herbaceous perennial crops transition from an
acquisitive to conservative growth strategy between the first and second production years
(Woeltjen, 2023, Chapter 1). An evaluation of C uptake and growth in Miscanthus biofuel
systems revealed 1-year-old crops employed an acquisitive growth strategy, rapidly
acquiring C and allocating it to support tissue development and promote crop
establishment (Tejera et al., 2021). Comparatively, C uptake and growth rates were
substantially reduced by the second Miscanthus production year, marking a shift towards
a more conservative growth strategy (Tejera et al., 2021). In Miscanthus and IWG alike,
the shift towards a more conservative growth strategy aligns with greater investment in
stress tolerant plant structures or carbohydrate storage tissues rather than tissue growth as

stands age (Jaikumar et al., 2016; Tejera et al., 2021).

The exact processes driving the age-related shift in IWG growth strategy remain
unclear, as these changes are attributable to a myriad of interconnected physiological and
environmental factors. For example, Tejera et al. (2022) partially restored the C uptake
capacity of 3-year-old Miscanthus stands by ameliorating nitrogen limitation. However,
since the photosynthetic activity of 3-year-old Miscanthus leaves remained lower than 1
year old leaves even after nitrogen addition, the authors posited physiological constraints
on C sink strength rather than nutrient limitation alone drove the age-related decline in C
uptake. In IWG, age-related declines in photosynthetic capacity were a trade-off for
investing in compounds that increased protection against abiotic stressors (Jaikumar et
al., 2016). Furthermore, others postulated older perennial stands shift C allocation

towards structures that allow the plant to overcome the most limiting nutrient or resource
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(Xia et al., 2017; Dayrell et al. 2018). As some contend increasing aboveground
vegetation density in aging IWG stands leads to sunlight-limited conditions, the increased
aboveground C allocation we observed in the second-year IWG may be spurred by an
attempt to maximize photosynthetic tissue development to overcome light-limitation
(Pinto et al., 2021). Additional research is needed to disentangle the environmental and

physiological drivers underlying the shift in IWG growth strategy.

Regardless of the mechanisms underlying age-related shifts in IWG growth
strategy, this transition has important implications for C cycling and the longer-term C
storage potential in IWG stands (Henneron et al., 2020). Specifically, the transition from
acquisitive to conservative growth between the first and second IWG production years
may limit the capacity for IWG to make large contributions to stable SOC formation over
its lifespan. For example, in woody perennials, resource-acquisitive species were
associated with greater MAOM production than conservative growth species, which is
expected to be a precursor to stable SOC formation (Xu et al., 2021). Similar results were
found across a panel of 12 perennial grassland species, where the acquisitive rather than
conservative growth strategy was linked to the stable MAOM formation derived from
root C inputs (Henneron et al., 2020). Further, the shift towards storing assimilated C in
aboveground rather than belowground pools further limits the potential for stable soil C
storage in IWG systems characterized by regular aboveground biomass cutting and
removal. As much as half of the assimilated newly assimilated C was retained in
aboveground tissues in the second-year IWG across the growing season, and therefore the

cutting and removal of aboveground biomass from older IWG stands serves to displace
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almost 50% of assimilated C from IWG fields. These results underscore the importance
of employing agronomic practices that keep aboveground tissue C in-field to maximize
the potential for belowground C transfer. For example, combing the grain from standing
plants and chopping the remaining straw for equal distribution over the field may present

an opportunity to retain C contained in straw to the field following grain harvest.

Age-related changes in new C recovery from rhizosphere soil microbial biomass,
with a relatively high proportion of soil microbial C accounted for by saprotrophic fungi,
similarly have important implications for C cycling and storage. As saprotrophic fungal
communities are decomposers, sourcing their C from the breakdown of soil organic
matter, the increase in saprotrophic fungi observed in this study supports other research
that has shown root decomposition in second-year IWG is 1.7 times higher than in first-
year IWG (Woeltjen, 2023, Chapter 1). Increases in fungal abundance are linked to
reductions in microbial community C use efficiency and increased heterotrophic
respiration (Whitaker et al., 2014; Soares and Rousk, 2019), aligning with our
observations of substantially greater soil respiratory losses of new C in IWG-2 compared
to either IWG-1 or Wheat. Therefore, the greater use of new C by saprotrophic fungal
communities in second-year IWG may lead to increased loss of new C to respiration and
reduced contributions to soil C. However, the chemical composition of fungal biomass is
widely believed to more readily contribute to the formation of stable soil C than bacterial
biomass, presenting a trade-off between increased respiration and potentially greater

stable soil C contributions in aging IWG stands (Buckeridge et al. 2020).
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Conclusions

Wheat exhibited a lower C uptake than IWG systems, but more effectively
transferred assimilated C from shoot to soil and rhizosphere soil microbial pools. First-
year IWG systems were characterized by high C uptake and transfer of new C into roots
and rhizosphere arbuscular mycorrhizal networks, potentially allowing belowground C
inputs derived from 1%-year IWG crops to contribute to longer-term C storage in IWG
systems. However, these trends were not maintained across stand age. A significant
decrease in C uptake and belowground C partitioning was accompanied by an increase in
aboveground C partitioning, belowground respiratory losses, and consumption of new C
by rhizosphere saprotrophic fungi in the second-year IWG compared to the first-year
IWG. These age-related trends in C uptake and partitioning demonstrate a transition from
acquisitive to conservative growth between the first and second IWG production years,
shedding light on the mechanisms underlying limited soil C accrual in IWG stands.
Additional research of C uptake and partitioning patterns in other cool- and warm-season
grass is needed to further investigate the ability of these results to explain limited and

inconsistent C accrual in other perennial grass cropping systems.
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Table 2.1 Agronomic management details for each cropping system.

IWG-1 IWG-2 Wheat
2020 Field ID R34 V17 R90
Planting date September 2019 September 2018 April 2020
Seeding rate 13 kg live seed ha’! 13 kg live seed ha’! 2.7 million seeds ha*
Row spacing 38 cm 41 cm 15cm
N fertilization April 2020 April 2019, April 2020 April 2020
date(s)
N fertilization rate 80 kg N ha’! 80 kg N ha’! 80 kg N ha’!
N fertilizer type Urea Urea Urea
Harvest date August 3 August 3 July 24
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Table 2.2 Model parameters used to predict shoot and root compartment sizes.

Model form Citation
_ B 797.73
Shoot Biomass IWG-1 Shoot biomass (g m™*) = 1734 —CDD Jungers et al., 2018
1+ e 5093
, . 797.73
IWG-2 Shoot biomass (gm™“) = 1734 —GDD Jungers et al., 2018
1+ e 5093
Wheat Shoot biomass (kg ha™!) = 4.007 * GS? Bauer et al., 1987
Root Biomass ~ IWG-1  Root biomass (g m™%) = (9.01 * DOY) + (—0.02 * DOY?) — 814  Woeltjen, 2023
IWG-2 Root biomass (g m™?) = (—1.12 * DOY) + 483 Woeltjen, 2023
Wheat Root biomass (g m™?) = (4.84 x DOY) + (—0.01 * DOY?) — 415 Woeltjen, 2023
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Table 2.3 Analysis of variance and probability of significance for the mass of *C and proportion of '*C recovered from five C

compartments: shoots, roots, soil, cuamulative respiration, and total rhizosphere microbial biomass.

Shoots - Roos 9l eprton Miorobial romas

Mass of °C

Cropping System (CS) <0.001 <0.001 <0.001 0.019 <0.001

Time (T) <0.001 0.003 0.9275 <0.001 0.108
CSxT <0.001 0.001 0.1805 0.518 0.154
Proportion of °C

Cropping System (CS) 0.2511 <0.001 <0.001 <0.001 <0.001

Time (T) <0.001 0.004 0.935 <0.001 0.200
CSxT 0.009 0.044 0.139 0.028 0.636
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Table 2.4 Mean and standard error of '3C (mg *C m™) recovered from shoots, roots, and soil at each of the 10 sampling events.
Means not sharing any lowercase letters indicate significant differences between cropping systems at a given sampling event (p<0.05).
Means not sharing any uppercase letters indicate significant differences between sampling events within a given cropping system
(p<0.05). When no cropping system x time interaction was present, values were averaged across the study period prior to performing
means comparison analysis.

Time since tracer added

Oh 1.5h 18h 24h 3d 7d 14d 30d 60d 90d Study Period

Shoots TWG-1 326436 aA 327442 aA 234426 aB 202+27aBC 204441 aBC  156+21aBC  121+23CD 57+8 abDE 434+20DE 0+0 E

IWG-2  103+19bA 03+2 bA 9248 bA 83+6 bAB 70+5 cAB 65+3 bAB 79+4 AB 88+5 aA 60+£16 AB 1+0 B

Wheat 14638 bA 140429 bA 122422 bA 109+19bAB  129+27 bA 82£15bABC 72+10ABC  28+5bBC 27+5 BC 00 C
Roots IWG-1 2044 C 21+£5C 36+10aBC 35+£10aBC 57+14 aAB 55+15 aAB 66£8 aA 32+5aBC 3549 aBC 32+10aBC

IWG-2  9+1 11+1 8+£2 b 11£4 b 6+l b 54£2b 9+5b 943 b 5£2b 3+1b

Wheat  5=+1 5+1 1246 b 10£3 b 11£2 b 14£2 b 164 b 18+4 ab 14+5 b 62 b
Soil IWG-1 2045 39+12 5948 4249 69+21 57+11 36+16 33+10 4349 5110 45a

IWG-2  87+26 8+8 17+14 9+7 4+3 241 66 11+11 1+0 10+10 16b

Wheat 7+4 80+21 95+54 6330 47£21 92+80 43+19 57+46 40£15 43+£20 57a
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Table 2.5 Analysis of variance and estimated marginal means of the proportion of total rhizosphere soil microbial biomass '*C
accounted for by actinomycetes (Actino), anaerobic bacteria, gram positive bacteria, gram negative bacteria, saprotrophic fungi and
arbuscular mycorrhizal fungi (AMF) when averaged over cropping system (CS) and sampling time (T). Means followed by different
lowercase letters are significantly different within levels of either cropping system of sampling time.

pcino e bacwria baria gt AMF

ANOVA Cropping system (CS) <0.001 <0.001 0.002 <0.001 <0.001 0.001
Time (T) 0.166 0.131 0.008 0.136 0.015 0.290

CSxT 0.476 0.165 0.147 0.225 0.106 0.074

% Total microbial biomass 13C

CS IWG-1 3.80a 5.07a 26.0b 6.66 a 30.4b 517 a
IWG-2 0.36¢ 0.88b 29.8a 1.36 b 40.1a 3.37hb
Wheat 243b 3.99a 30.0a 6.12 a 28.3b 2.07b

T Oh 3.05 4.93 29.4ab 5.84 29.8b 2.62
15h 2.32 2.8 33.3a 5.47 30.5b 2.76

18 h 15 211 28.0ab 3.66 32.3ab 4.16

24 h 1.86 3.03 27.1Db 3.62 33.5ab 4.12

3d 2.07 3.60 27.8Db 3.58 35.2ab 4.36

7d 2.38 3.42 26.0Db 6.13 36.6a 3.18




Figure 2.1 Mean and standard error of '*C (mg '*C m) recovered from the whole system (solid red line; sum of all measured pools),
crop-soil pools (dotted black line; sum of shoot, root and soil pools) and cumulative soil respiration (dashed black line). Lowercase
letters indicate the effect of cropping system on crop-soil '*C recovery within each sampling event, where means not sharing any
lowercase letters are significantly different (p<0.05). Uppercase letters indicate the effect time on crop-soil '*C recovery within each
cropping system, where means not sharing any uppercase letters are significantly different (p<0.05).
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Figure 2.2 Proportion of total assimilated *C recovered from shoots, roots, soil, and

cumulative soil respiration. Data are presented as means = standard error. Means with

asterisks indicate significant differences between cropping systems were detected within
a sampling event. The vertical dashed lines indicate the point at which aboveground
biomass was cut and removed from fields during grain harvest.
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Figure 2.3 The a) *C (mg m™) and b) proportion of total assimilated *C (%) recovered
from rhizosphere soil total microbial biomass. Points to the right of the vertical solid line
represent mean and standard error when averaged across sampling time and means
followed by different lowercase letters are significantly different (p < 0.05). The x-axis
scale was log-transformed to improve readability.
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Chapter 3 : Evaluating Effect of Stand Age and Grain Harvest on
Nitrogen Sources and Nitrogen Conservation in Intermediate
Wheatgrass Systems

Synopsis

Perennial grasses often rely on well-developed internal nitrogen (N) translocation
and conservation mechanisms to support growth and development, but little is known
about the extent to which perennial grain crops like intermediate wheatgrass (IWG,
Thinopyrum intermedium (Host) Barkworth and Dewey) utilize N conservation to meet
the N demands of tissue growth, and the effect of perennial grain harvest and biomass
removal at physiological maturity on N conservation remains unclear. We hypothesized
that harvesting perennial grains at physiological maturity would disrupt N conservation
and translocation dynamics, potentially contributing to the development of N-limiting
conditions over time as IWG crops deplete soil N reserves to meet aboveground tissue N
growth demands. To test these hypotheses, we established a !°N-urea tracer study to track
the fate of fertilizer N through aboveground tissue, root, and soil pools in IWG stands
that were 1 year old IWG-1), 2 years old (IWG-2) and 3 years old (IWG-3). We
measured indicators of N availability (aboveground tissue N content and soil NO3-N), N
translocation and conservation, and fertilizer-derived N uptake. Results indicated that
aboveground tissue N concentration fell by nearly 0.2% each year, alongside a significant

decline in soil NOs-N observed between the first and third IWG production years. While
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these results suggested IWG stands may experience N limitation as they age, the age-
related decline in tissue N content and soil NO3-N was not accompanied by an increase in
N translocation or N conservation, as would be expected if IWG were experiencing N
limitation. Rather, net N translocation declined significantly with stand age, falling from
nearly 4103 mg N m™ in IWG-1 to 2636 mg N m~ in IWG-3, suggesting IWG does not
become more reliant on internally translocated N as stands age. Further, N derived from
fertilizer (Ndff) represented only a small proportion of the N recovered from crop tissues
at physiological maturity, accounting for just 14 — 26% and 18 — 21% of aboveground
tissue N and root N, respectively, increasing with stand age and the fertilizer N recovery
efficiency (FNR). Though the crop tissue FNR increased with stand age, it remained
lower than previous observations in other perennial and annual cropping systems,
suggesting fertilizer N management should be optimized to improve IWG fertilizer N

uptake and ensure IWG systems remain profitable in the long-term.

Introduction
Agricultural landscapes in the upper Midwest, USA are largely dominated by
annual grain row crops that are characterized by high fertilizer nitrogen (N) inputs and
substantial N losses to the atmosphere, regional surface waterways and groundwater
reservoirs (Jungers et al., 2019; Hussain et al., 2020; Vangeli et al., 2022). The
consequences of diminished water quality are particularly threatening to the

environmental and economic sustainability of agricultural regions. Some regions in the
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upper Midwest pay an estimated US$4.8 billion annually to treat waters polluted by
agriculturally-derived N and ensure affected communities have access to potable drinking
water (Ribaudo et al., 2011). Establishing agroecosystems that minimize reliance on
fertilizer N inputs, efficiently uptake fertilizer-applied N and conserve internal N is
critical to ensuring long-term environmental and human health in agricultural

communities.

Perennial grass crops are particularly well-suited to reduce the need for high
fertilizer N inputs and therefore minimize N losses on agricultural landscapes. The high
N uptake efficiency of perennial grass roots reduces the need for fertilizer N inputs and
prevents the loss of N through leaching (Vadas et al., 2008; Jungers et al., 2017; Reilly et
al., 2022). Additionally, many perennial grass crops employ effective N conservation
strategies that recycle the N assimilated during one growing season to support
aboveground tissue development during subsequent growing seasons (Jach-Smith and
Jackson, 2015; Roley et al., 2020). These N conservation strategies rely on the
translocation of N from aboveground tissues to belowground storage pools (i.e., N
resorption) between the onset of physiological maturity and tissue senescence. Up to 30 -
70% of the N recovered from aboveground tissues can be sourced from N resorbed
during the previous growing season, but the reliance on internally translocated N varies
widely based on plant physiology and environmental conditions, such as N availability
(Lietal., 1992, Li and Redmann, 1992; Wayman et al., 2014).

In intermediate wheatgrass (IWG), a cool-season perennial grass domesticated for

grain and forage production, a high N use efficiency (Sprunger et al., 2018; Dobbratz et
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al., 2023) and N conservation mechanisms (i.e., internal N translocation between
aboveground and belowground crop tissues) have already been observed (Woeltjen,
2023, Chapter 2, unpublished data). These trends suggest IWG has evolved mechanisms
to conserve N, indicating IWG is in part reliant on internally translocated N to meet the
demands of aboveground and belowground tissue growth (Killingbeck 1996). Yet, it
remains unclear to what extent IWG relies on translocation to meet N demands. Further,
the effect of harvesting IWG grain at physiological maturity, rather than later in the
season to allow for N translocation, remains unclear. Management recommendations for
perennial grass cropping systems are often designed to allow for maximal N conservation
via N translocation, even at the expense of yield reductions. For example, even though
biomass yields peak at physiological maturity (i.e., August) in switchgrass and
miscanthus biofuel crops, growers are recommended to harvest biomass later in the
growing season (i.e., October-November) to allow for maximum N translocation (Heaton
et al., 2009; Jach-Smith and Jackson, 2015). In these cases, growers accept a reduced
biomass yield in exchange for the financial and environmental benefits imparted by N
conservation mechanisms, with some suggesting that allowing crops to carry out their N
conservation may save growers nearly US$9 ha'! (Wayman et al., 2014). However, as
IWG grain yields and nutritional content decline significantly after physiological maturity
is reached, delaying crop harvest beyond physiological maturity is not viable because
seeds shatter leading to grain yield losses (Heineck et al., 2022). A better understanding
of the impact of IWG grain harvest on N conservation is needed to ensure N management

plans are tailored to adequately meet IWG N demands and prevent depletion of soil N.
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Evidence of N depletion and limitation have already been observed in aging IWG
stands (Tautges et al., 2018; Crews et al., 2022), suggesting current agronomic
recommendations are suboptimal for maintaining N availability in aging IWG stands.
Others have shown IWG assimilated more N into crop tissues than was applied as
fertilizer (Sprunger et al., 2018; Dobbratz et al., 2023). The discrepancy between
fertilizer N application and fertilizer N uptake could be driven by inadequate fertilizer N
application, or the disruption of internal N conservation mechanisms.

To address these knowledge gaps, we established a '°N fertilizer tracer study to
track the fate of fertilizer-derived N through aboveground tissues, roots, and soil organic
N pools in IWG stands ranging from 1 — 3 years old. This study had three primary
objectives. First, we aimed to evaluate evidence of N limitation in ageing grain-harvested
IWG systems using proxies of N availability (aboveground tissue N content and soil
nitrate-N concentration) and N conservation (net N translocation and nitrogen resorption
efficiency). Second, we assessed primary N sources supplying the N that supports tissue
growth and development in IWG. We evaluated three primary sources, including
fertilizer N, non-fertilizer N (soil-derived N) and internally translocated N using the
proxies of N conservation and the direct quantification of fertilizer-derived N in crop
shoot and root tissues. Third, we measured the effect of stand age on fertilizer N uptake
efficiency and quantified the amount of fertilizer N removed at harvest in the first, second
and third IWG production years. We hypothesized that: 1) N limitation would be
observed as IWG stands aged; 2) net N translocation would increase and N conservation

proxies would indicate an increased reliance on internally translocated N as stands age,
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alongside an increase in the proportion of N sourced from soil, due to suboptimal N
fertilization causing IWG to rely on non-fertilizer-derived N sources to meet the N
demands of tissue growth; and 3) fertilizer N uptake efficiency would be high across all
stand ages, given the dense root stock and high leachate uptake, with almost all fertilizer-

applied N assimilated into crop tissues during the growing season.

Materials and Methods

Experimental Design and Crop Management

This study was established at the University of Minnesota Rosemount Research
and Outreach Center located in Rosemount, Minnesota (44°42' N, 9305’ W) between
April and December of 2021. Mean annual temperature and precipitation were 11.1 C
and 864 mm, respectively (NRCS, 2023). Mean temperature and daily precipitation in
Rosemount, MN in 2021 are presented in figure 3.1. Soils were deep, well-drained silt
loams classified as Typic Hapludolls (NRCS, 2023).

The details of each field and the associated agronomic management practices are
included in table 3.1. To summarize, this study was conducted in three separate fields,
each containing one IWG stand age: a 1-year-old (IWG-1), 2-year-old (IWG-2) and 3-
year-old (IWG-3) IWG stand. All stands utilized in this study were located within a 1.45
km radius and were verified to have similar site conditions, including soil texture and

hillslope position. The IWG-1, IWG-2 and IWG-3 stands were established in September
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of 2020, 2019, and 2018, respectively. Within each stand, the study area was divided into
four 3.3 m x 8.3 m blocks (fig. 3.2). Each block contained a 1 m? microplot (1.2 m x 0.8
m) designated for '°N labeling (IAEA, 2008; Wood et al., 2020; Costa et al., 2021).
Approximately 3 m from the long edge of the >N microplot, a 1.2 m x 5 m area was
delineated for determination of crop biomass yield and '°N natural abundance of crop
tissue and soil samples (fig. 3.2; IAEA, 2008). Within this area, five 1.2 m x 0.8 m non-
enriched sampling zones were established. Each non-enriched sampling zone was
randomly assigned to one of the five sampling events carried out over the study period.
Three of the sampling zones were assigned to a sampling that occurred during the
growing season, aligning with IWG boot stage, maturity, and post-harvest regrowth. The
remaining two non-enriched sampling zones were sampled at the end of the season (late
November). One of these zones was harvested for grain at maturity and is referred to as
EOS-harvested. The other zone was left unharvested and is referred to as EOS-
unharvested. This study design allowed us to determine the maximum potential N
translocated belowground between maturity and senescence in IWG, a process which
occurs between maturity and senescence and required biomass to remain standing
between these growth stages. Due to limited availability of boot stage and regrowth
samples at the time this paper was written, only the data collected at the Maturity, EOS-

harvested and EOS-unharvested samplings are presented here.
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Application of Enriched and Non-Enriched Fertilizers

Each microplot was fertilized with a !*N-enriched urea fertilizer ('°N-urea)
solution at a rate of 80 kg N ha''. The "N-urea solution was enriched to 5 atom% excess
by dissolving 102.96 g "N-urea (10 atom% excess) and 2988.23 g non-enriched urea
fertilizer into 1 L deionized water (Readman et al., 2002; Harris et al., 2015; Spackman
and Fernandez, 2019). The '*N-urea solution was sprayed directly onto the soil surface
using hand spray bottles to ensure the '’N-urea solution was applied evenly across the
microplot area (Huddell et al., 2023; supplemental figure 3.1). This method of fertilizer
application produces similar results as when urea is broadcast in solid forms (Follett et
al., 2001). While spraying the ’N-urea solution onto the microplots, a wooden barrier
was placed around the microplot edges to restrict airborne travel of water vapors carrying
5N-urea and prevent contamination of the surrounding study area (supplemental figure
3.1).

As with the >N microplots, each 1.2 m x 5 m non-enriched sampling zone was
fertilized with a urea solution at a rate of 80 kg N ha!. The urea solution applied to these
non-enriched sampling zones was prepared as previously described for the '*N-urea,
except only non-enriched urea was used. The non-enriched urea solution was applied
using a backpack sprayer to evenly distribute the fertilizer across the non-enriched
sampling zones. The area extending 1 m beyond each N microplot and non-enriched
sampling zone edge was also fertilized with non-enriched urea solution using these
application methods. Following local fertilizer application recommendations, all >N

microplots and non-enriched sampling areas were irrigated to simulate a 0.64 cm (% in)
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rainfall event immediately after fertilizer application (Spackman and Fernandez, 2019;

Huddell et al. 2023; supplemental figure 3.2).

Plant Tissue and Soil Sampling

In each '*N-enriched microplot, a 0.2 m? area was randomly selected for crop
tissue and soil sampling at each sampling time. At least five healthy IWG shoots were
clipped at the soil surface for analysis of the aboveground crop tissue elemental
composition. In the same 0.2 m? area, a 5 cm diameter auger was used to extract one soil
core at each of two depths (0 - 15 cm and 15 - 30 cm) for root biomass determination. A
2.5 cm diameter soil corer was used to collect 6 cores from each depth interval (6 cores x
2 depth intervals for 12 cores total). The 6 cores per depth interval were evenly spread
between the position of the crop crown and the middle of the interrow to capture
variability in soil nutrient concentrations between the interrow and row positions. The six
soil cores were then composited to form one soil sample per depth interval and plot
replicate for analysis of soil elemental composition.

The same methods were used to collect aboveground crop tissue, root, and soil
samples in the non-enriched sampling areas, except all aboveground biomass in a 0.81 m
x 0.61 m quadrat was clipped at the soil surface and collected for aboveground biomass
yield determination. The root and soil cores were then collected from within this quadrat
area as previously described for the ’N-enriched microplot samplings.

All crop tissue and soil samples, from both the !’N-enriched microplots and non-

enriched sampling zones, were stored in a cooler and transported to a laboratory where
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they were stored at 4 C until further processing. To limit the risk of cross-contamination
during the collection of the '’N-enriched and non-enriched samples, separate sets of tools
were used to collect crop tissue and soil samples from the '’N-enriched microplots and
the non-enriched sampling zones. Further, crop tissue and soil sampling tools were rinsed
with DI water and wiped clean between fields to limit the potential for cross-site
contamination.

In the laboratory, aboveground crop tissue samples were immediately dried at 60
C for at least 48 h, weighed for dry matter determination and ground into a fine powder
using a ball mill. Roots were isolated from the two cores collected for root biomass
determination using hydropneumatic elutriation (Smucker et al., 1982). Briefly, the
process uses compressed air and water to flush soil free from roots over a 410-micron
mesh screen. Following elutriation, roots were dried at 60 C then further cleaned by hand
to remove remaining organic debris and sand particles prior to weighing for dry matter
determination and ground into a fine powder using a ball mill. Soil samples were sieved
to 2 mm within 10 days of sample collection. A subsample of sieved soil was packaged
into 4 mL microeppendorf tubes and allowed to air-dry for at least 48 hr. A steel bead was
added to each microeppendorf tube, then tubes were sealed. Microeppendorf tubes were
placed in metal capsules and loaded onto a ball mill to grind soil into a fine powder.
Ground crop tissue and soil samples were packaged into tin capsules and analyzed to
determine the N content (%) and isotopic signature (8!°N, %o) by dry combustion of each
sample using an elemental analyzer coupled to a continuous-flow Isoprime 100 isotope

ratio mass spectrometer (Elementar Pyrocube, Elementar Americas, Inc.).
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Within 10 days of sample collection, soil available NO3-N was determined by
weighing 10 g +/- 0.05 g of fresh soil (sieved to 2 mm) into acid-washed 50 mL
centrifuge tubes. Then, 40 mL of 1 M KCI was added to each tube. Tubes were capped
and shaken for 1 hr at 240 rpm. Afterwards, tubes were allowed to sit upright until all
sediment had settled to the bottom of the tube. The extractant was filtered through pre-
rinsed Whatman No. 1 filter paper into acid-washed scintillation vials, and vials were
frozen until soil NO3-N in each sample could be determined using a modified well plate
assay method as described by Dobbratz et al., (2023).

In the Maturity and EOS-harvested sampling zones, grain harvest commenced
when crops reached physiological maturity. At this time, grain was harvested, and all
aboveground biomass was cut to a 10 cm stubble then removed from the sampling area.
These methods are representative of common grain harvest practices used in larger scale
IWG production fields. Samples were collected from each Maturity sampling zone for
determination of grain yield using a 0.81 m x 0.61 m quadrat placed in the center of the
Maturity non-enriched sampling zone. In the EOS-unharvested sampling zones, no
biomass was cut or removed at the time of grain harvest, so all aboveground biomass was
left standing in these sampling zones between crop maturity and the EOS-unharvested
sampling time. Similar methods were replicated in the '*’N microplots, where
aboveground biomass in a portion of the microplot was cut to a 10 cm stubble and
removed from the field, and the remainder of the aboveground biomass was left standing

for the EOS-unharvested sampling event. In the remainder of the experimental area,
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aboveground biomass was cut to 10 cm stubble and removed from the field to eliminate

the potential for shading effects on the plots.

Calculations

A list of abbreviated terms, their descriptions and calculations are provided in
table 3.2. All measurements were calculated on a mass per area basis. Due to differences
in row spacing between the IWG fields (see table 3.1), all data were scaled to a field with
a 40 cm (16 inch) row spacing.

We evaluated N and N dynamics in three compartments of the crop-soil system:
aboveground biomass, roots (0 — 15 cm and 15 — 30 ¢cm) and soil organic N (0 — 15 cm
and 15 — 30 cm). The total N recovery (Npoo1), proportion of plant or soil N derived from
fertilizer (Ndff), amount of N derived from fertilizer (FDN), and proportion of applied
fertilizer N recovered (FNR) were determined following equations presented in
Spackman and Fernandez (2020) and Stevens et al. (2005). The total N recovered from
each compartment (Npool, g N m™) in each compartment was determined as:

N content (%)
100

Npoo1(g N m™2) = pool size (g m™?) x

The proportion of plant or soil N derived from fertilizer (Ndff, %) was calculated
as follows:

sample — Abackground

A
Ndff (%) =
Afertilizer - Abackground
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where Asample and Apackeround are the '°N fractional abundance (atom %) of plant or soil
samples collected from the labeled microplots or the unlabeled plot, respectively, and
Afertilizer represents the '°N fractional abundance of the labeled fertilizer.
The amount of N derived from fertilizer (FDN) in each pool was then calculated
as:
FDN (mg N m=%) = Npoo * Ndf f
The fertilizer N recovery (FNR) was determined using the following equation:

FDN

FNR (%) =
(%) Applied fertilizer (mg N m=2)

Net N translocation, or the maximum amount of N translocated from aboveground
tissues to belowground N pools between maturity and senescence, was estimated for each
stand age using the following equation (Wayman et al. 2014):

Net N translocation (mg N m™2) = Nyoo1 ros—unharvested — Npool,maturity
where Npool EOS-unharvested 1S the Npool of the EOS-unharvested sampling and
Npool,maturity 1S the Npoor at maturity for a given stand age.

We also evaluated three N conservation proxies: Ngreen, N resorption proficiency
(NRP) and N resorption efficiency (NRE) (Jach-Smith and Jackson, 2015). The Ngreen
(%) 1s the N content of only green leaves collected at maturity. NRP (%) is the N content
of leaves collected after senescence (i.e., late November), and represents the lowest N
content achieved by the leaf, with a higher NRP indicating a lower amount of N was
translocated out of the leaf (or resorbed) during senescence. Ngreen and NRP differ from

the N content (%) of the whole aboveground biomass pool at maturity and senescence,
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respectively, in that they only represent the N content of leaves, rather than the N content
of the whole aboveground biomass pool which contains leaves, stems, etc.

NRE was then calculated as:

NRP
NRE(%) =1-— <

green

* MLCF> * 100

where MLCF = (.713 (Vergutz et al., 2012), a coefficient that accounts for the
leaf mass loss that occurs between maturity and senescence. NRE indicates the extent to
which plants withdraw nutrients from senescing leaves during plant senescence, with a
higher NRE indicating plants translocate a greater supply of N into belowground root and

soil pools (Killingbeck, 1996)

Statistical Analysis

All statistical analysis was performed using R software (R Core Team, 2023). The
effect of stand age, sampling time and their interaction on aboveground tissue N content,
Npool, Ndff, FDN and FNR were evaluated using linear mixed effects models. Using the
Ime function from the nlme package (Pinheiro et al., 2022; version 3.1-160), random
intercept models were created with a random effects structure of sampling time nested
within plot replicate. The effect of stand age, sampling time, sampling depth and their
interaction on root and soil N content, Nyoo1, Ndff, FDN and FNR were evaluated using
random intercept models created with a random effects structure of sampling time nested
within plot replicate nested within depth. The same model structure was used to evaluate
the effect of stand age, sampling time, depth, and their interaction on soil available NOs-

N. The effect of stand age on Ngreen, NRP, NRE and grain yield were evaluated with one-
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way ANOVA. When main effects or interactions were significant, a Tukey’s-adjusted
least-squares means comparison was performed using the emmeans function from the
emmeans package (Lenth 2023; version 1.8.4-1). Compact letter displays were generated
from the estimated means using the c/d function from the multcomp package (Hothorn et
al., 2008; version 1.4-17). Prior to post-hoc testing, all models were verified to meet
model assumptions. When model assumptions were not met, data were transformed prior

to means comparison. All significant differences were evaluated at P < 0.05.

Results

Soil NO3-N

Soil available NOs-N was significantly affected by sampling time and the two-
way interactions between stand age x sampling time, stand age x depth, and sampling
time x depth (table 3.3, fig. 3.3). At the Maturity sampling event, no significant
differences in soil NO3-N were detected between stand ages when averaged across depth,
with 0.094 mg N kg soil! recovered from IWG-1 and no soil NOs-N recovered from
either other stand. The soil NO3-N remained significantly higher in IWG-1 than IWG-3 at
the EOS-harvested event when averaged across sampling depth, with soil NOs3-N in
IWG-1 being 1.3 and 2.4 times higher in IWG-1 than IWG-2 or IWG-3 at EOS-
harvested, respectively. Similar trends were seen at the EOS-unharvested event, though

no significant differences between fields were detected when averaged across sampling

depth.
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When averaged across sampling time, similar trends were seen in the 0 — 15 cm
depth interval, with IWG-1 maintaining a significantly higher soil NO3-N (1.852 mg N
kg soil!) than IWG-3 (0.612 mg N kg soil!). However, the opposite trend was seen in the
15 — 30 cm depth interval. A significantly higher mass of soil NO3-N was recovered from
IWG-3 than either other stand age, with the soil NO3-N in the 15 — 30 cm depth interval
in IWG-3 being 2.7 and 5.2 times higher than IWG-2 and IWG-1, respectively. When
averaged across sampling depth, a similar soil NO3-N concentration was recovered from
the Maturity (0.06 mg N kg soil ') and EOS-unharvested (0.82 mg N kg soil ') samplings,
both of which were significantly lower than that of the EOS-harvested (2.58 mg N kg
soil™!) sampling. Similar trends were seen in the 15 — 30 cm sampling depth, though no

significant differences were detected.

N Content

Aboveground tissue N content (%) was significantly affected by stand age and
sampling time, but not their interaction (table 3.4, fig. 3.4). Aboveground N content
declined significantly between IWG-1 and IWG-2, falling by nearly 28% before
plateauing around 1.25% in IWG-2 and IWG-3. On average, aboveground N content at
Maturity declined by 0.22% each year. When averaged across stand age, aboveground N
content was lowest at Maturity (1.0 %) and EOS-unharvested (0.8 %), both of which
were significantly lower than EOS-harvested (1.6%), indicating a significant effect of
grain harvest on the N content of aboveground tissues. Root N content was not

significantly affected by stand age, sampling time, sampling depth or their interactions
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(table 3.4, fig. 3.4), with trends showing root tissue N content ranged from 1.0 — 1.5% in
the 0 — 15 cm interval, and 0.5 — 1.5% in the 15 — 30 cm interval. Total soil organic N
content was significantly affected by stand age and sampling depth (table 3.4, fig. 3.4).
The IWG-1 (0.21%) and IWG-3 (0.22%) on average had higher soil organic N content
than IWG-2, each being 1.1 times greater than that of IWG-2. On average, the soil
organic N content was significantly greater in the 0 — 15 cm layer (0.22%) than the 15 —

30 cm layer (0.20%).

N Pool

The aboveground biomass Nyool, or the total mass of N recovered from
aboveground biomass, was significantly affected by stand age and sampling time, but not
their interaction (table 3.4, fig.3.5). Aboveground Npool in IWG-3 was on average 1.3 and
1.6 times greater than in IWG-1 and IWG-2, respectively. Across sampling times,
aboveground Npoeol at Maturity (5.47 g N m™) was significantly larger than that of the
EOS-harvested (2.18 g N m?) or EOS-unharvested (3.51 g N m™) samplings. The root
Npool was smaller than that of the aboveground Nyoo and varied little across the study
period. In roots, Npool Was significantly affected by sampling depth only (table 3.4, fig.
3.5), where the root Npool between 0 — 15 cm contained 8 times more root N than the 15 —
30 cm layer, declining on average from 1.00 to 0.13 g N m™ between the 0 — 15 cm and
15 — 30 cm depth intervals. The soil organic Npool Was significantly affected by stand age
and sampling depth (table 3.4, fig. 3.5). On average, IWG-1 and IWG-3 had 1.1 times

more organic N in soil than IWG-2, marking a significantly lower soil Npoor in IWG-2

100



than either other stand age. Like the root Npool, significantly more N was stored in the soil
organic Npool in the 0 — 15 cm depth interval (417 g N m2) than 15 — 30 cm depth interval

(386 g N m™).

Net N Translocation

Net N translocation, or the maximum mass of N translocated from aboveground
tissues to belowground pools between physiological maturity (i.e., August) and
senescence (i.e., November), was significantly affected by stand age (fig. 3.6). Net N
translocation in IWG-1 was 4324 mg N m™, representing 73% of the IWG-1
aboveground N pool at maturity. Net N translocation fell by nearly 44% between IWG-1
and IWG-2, and no significant differences were detected in net N translocation between
IWG-2 (2429 mg N m?) and IWG-3 (2539 mg N m™). Net N translocation in IWG-2 and

IWG-3 represented 49% and 40%, respectively, of the aboveground Npool at maturity.

Fertilizer-Derived N

The mass of fertilizer-derived N (FDN) in aboveground tissues varied by stand
age and sampling time (table 3.4, fig. 3.7). On average, aboveground FDN was 92%
higher in IWG-3 than IWG-1, increasing by 65% between each consecutive stand age.
Aboveground FDN at the EOS-unharvested sampling (327 mg N m™) was substantially
higher than that of the EOS-harvested sampling (147 mg N m™), marking a significant

effect of grain harvest on aboveground FDN at the end of the growing season. In roots,
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FDN was significantly affected by sampling depth, but no significant effect of other main
effects or interactions were detected (table 3.4, fig. 3.7). Across all sampling events, root
FDN ranged from 91 to 139 mg N m?, 84 to 217 mg N m™ and 95 to 204 mg N m™ in the
upper 0 — 15 cm soil layer in IWG-1, IWG-2, and IWG-3, respectively. Root FDN was
10.5 times higher in the 0 — 15 cm layer than the 15 — 30 cm layer, where root FDN
ranged from 1 to 10 mg N m™, 1 to 38 mg N m™ and 4 to 20 mg N m across sampling
times in IWG-1, IWG-2, and IWG-3, respectively. Soil FDN was significantly affected
by sampling depth and the interaction between stand age and sampling depth (table 3.3,
fig. 3.7). In the upper 0 — 15 cm, soil FDN was significantly greater in IWG-1 (2388 mg
N m?) than IWG-3 (1681 mg N m%), with IWG-2 falling in between (2076 mg N m™).
No significant differences between stand ages were found in soil FDN in the 15 — 30 cm
layer, with FDN ranging from 500 mg N m? in IWG-1 to 892 mg N m? in IWG-3. On
average, FDN was 4.2, 4.1 and 1.9 times greater in the 0 — 15 cm depth interval than the

15 — 30 cm depth interval in IWG-1, IWG-2 and IWG-3, respectively.

Proportion of IWG Tissue N Derived from Fertilizer or Soil

The proportion of the total N derived from fertilizer (Ndff) in aboveground tissues
varied by stand age and sampling time (table 3.4, fig. 3.8). Averaged across sampling
times, aboveground Ndff increased significantly with stand age, nearly doubling from an
average of 7% to 16% between IWG-1 and IWG-3. At Maturity, aboveground Ndff
ranged from 14 — 26%, and therefore the proportion of N derived from non-fertilizer

sources at Maturity was 74% and 86% in IWG-3 and IWG-1, respectively, indicating the
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N derived from non-fertilizer sources decreased with stand age. Aboveground Ndff at
Maturity was on average 3 and 2.3 times higher than at the EOS-harvested or EOS-
unharvested samplings, respectively. Aboveground Ndff was similar at both EOS
samplings, ranging from 3 — 10% and 5 — 12% across stand ages at the EOS-harvested
and EOS-unharvested sampling times. Root Ndff was affected significantly by sampling
time and sampling depth, but varied little with stand age (table 3.3, fig. 3.8). On average
root Ndff was highest at Maturity (15%), declining by nearly 38% between Maturity and
the EOS samplings, though no significant differences were detected between the EOS-
harvested (9%) or EOS-unharvested (9%) samplings. When averaged across sampling
time and stand age, root Ndff was higher in the 0 — 15 cm layer (13%) compared to the 15

— 30 cm layer (9%).

Fertilizer N Recovery

FNR, measured as the proportion of FDN to applied fertilizer N, in the
aboveground biomass varied by stand age and sampling time (table 3.4, fig. 3.9).
Aboveground FNR was on average higher in IWG-3 (10%) than either IWG-2 (6%) or
IWG-1 (4%), with FNR at maturity being 10% and 22% in IWG-1 and IWG-3,
respectively. Aboveground FNR at Maturity was 8 and 4 times greater than at the EOS-
harvested or EOS-unharvested samplings, respectively, though no significant differences
in aboveground FNR were detected between either EOS sampling. Trends in root FNR
varied across stand age and sampling time, though root FNR was significantly affected by

sampling depth only (table 3.4, fig. 3.9), with FNR in the 0 — 15 cm layer (1.6%)
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significantly greater than that of the 15 — 30 cm layer (0.2%). Soil FNR was significantly
affected by sampling depth and the two-way interaction between stand age and depth

(table 3.3, fig. 3.9). Soil FNR in IWG-1 (30%) was significantly higher than that of IWG-
3 (21%) in the upper 0 — 15 cm soil layer, although no significant differences in soil FNR
were detected between stand ages in the 15 — 30 cm layer (ranging from 6% — 11% across

stand ages).

Nitrogen Conservation Indicators

The effect of stand age on Ngreen (the N content of green leaves at maturity), NRE
(N resorption efficiency) and NRP (N resorption proficiency) was not significant (table
3.5), but trends suggest Ngreen declined with stand age. Similarly, trends suggested NRP
increased sharply with stand age as indicated by a decline in the tissue N content in
leaves at senescence with stand age. Although NRP was similar between IWG-1 (0.97%)
and IWG-2 (0.90%), NRP in IWG-3 (0.64%) was nearly half that of IWG-1. NRE trends
also declined with stand age, where IWG-1 (55.4%) had the highest NRE, followed by

TWG-3 (49.3%) and TWG-2 (41.7%).

Grain Yield
Grain yield did not differ significantly across IWG stand age (table 3.5). Across
all stand ages grain yield ranged from 399 to 421 Ib acre™!, decreasing marginally (not

significant) between IWG-1 and IWG-3.
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Discussion

N Availability in IWG Systems

We evaluated the hypothesis that IWG systems become N-limited as stands age
using two common parameters linked to N availability: aboveground tissue N (%) and
soil available NO3-N. As expected, aboveground tissue N content at every sampling event
was significantly lower in IWG-3 and IWG-2 compared to IWG-1. Declining tissue N
content with stand age is commonly reported in IWG stands managed for grain
production (Reilly et al., 2022; Crews et al., 2022). In a study conducted at five locations
in which IWG was subjected to three different N fertilization regimes, IWG tissue N
content declined by 40 - 46% between the second and fourth production years (Tautges et
al., 2018). Interestingly, IWG aboveground tissue N contents were seen to decline on
average by 0.2% each year (Jungers et al., 2017; Tautges et al., 2018), similar to the
aboveground tissue N content decline of 0.2% yr™! seen in our study. The steady decline
in aboveground tissue N content seen across a variety of studies suggests a consistent
management or physiological mechanism underlies the decline in aboveground tissue N,
and identifying this mechanism will improve the ability to develop sustainable IWG N
management practices.

Along with aboveground tissue N content, soil NO3-N concentrations declined
significantly between the first and third IWG production year. These results aligned
closely with previous studies, which showed little change in soil NO3-N between the first

and second IWG production year but substantial (41 — 48%) declines in soil NOs3-N after
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three IWG production years (Pugliese et al., 2019; Dobbratz et al., 2023). Since only 2.5
—5.0 g Nm?(25-50kgN ha') was removed in aboveground biomass at harvest, but 8
g N'm™ (80 kg N ha!') was applied at spring fertilization, the decline in soil NO3-N
suggests inadequate fertilizer N application rates are not solely responsible for the decline
in soil NOs3-N. Rather, the decline may signal other suboptimal fertilizer application
methods, including improper timing or placement, that may reduce the fertilizer uptake
efficiency (FNR) and subsequently lead to reductions in soil NO3-N as crops deplete soil
available N pools due to lack of access to fertilizer N (Mabhler et al., 1994; Thilakarathna
et al., 2020). Taken together with the diminished aboveground tissue N contents, the age-
related reduction in soil NOs-N suggests N availability in IWG systems declines as stands
age.

To compensate for reduced N availability, perennial grasses increase the
conservation of internal N supplies through translocation of N from aboveground to
belowground tissue N storage pools between physiological maturity and senescence
(Jach-Smith and Jackson, 2015; Roley et al., 2020). Given the decline in aboveground
tissue N content and soil NOs-N availability, which can be a signal that N-limiting
conditions are developing as IWG stands age, we expected net N translocation to increase
with stand age. However, we found net N translocation declined significantly with stand
age, contradicting our hypothesis that the development of N limiting conditions would
drive an increase in net N translocation with IWG stand age as stands become more
reliant on internally translocated N to support tissue growth and development. The

marginal (non-significant) decline in NRE, which represents the proportion of
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aboveground N translocated from green leaves to belowground N pools between maturity
and senescence, further supports the trends we observed with net N translocation,
suggesting IWG does not invest more heavily into internal N translocation and N
conservation strategies as stands age. As other wheatgrass species have been shown to
respond to the amelioration of N limitation by decreasing the reliance on internally
translocated N (Li and Redman, 1991), the reduction in net N translocation and NRE
draws into question whether the declining aboveground tissue N content and soil
available NOs-N indicate N limitation.

Reductions in tissue N content and soil N availability often signal the
development of N-limiting conditions, but these changes can also result from other
environmental and physiological factors. For example, aging perennial plants may shift N
allocation towards non-structural plant components (i.e., stems) to overcome light
limitation (Poorter et al., 2011; Liang et al. 2022). This strategy is particularly prevalent
in perennial grass stands, which often experience light limitation due to greater levels of
aboveground biomass developing per unit area as stands age. Therefore, the decrease in
tissue N concentrations is not linked to nutrient availability per se, but rather to increased
allocation to stems that maintain lower N concentrations than other aboveground parts,
such as leaves. Although experimental evidence remains limited, Glover et al. (2004)
showed the leaf to stem ratio of intermediate wheatgrass, tall wheatgrass, and slender
wheatgrass declined with stand age when measured across two consecutive production
years, and a similar trend may be apparent in IWG managed for grain production. In this

study, a significant increase in aboveground biomass with stand age was noted, with

107



aboveground biomass per m row almost tripling between the first and third IWG
production year (supplemental figure 3.3). This suggests light limitation could also play a
role in the declining N content in IWG tissues, and there are likely several interconnected
processes that drive the changes in aboveground tissue N content and soil NO3-N

availability we observed in this study and previous literature.

Primary N Sources Supporting IWG Tissue Growth

We evaluated the extent of N translocation and N fertilizer uptake in IWG crop
tissues, as these are two primary sources of N that support tissue growth in perennial
grasses (Li and Redman, 1991). Compared to other similarly-aged perennial grass biofuel
crops, net N translocation across all IWG stand ages was relatively low. For example, the
third-year IWG translocated just 40% of aboveground N belowground between maturity
and senescence in this study, whereas 3-year-old, 5- to 7-year-old, and 8-year-old
switchgrass respectively translocated 64%, 45% and 27% of aboveground N
belowground between maturity and senescence (Dohleman et al., 2012; Heaton et al.,
2008; Wayman et al., 2014). Similarly, 3- to 4-year-old miscanthus translocated nearly 63
- 75% of aboveground N belowground between maturity and senescence, falling to just
17% in 5- to 7-year-old stands (Dohleman et al., 2008; Heaton et al., 2008; Leroy et al.,
2022). Although age-related declines in net N translocation can be seen in the switchgrass
and miscanthus studies, similar to the decline noted in our study, switchgrass and
miscanthus still translocated nearly two thirds of the aboveground N to belowground

pools in their third production year. This suggests N translocation remained an important
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source of N during the first several years following planting. The relatively low
proportion of aboveground N translocated belowground in IWG relative to switchgrass
and miscanthus of similar ages suggests that preventing IWG from translocating N
belowground between maturity and senescence, due to grain harvest and biomass
removal at maturity, may not be as consequential as it is for other perennial grass biofuel
systems. Especially after the first year of IWG production, where the net N translocation
falls from over 70% to 40%, the relatively low net N translocation suggests IWG likely
primarily relies on N sources aside from internally translocated N to meet the demands of
tissue growth and development.

These trends in whole aboveground biomass N translocation are supported when
evaluating N translocation from green leaves alone to belowground pools (i.e., NRE),
which is often used as a more sensitive indicator of N translocation than when evaluating
the whole aboveground biomass pool (Jach-Smith and Jackson, 2015). NRE trended
downwards as stands aged and was generally lower than seen in other wheatgrass and
perennial biofuel grasses. The NRE between maturity and senescence for 1-year-old
desert wheatgrass (Agropyron desertorum) and 1-year-old Siberian wheatgrass
(Agropyron fragile) were 80% and 74% (Khasanova et al., 2013), respectively, compared
to the 50% observed for 1-year-old IWG in this study. A 3-year-old miscanthus stand
fertilized at 150 kg N ha! had an NRE of 60% (Jach-Smith and Jackson, 2015), higher
than the 41% and 49% observed for 2- and 3-year-old IWG stands in this study. Along
with the observations of reduced net N translocation, the slight age-related decline in

NRE and overall lower NRE relative to similarly-aged wheatgrass and perennial grass
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biofuel species further suggests IWG employs a lower degree of N translocation than
other perennial grasses, and therefore delaying harvest beyond maturity to maximize N
translocation to belowground tissues in IWG may not be as important as it is for other
perennial grass crop species. Even so, our results showed that IWG translocated up to
half of the aboveground biomass N to belowground pools between maturity and
senescence in unharvested systems, and IWG N management recommendations should
consider the effect grain N and biomass N removal at harvest has on the potential
contributions internally translocated N makes to supporting the N demands of IWG tissue
growth and maintenance.

Fertilizer N was also not a substantial pool of N supplying IWG aboveground
tissue or root tissue growth during the growing season. In aboveground tissues, the
proportion of fertilizer N was unexpectedly low relative to other cropping systems. For
example, in three different 3-year-old miscanthus cultivars FDN accounted for nearly 36
— 72% of aboveground N at maturity (Leroy et al., 2022), compared to the 26% at
maturity in the 3-year-old IWG stand in this study. Even compared to annual grain crops,
the proportion of FDN in aboveground IWG tissues was considerably lower. A meta-
analysis including maize, wheat and rice estimated the proportion of aboveground N
derived from fertilizer at maturity was 36%, 42% and 42%, respectively (Yu et al., 2022),
compared to the 14 —26% we measured at maturity between the first and third IWG
production years. Given the large root stocks and efficient uptake of soil leachate in IWG

stands (Jungers et al., 2019; Reilly et al., 2022; Woeltjen, 2023, Chapter 1) we expected
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IWG roots to be largely composed of fertilizer-derived N. However, as with aboveground
tissues, the proportion of root N derived from fertilizer was relatively low.

Together, these results indicate non-fertilizer sources are the primary source of N
used to support IWG tissue (both aboveground and root) production throughout the
growing season across all IWG stand ages. As IWG did not demonstrate strong internal N
translocation and conservation strategies relative to other crops, IWG has likely not
developed to rely strongly on a large pool of internally translocated N to meet N demands
under the fertilization and agronomic practices used in this study. Instead, we suggest that
the mineralization of native soil organic N and IWG crop residues provides a large
portion of the N used to support IWG tissue development. The reliance on the turnover of
IWG residues aligns with observations that root decomposition and root N turnover
increase with IWG stand age (Woeltjen, 2023, Chapter 1), suggesting IWG systems

efficiently recycle N through decomposition of root tissues.

Efficiency of Fertilizer Uptake

The aboveground tissue fertilizer N recovery (i.e., FNR), measured as the
proportion of fertilizer-N recovered to the fertilizer-N applied, was relatively low across
all IWG stand ages compared to previously published FNR values for annual crops. FNR
in IWG aboveground tissues ranged from 4 - 22% across stand age and sampling times,
with peak FNR at IWG maturity being 13%, 16% and 22% in IWG-1, IWG-2, and IWG-
3. These values were much lower than 36 - 50% reported for other annual grain and

perennial biomass crops, and far lower than the estimated aboveground FNR of 40 - 75%
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reported for IWG in other studies (Stout and Weaver, 2007; Sprunger et al., 2018; Frick
et al., 2022). The discrepancy between FNR measured in this study compared to that of
other IWG studies could be attributed in part to methodological differences between
direct and indirect measures of FNR (Quan et al., 2020), but could also reflect suboptimal
N management practices in which N fertilizer quality, rate or timing is poorly
synchronized with N uptake by IWG crops. As the response of cropping systems to
varied N fertilizer application is inconsistent, and cropping systems can respond
differently to varied N rate and timing when grown in different environmental or soil
conditions (Cambouris et al., 2008), studies evaluating optimal N uptake timing specific
to IWG across a variety of growing environments are needed.

IWG may have a lower aboveground FNR compared to annual crops because it
requires more N to support more root biomass. Others recovered nearly 50% of the 160
kg N applied to a 2-year-old IWG stand in crop tissues (Huddell et al., 2023), and up to
half of total IWG tissue N can be accounted for by root tissues (Sprunger et al., 2018).
Therefore, we expected the low aboveground FNR would be accompanied by a high root
FNR. However, root FNR was on average just 1.8% in the upper 0 — 15 cm and less than
0.5% in the 15 — 30 cm soil layer. Although unexpected for the IWG system due to the
rapid production of root biomass in the first production year and maintenance of root
stocks in the second production years (Woeltjen, 2023, Chapter 1), these results align
with others showing low FNR by roots in clover (2.5%), ryegrass (11%) and maize (1 —
2%) (Castle et al., 1999; Quan et al., 2018; Quan et al., 2020). The low root FNR in these

cases is likely driven by a relatively limited root pool size compared to aboveground
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biomass, which can be several orders of magnitude larger than that of roots (see
supplemental figure 3.3). Since aboveground tissues and roots maintain similar N
contents, the smaller root stock will lead to a smaller assimilation of N compared to
standing biomass.

As off-site transport of FDN from agricultural systems contributes considerably to
regional water quality, greenhouse gas emissions and air pollution, the low FNR from
aboveground tissues and roots poses a concern for regional environmental health if the
remaining fertilizer N is not retained in the IWG system. In the first year of production,
an average of one third of the applied fertilizer remained in soil organic N pools, making
it susceptible to mineralization and loss from the system. However, the soil FNR declined
with stand age as the uptake of FDN into aboveground tissues increased, suggesting IWG
more efficiently utilizes fertilizer N inputs to produce biomass as stands age.

Over one third of the applied fertilizer remained unaccounted for in our sampling,
raising questions regarding the fate of the remaining FDN. Although it is possible our
simulated irrigation caused a portion of the labelled fertilizer to travel below the 30 cm
sampling depth via soil leachate, others using similar methods in IWG were able to
recover nearly 100% of the applied fertilizer N and saw soil FDN did not increase with
depth (Huddell et al., 2023), as would be expected if these methods washed the tracer
below 30 cm. Further, ample literature shows IWG is highly effective at assimilating soil
NO:s-N and preventing loss of fertilizer N through soil leaching (Culman et al., 2013;
Jungers et al., 2019; Reilly et al., 2022), and data from this study similarly shows NO3

losses through soil leaching were low in all stands across the study period (see
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supplemental figure 3.4). Rather, future studies should explore alternative loss pathways
for FDN such as denitrification, and storage of FDN in alternative pools including roots

below 30 cm, crop crowns, rhizomes, and soil microbial biomass.

Removal of FDN at harvest

The stand age-related increase in aboveground FNR and FDN has important
implications for IWG growers that harvest grain and remove the remaining standing
biomass from fields. Since the same mass of fertilizer was applied to each IWG system,
the increase in FNR with stand indicates a greater mass of applied fertilizer N is removed
with grain harvest in each consecutive IWG production year. The decline in grain yield
with IWG stand age suggests the potential financial loss associated with exporting a
larger amount of fertilizer N from the system via grain harvest and aboveground biomass
removal is not offset by economic gains from grain yield. Further development of dual-
use of IWG systems, in which both grain and straw provide economic value, will
therefore be especially important to ensuring IWG systems remain both economically and

environmentally sustainable.

Effect of Drought during Study Year

This study was conducted during a moderate to severe drought that affected the
upper Midwestern region of the USA during the 2021 growing season, with some
affected areas receiving half as much precipitation as usual (see figure 3.1). Drought

conditions severely limit soil water availability, and can consequently impact crop tissue
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growth, N uptake capacity and N conservation dynamics (Fan and Li, 2001; Yang et al.,
2011; Khasanova et al., 2013). Khasanova et al. (2013) found water-limited conditions
were associated with reduced internal N translocation as indicated by Ngreen, NRP and
NRE in perennial grasses from the Agropyron and Festuca families. Although our results
were usually in line with previous studies, and we believe our results are still
representative of the IWG systems we studied, the effect of drought on IWG N cycling

should be taken into consideration when interpreting our results.

Conclusions

In this study, a decline in aboveground tissue N content and soil NO3-N with
stand age was observed, which supported the hypothesis that IWG stands become N
limited as they age. However, IWG did not translocate more N belowground or
demonstrate stronger N conservation mechanics as stands aged, which would be expected
if stands were experiencing N limiting conditions. Together, these results suggested a
process other than N limitation is driving the decline in tissue N and soil NO3-N. Though
relatively less than other perennial cropping systems, all IWG stand ages translocated N
belowground between maturity and senescence, and this translocated N pool should be
considered when designing N management recommendations for growers. Fertilizer-
derived N accounted for only a small proportion of the N in crop tissues, and the majority
of fertilizer-applied N remained unrecovered from aboveground biomass or roots across
all IWG stand ages, suggesting current urea fertilizer management recommendations are

suboptimal for meeting the N demands of IWG tissue growth and maintenance. Future
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research should explore the fate of fertilizer N through crop-soil pools when alternative N
rates, timing and placements are applied in IWG grain systems. As aboveground fertilizer
N recovery increased with stand age, indicating a greater mass of fertilizer N is removed
at harvest with each consecutive production year, dual use systems in which economic
value is assigned to both IWG grain and IWG straw will lead to the most cost-effective

management in terms of fertilizer N.
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Table 3.1 Agronomic management details for each field included in this study.

IWG-1 IWG-2 IWG-3
2021 Field ID R90 R34 R7-21
Planting date September 2020 September 2019 September 2018
Seeding rate 13 kg live seed ha™! 13 kg live seed ha! 13 kg live seed ha!
Row spacing 30 cm 38 cm 40 cm

N fertilization date

N fertilization rate
N fertilizer type
Harvest date

April 2021

80 kg N ha!
Urea
August 2

April 2020, April 2021

80 kg N ha'!
Urea
August 2

April 2019, April
2020, April 2021
80 kg N ha!
Urea

August 2
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Table 3.2 List of abbreviated terms and their descriptions

Abbreviation Description

IN content IN content (%) of compartment or pool

Npool The total amount of N in a compartment (i.e., shoots, roots, soil)

Ndff Proportion of Npeol derived from fertilizer

FDN Mass of Npool derived from fertilizer

FNR Proportion applied fertilizer N recovered from the Npoo of a compartment

Net N Translocation

N green

NRE

NRP

Net N translocated from whole aboveground biomass pool to belowground pools between
maturity and senescence

N content (%) of only green leaves collected at maturity

Nitrogen resorption efficiency, or the ratio of Ngreen to NRP

Nitrogen resorption proficiency, or the lowest tissue N content achieved by leaves after
senescence
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Table 3.3 Analysis of variance and probability of significance for soil available NO3-N. Significant p-values are bolded (P < 0.05).

Soil available NO3-N

Stand age (A) 0.330
Sampling time (S) 0.002
Depth (D) 0.766
AxS <0.001
SxD 0.018
AxD <0.001
AxSxD 0.182
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Table 3.4 Analysis of variance and probability of significance for N content, Npool, FDN, Ndff and FNR of aboveground biomass

tissues (AGB), roots and soil organic N (Soil). Significant p-values are bolded (P < 0.05).

N content Npool FDN Ndff FNR
AGB Stand age (A) <0.001 0.0014 0.0018 0.0002 0.0018
Sampling time (S) 0.002 0.0022 0.0006 0.0004 0.0006
AxS 0.3343 0.6627 0.2049 0.8488 0.2049
Roots Stand age (A) 0.1003 0.8699 0.6160 0.9796 0.6160
Sampling time (S) 0.1196 0.4582 0.7287 0.0168 0.7287
Depth (D) 0.1088 0.0022 0.0020 0.0033 0.0020
AxS 0.7235 0.2152 0.3961 0.6930 0.3961
AxD 0.5563 0.6113 0.5367 0.2236 0.5367
SxD 0.5223 0.5263 0.5054 0.0984 0.5054
AxSxD 0.7196 0.6095 0.5513 0.4851 0.5513
Soil Stand age (A) 0.4861 0.0001 0.4260 0.4861 0.4260
Sampling time (S) 0.1313 0.4073 0.1320 0.1313 0.1320
Depth (D) <0.0001 0.0024 <0.0001 <0.0001 <0.0001
AxS 0.8181 0.7088 0.8324 0.8181 0.8324
AxD 0.0029 0.2918 0.0055 0.0029 0.0055
SxD 09111 0.5024 0.8473 09111 0.8473
AxSxD 0.2147 0.8115 0.2493 0.2147 0.2493
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Table 3.5 Analysis of variance and estimated marginal means of Ngreen (the N content of green leaves), nitrogen resorption proficiency

(NRP; the tissue N content of senesced leaves), nitrogen resorption efficiency (NRE; the relative proportion of the leaf N pool

resorbed during senescence) and grain yield.

areen NRP NRE Grain Yield
ANOVA Stand age (A) 0.546 0.058 0.774 0.973
%0 %o 0 Ib acre
Stand age IWG-1 1.67 0.97 55.4 421
IWG-2 1.16 0.90 41.7 418
IWG-3 1.28 0.64 49.3 399
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Figure 3.1 Annual precipitation and temperature in Rosemount, MN for the 2021 study
year.
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Figure 3.2 Plot layout and sampling zone delineation in '>N-microplots and non-enriched sampling areas
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Figure 3.3 Mean and standard error of soil available NO3-N in each stand age at two depths and three sampling times
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Figure 3.4 Mean and standard error of N content of compartments: a) aboveground biomass, b) roots (0 — 15 cm), ¢) roots (15 — 30
cm), d) soil (0 — 15 cm) and e) soil (15 — 30 cm). Groupings of horizontal bars associated with different lowercase letters indicate
significant differences between stand age within a given compartment when averaged across sampling time. Asterisks following depth
intervals indicate significant differences were detected between depth intervals when averaged across compartment and stand age.
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Figure 3.5 Mean and standard error of pool size (Npool) of compartments: a) aboveground biomass, b) roots (0 — 15 cm), c) roots (15 —
30 cm), d) soil (0 — 15 cm) and e) soil (15 — 30 cm). Groupings of horizontal bars associated with different lowercase letters indicate
significant differences between stand age within a given compartment when averaged across sampling time. Asterisks following depth

intervals indicate significant differences were detected between depth intervals when averaged across compartment and stand age.
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Figure 3.6 Mean and standard error of the net translocated N. Means not sharing any lowercase letters are significantly different (P <
0.05).
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Figure 3.7 Mean and standard error of fertilizer-derived N (FDN) of compartments: a) aboveground biomass, b) roots (0 — 15 cm), ¢) roots (15 —
30 cm), d) soil (0 — 15 cm) and e) soil (15 — 30 cm). Groupings of horizontal bars associated with different lowercase letters indicate significant

differences between stand age within a given compartment when averaged across sampling time. Asterisks following depth intervals indicate

significant differences were detected between depth intervals when averaged across compartment and stand age.
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Figure 3.8 Mean and standard error of the proportion of N derived from fertilizer (Ndff) of compartments: a) aboveground biomass,
b) roots (0 — 15 cm), ¢) roots (15 — 30 cm), d) soil (0 — 15 cm) and e) soil (15 — 30 cm). Groupings of horizontal bars associated with

different lowercase letters indicate significant differences between stand age within a given compartment when averaged across
sampling time. Asterisks following depth intervals indicate significant differences were detected between depth intervals when

averaged across compartment and stand age.
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Figure 3.9 Mean and standard error of fertilizer N recovery (FNR) of compartments: a) aboveground biomass, b) roots (0 — 15 cm), ¢)

roots (15 — 30 cm), d) soil (0 — 15 cm) and e) soil (15 — 30 cm). Groupings of horizontal bars associated with different lowercase

letters indicate significant differences between stand age within a given compartment when averaged across sampling time. Asterisks
following depth intervals indicate significant differences were detected between depth intervals when averaged across compartment

and stand age.
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Appendix 1

Additional Details on Sampling Timeline and Methods Used in Chapter 1

Supplemental figure 1.1. Images documenting the methods used to install root ingrowth
cores in situ. Clockwise from top left, the images depict: the guide system used to extract
soil cores at an angle of 45-degrees to the soil surface; the pre-weighed root-free sand:soil
mixture used to fill each ingrowth core once inserted into the cored hole; the extraction of
root ingrowth cores from the surrounding soil using a cylinder and shovel; an ingrowth
core incubating in situ for the duration of the ingrowth period.
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Supplemental figure 1.2. Timeline of sequential core and root ingrowth core installation

and extraction.
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Appendix 2
Detailed Design of 1*C Labelling System Used in Chapter 2

Chamber Structure

The materials used to construct the chamber are listed in supplemental table 2.1. To
construct the chambers, four clear Plexiglas panels (1/4” thick x 39.37” x 39.37”) were
attached to one another at 90-degree angles using aluminum angle (supplemental figure
2.1, supplemental figure 2.2). The aluminum angle was glued to the edge of each panel
with a clear high-strength construction adhesive and secured with nine equally spaced
machine screws/nuts. On two opposing panels, two furniture handles were screwed onto
the panel walls approximately 10 (0.25 m) from the bottom panel edge (supplemental
figure 2.1, supplemental figure 2.2). Construction adhesive was used to attach a fifth
Plexiglas panel (1/4” thick) to one open edge of the four-walled panel structure, creating
a cube-shaped chamber with one open side (supplemental figure 2.1, supplemental figure
2.2). A thin layer of clear silicone caulk was applied to all junctures between the
aluminum angle, furniture handles and chamber panel edges.

Dehumidifier / Air Cooling and Label Application Systems

An original closed-system copper coil dehumidifier and air-cooling system was designed
to control humidity and temperature inside the chamber (supplemental figure 2.1,
supplemental figure 2.2, supplemental figure 2.3). The dehumidifier and cooling system
consisted of 1) two 50 ft sections of soft copper tubing, 2) coil holders, 3) clear or opaque
plastic tubing, 4) a submersible water pump, and 5) a cold-water reservoir (i.e., a cooler).
The soft refrigerator tubing was hand-wrapped into 5” diameter coils, leaving
approximately 1 ft. of copper tubing uncoiled on either end of the to form two straight
“arms.” Above the furniture handles, two 3/8” holes were drilled to center the coils
around the center of the wall panel. One washer was centered and glued in place around
this hole on both the outside- and inside-facing edge of the panel. A steel spacer was then
inserted through the hole and washers and secured in place using construction adhesive.
Together, the washers and steel spacer form a “coil holder” into which the arm of the
copper coil dehumidifier can be inserted.

Once inserted into the coil holders, a piece of clear tubing was used to connect one coil
arm on the first coil to the water pump (supplemental figure 2.1, supplemental figure 2.3).
Another section of clear tubing was used to connect the exposed coil arm on the first coil
to the coil arm on the second coil on the opposite panel. One end of a section of clear
tubing was then attached to the exposed coil arm on the second coil, with the other end of
the tube placed in the cold-water reservoir. When the tubing is installed correctly, the
water pump will continuously circulate cold water through the tubes and copper coils.
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This allows the circulating water to absorb heat from the chamber atmosphere through
the copper coil, cooling the copper coil and surrounding air, which causes moisture from
the inside the chamber to condense onto the copper coil surface. The circulating water
will then be deposited back into the cold-water reservoir, where the absorbed heat is
removed by the melting of ice. The cooled water is then recirculated throughout the
copper coil system. The water pump is powered by a portable power station that has 120
V outlets.

On each of the adjacent wall panels to the copper coils, a fan and beaker shelf were
installed for air circulation and label-application purposes (supplemental figure 2.1,
supplemental figure 2.2). A longitudinal fan was centered around the middle of the panel
and attached. Beneath the fan a plastic shelf was fixed to each wall. The shelf was large
enough to hold four 150 mL beakers, which each could be filled with an isotopically
enriched solid substrate. The solid substrate used in this experiment was '*C-enriched
sodium bicarbonate, which can be reacted with acetic acid to release the '3C tracer as '*C-
COs. Four acid injection ports were therefore installed above each beaker position by
drilling a 45-degree angle hole and inserting a section of chemical-resistant plastic tubing
that extended into each of the beakers.

As with the chamber structure, all junctures between hardware, drilled holes, etc. were
sealed with silicone caulk.

Chamber Atmosphere Sensor Unit

A microcontroller-based temperature, humidity and CO; sensor unit was designed and
built to monitor the chamber atmosphere. The microcontroller was the Arduino Nano
Every (ATMega4809 processor), the CO> sensor was the K30 10,000 ppm CO Sensor
(accuracy: +/- 30 ppm) and the temperature and relative humidity sensor was the DHT22
(accuracy: +/- 2% RH, +/- 0.2 C). An LCD display was wired to the microcontroller to
allow for real-time viewing of CO> concentrations, temperature and relative humidity
within the chamber. The wiring diagram can be found in supplemental figure 2.4, and the
microcontroller operating code can be found below.

Environmental Sensor Unit — Operation Code*
*This code is compatible with the Arduino IDE programming sofiware

/I Code to Operate Environmental Sensing Unit
// Stella Woeltjen

/I Some code borrowed from ladyada (public domain): sketch for various DHT
humidity/temperature sensors

/I REQUIRES the following Arduino libraries:
// - DHT Sensor Library: https://github.com/adafruit/DHT-sensor-library
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// - Adafruit Unified Sensor Lib: https://github.com/adafruit/Adafruit Sensor

#include "DHT.h"
#include "kSeries.h" //include kSeries Library
#include <LiquidCrystal.h>

#define DHTPIN 11  // Digital pin connected to the DHT sensor
#define DHTTYPE DHT22 //DHT 22 (AM2302), AM2321
//#define DHTTYPE DHT21 // DHT 21 (AM2301)

DHT dht(DHTPIN, DHTTYPE);

kSeries K 30(12,13); //Initialize a kSeries Sensor with pin 12 as Rx and 13 as Tx

// define pins connected to LCD display (pin # in blue)
constintrs=5,en=6,d4=7,d5=8,d6=9,d7=10;
LiquidCrystal lcd(rs, en, d4, d5, d6, d7);

void setup() {
Serial.begin(9600);
Serial.println(F("DHTxx test!"));

dht.begin();
lcd.begin(16, 2);
lcd.print("Let's research!");

}

void loop() {

// Reading temperature or humidity takes about 250 milliseconds

/I Sensor readings may also be up to 2 seconds 'old' (it’s a very slow sensor)
float h = dht.readHumidity();

// Read temperature as Fahrenheit (isFahrenheit = true)

float f = dht.readTemperature(true);

/I Check if any reads failed and exit early (to try again).
if (isnan(h) || isnan(f)) {
Serial.println(F("Failed to read from DHT sensor!"));
return;

}

//Read CO2 concentration from K30 sensor
double co2 =K 30.getCO2('p"); //returns co2 value in ppm ('p') or percent ('%")

lcd.setCursor(0, 0);
led.print("C: "); //print "CO2:" to LCD screen
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led.print(co2); //print CO2 in ppm to LCD screen
led.print(" T:"); //print “T:” to LCD screen

led.print(f); //print temperature in degrees F to LCD screen
Icd.setCursor(0, 1); //add a space to previously printed line
led.print("H: "); // print “H:” to LCD screen

led.print(h); // print relative humidity (%) to LCD screen

Serial.print("Co2 ppm ="); // print the same values as described above to serial display
Serial.print(co2); //print value

Serial.print(F(" Humidity: "));

Serial.print(h);

Serial.print(F("% Temperature: "));

Serial.print(f);

Serial.println(F("°F "));

// Take and print new measurement every 5 seconds.
delay(5000); // enter time between measurements, in milliseconds

}

Testing the Chamber Design

The chamber atmosphere sensing unit and temperature- and relative humidity-logging
Thermochrons were used to verify the dehumidifier and air-cooling system was capable
of keeping chamber conditions consistent with ambient air. Field testing on this chamber
design and cooling system were conducted throughout the summer of 2019. The copper
coil dehumidifier and cooling system was shown to keep mean interior temperature and
relative humidity within 12 — 24% and 28 — 40% of ambient conditions.
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Supplemental table 2.1 Materials used to construct labelling chamber, air dehumidifier /
cooling system and chamber atmosphere sensing unit.

Chamber Item Quantity
component (per
chamber)

Chamber Polycarbonate panels (1/4” thick, Im x 1 m) 5
structure Furniture handles 4

Aluminum Angle (1/8” x ¥4” x 36”) 4

#12-24 Steel Machine Screw and Nut, Round (1" long) 72

Construction adhesive As needed

Silicone sealant As needed
Dehumidifier | Soft copper refrigeration tubing (3/8” OD, 50 ft. long) 2
/ air cooler Flat steel washer (3/8" ID x 1" OD) 8
and label Round steel spacer (3/8” ID x 2” long) 4
application | Tygon tubing (3/8 ID, 8 ft. long) As needed
system Crossflow fan (USB laptop cooling fan, 12” x 37 x2.5”) |2

400 GPH Submersible outdoor fountain water pump 1

Cooler (48 qt) 1

Portable power station (Stanley Fatmax or Yetil50) |

Tygon 2375 Ultra Chemical Resistant Tubing (1/8" ID x | 8 in. / port

1/4" OD x 1/16" Wall)

20 ml glass syringe 1
Chamber Arduino Nano Every, with headers 1
Atmosphere | K30 CO2 sensor module (10,000 ppm) 1
Sensing Unit | DHT22 Temp/Humidity sensor 1

16 x 2 lcd display (black on green, 3.3V) 1

Trimpot 10K resistor 1

22 awg solid hook-up wire As needed

4 x AA Battery Holder with On/Off Switch and 0.1” 1

header pins

6” Female to female jumper wires (20 ct.) 1

Straight breakaway headers — 40 pins 1

Heat shrink tubing As needed

Small plastic Tupperware (or other waterproof container) | 1
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Supplemental figure 2.1 Isotope labelling system: 1) Plexiglas chamber, 2)
environmental sensing unit, 3) closed system copper coil dehumidifier and air cooler, 4)
cold fluid reservoir, 5) longitudinal fans, 6) isotopically enriched substrate. Not pictured:
power station (behind cooler) and water pump (inside cooler)
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Supplemental figure 2.2 Schematic showing the layout of each wall panel on the

labelling chamber.
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Supplemental figure 2.3 Schematic showing operation of dehumidification and air-
cooling system.
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Supplemental figure 2.4 Wiring schematic for the chamber atmosphere sensor unit.
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Additional Details on Shoot and Root Biomass Modeling

Model Used to Predict Shoot Biomass at Each Sampling Event

The Rosemount 2016 logistic presented in Jungers et al. (2018) was used to predict IWG
aboveground biomass (g m™) at each of the sampling events in this study. This model
predicts aboveground biomass as a function of growing degree days (GDD). There are
three parameters in this model: 1 = asymptote, which is taken as the peak aboveground
biomass achieved near physiological maturity; B2 = inflection point, which represents the
point at which the growth rate begins to decline rather than increase; and B3 = a scaling
factor. This model was adapted for this experiment by substituting the total aboveground
biomass we measured at physiological maturity in each IWG field. The total aboveground
biomass collected at maturity did not differ significantly between the first-year or second-
year IWG stand. Since this trend has been seen in other studies where IWG was fertilized
at 80 kg N ha! (Jungers et al. 2019, Pugliese et al. 2019), suggesting total aboveground
biomass production does not differ as a function of stand age in IWG, we substituted B1
with the mean aboveground biomass when averaged across both IWG-1 and IWG-2. 32
and B3 were not modified from the original model published by Jungers et al. (2018). The
final model parameters were: B1=797.93 (g m?), B2 = 1734 (g m?), and B3 = 509.3.
Using these parameters, the model predicted total aboveground biomass in these fields at
maturity (8/3/2020) within 2% of measured value.

The exponential model presented in Bauer et al. (1987) was used to predict wheat shoot
biomass as a function of wheat growth stage and GDD. The cumulative wheat GDD and
corresponding Haun Growth Stage (HGS) were sourced from the North Dakota
Agricultural Weather Network (NDAWN) database using Becker, MN as the location,
which was the location in the database closest to our study sites. A planting and harvest
date of 4/20/2020 and 7/24/2020, respectively, was input into the database. These dates
were the actual planting and harvest dates of the spring wheat field in our study. The
following model developed by Bauer et al. (1987) was used to link the spring wheat
growth stage to accumulated dry matter: Y = 36.5(X)"2, where Y = accumulated dry
matter (kg ha') and X = Haun Growth Stage (1-16). The NDAWN database determines
crop growth stage using the Haun Growth scale, which maxes out at 12, whereas the
Bauer et al. (1987) model is based on a growth stage of 1-16. Thus, I manually added
Feeke's growth stage which extend to 16 using info presented in Bauer et al. (1987). The
original Bauer et al. model used a slope of 36.5 kg ha''. I modified the model based on
measurements of total aboveground biomass from our spring wheat field at maturity on
7/24/2020. 1 set Y to equal 1026 g m™ (the average total biomass yield at maturity) and X
= 16 (growth stage indicating maturity), yielding a slope of 4.007 (which represents
biomass in g m2).This model predicted spring wheat aboveground biomass at time of
harvest (7/24/2020) would be 9344 kg ha™'. The measured aboveground biomass at the
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time of harvest was 9313 kg ha™!, suggesting the model adequately estimates spring wheat
aboveground biomass for this experiment.

Source for temperature data used to calculate IWG GDD in Rosemount for the 2020
season: https://www.dnr.state.mn.us/climate/historical/daily-
data.html?sid=217107&sname=ROSEMOUNT%20RESEARCH%20AND%200UTREA
CH%20CENTER&sdate=por&edate=por

Model Used to Predict Root Biomass at Each Sampling Event

Root biomass (g m™) at each sampling event was estimated using data from Woeltjen
(2023, Chapter 1). Briefly, 5 cm soil cores were extracted to a depth of 15 cm on May
11, June 23, August 7, September 18, and October 20 of 2020. For each core, roots were
separated from soil and used to determine root biomass at each sampling date. Following
visual observation of root biomass trends over time, simple linear and quadratic models
were fitted to the root biomass data within each field. Models with lower Akaike
information criterion (AIC) and significant likelihood ratio test were selected for root
biomass prediction. The temporal trend in root biomass in the IWG-1 and Wheat fields
were best fit with the quadratic model, while the temporal root biomass trend in the IWG-
2 field was best fit with a simple linear model. Since the modeled data was collected
during the same growing season as the Chapter 2 study, all models predicted root biomass
as a function of the day of year (DOY) on which the sampling event occurred.
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Supplemental Data

Supplemental table 2.2 Analysis of variance and probability of significance for the
proportion of 1*C recovered and mass of '*C recovered when including cropping system,
time, compartment and their interactions in linear mixed effects model.

Factor Propcl)gtcijon of M2113scs: of
Recovered Recovered
C skskoskok kkosk
CSxT NS oAk
CS X C skskeskosk skskeskosk
TX C skskskok skskoskok
CS XTXC kk skskoskook

*=P<0.05, **=P<0.01, ¥***=P<0.001, **** =P <0.000l, NS=P>0.05, —=
factor not included in model

CS = cropping system, T = sampling time, C = compartment
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Supplemental table 2.3 Total biomass and grain yield at maturity. Means not sharing any
letters denote significantly different total biomass between fields (p < 0.05). No
significant differences were detected in grain yield between fields (p > 0.05).

Total biomass Grain
(gm?) (gm?)
IWG-1 862+ 105b 05 +28
IWG-2 765+ 140 b 37+ 10
Wheat 1026 + 142 a 609 + 130
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Supplemental table 2.3 Measured shoot C content, model-predicted shoot compartment
size and shoot carbon pool size at each sampling event.

Model-predicted

Sampling C content compartment C pool size
event (%) Size (g m?) (gCm?
IWG -1 0h 41.24+£0.08 121 +4 50+2
1.5h 40.78 £0.33 121 +4 49 + 1
18 h 40.7+0.15 127+ 4 5242
24 h 40.89 £0.13 127+ 4 5242
3d 41.08 £0.19 140 + 4 58+2
7d 40.49 £0.08 175+7 71+3
14d 4197 +0.17 246+ 9 103 +4
30d 42.77£0.18 540 £7 231+3
60d 42.59+0.11 761 +2 324+ 1
90d 41.77+£0.32 9+0 440
IWG -2 Oh 41.19+0.41 121 +4 50+1
1.5h 41.11 £0.09 121 +4 50+2
18 h 40.86 = 0.05 127+ 4 5242
24 h 40.79 £ 0.24 127+ 4 5242
3d 40.96 £0.14 140+ 4 58+2
7d 40.63 £0.08 175+7 71+3
14d 41.9+0.25 246 +£9 103 +4
30d 42.81+0.11 540+ 7 231 +4
60d 42.55+0.19 761 £2 324+2
90d 42.16 +0.28 9+0 440
Wheat 0h 38.49 +0.75 41 +3 16 +1
1.5h 39.08 £0.51 41+3 161
18 h 37.76 £0.2 47 £ 4 18+1
24 h 38.46 £ 0.42 47 +4 18+1
3d 38.85+1.43 60+5 23+2
7d 38.07+0.3 95+ 6 36 +2
14d 40.42 +0.38 171+£9 69 + 4
30d 41.78 £ 0.1 575+ 9 240+ 4
60d 40.59 + 0.1 1026 + 0 416 + 1
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Supplemental table 2.4 Measured root C content, model-predicted root compartment

size and root carbon pool size at each sampling event.

Model-predicted

Sampling C content compartment C pool size
event (%) Size (g m?) (gCm?
IWG -1 0h 40.85+1.79 51+2 21+£2
1.5h 40.37+1.97 51+2 20+ 1
18 h 43.17+£0.26 54+2 23+1
24 h 37.66 +£2.02 54+2 20+2
3d 42.6 £0.45 61+2 261
7d 41.75+0.27 73 +2 301
14d 42+04 93 +2 39+1
30d 41.97+0.44 142+ 1 60+0
60d 42.99 +0.56 179+0 771
90d 3511 +£0.15 179+0 63+0
IWG -2 Oh 40.85+£1.98 325+1 133+£6
1.5h 43.61 £0.41 325+1 142+ 1
18 h 36.99 £ 1.59 323+1 120£5
24 h 35.26+0.17 323+1 114+1
3d 42.72 £0.48 321+1 137+£2
7d 43.47 +£0.39 317+ 1 138+1
14d 42.28 +0.42 3091 131 +2
30d 41.87+0.11 285+1 119+0
60d 42.55+0.2 254+ 1 108 £1
90d 36.09 £0.48 21211 77+ 1
Wheat 0h 40.98 +0.63 17+1 7+0
1.5h 41.45+£0.54 17+1 7+0
18 h 40.96 + 0.61 18+1 7+0
24 h 4238 £0.34 18+1 8+0
3d 40.6 =091 21+1 8+0
7d 39+ 0.85 25+1 10£0
14d 39.95 +0.63 33+1 13+0
30d 40.4 +0.29 47+0 19+0
60d 42.85+0.17 500 21+0
90d 35.65+0.59 22+ 1 8+0
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Appendix 3

Additional Figures Depicting Tracer Application Methods Used in Chapter 3

Supplemental figure 3.1 The "N-enriched urea tracer was dissolved into deionized
water, then sprayed onto microplots using a hand-sprayer. Wooden boards were set
around the microplot to prevent the movement of '°N outside of the enriched microplot
area while spraying.
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Supplemental figure 3.2 The IWG-1 field following fertilizer application and simulated
irrigation.
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Supplemental Data

Supplemental figure 3.3 Aboveground and belowground biomass yields (g m row™)
across the study period. As there was a non-significant interaction between sampling time
and stand age for root biomass, mean root biomass across stand age is presented.
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Supplemental figure 3.4 Lysimeter NOs3-N collected from each field over study period.
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