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EXECUTIVE SUMMARY
A new perennial grain crop, Intermediate wheatgrass, also known as Kernza®,
has the potential to reduce the greenhouse gas footprint of agriculture and food
products made with this new ingredient. The greenhouse gas benefits of Kernza
can only be realized if the grain is economically viable for farmers and end-users.
Our program goals are to 1) advance the breeding and genetics of intermediate
wheatgrass to increase grain size and yield and 2) to develop agronomic practices
to maximize grain yield and yield longevity so that Kernza production can be
expanded for carbon sequestration and greenhouse gas mitigation. With support
from the General Mills Foundation, we are conducting three projects, each with
separate objectives, aimed to achieve these program goals (Box 2). This report
summarizes progress toward those research objectives and program goals.

Kernza Enterprise Development
The Forever Green Initiative at the University of Minnesota is unique in that it
coordinates the private-public partnerships to develop multiple components
of new crop enterprises simultaneously. For Kernza, the Forever Green Initiative
team has developed a genomic selection model, which has resulted in rapid
progress in breeding towards domestication and enhanced yield. Agronomists
on the team have continuously tested new lines and agronomic methods to
enhance yields. Likewise, the environmental impacts team has been measuring
soil carbon storage, greenhouse gas emissions, and reductions in nitrate leaching
from these new lines. All the while, grain from these projects has been evaluated
by the food science team for use in new food products. Results from agronomic
and food science testing is used by the genomics and breeding team to help
guide breeding priorities. As this research occurs, the Forever Green team works
with farmers, processors, and end-users to move Kernza into the marketplace at
a pace that is sustainable and economical for all stakeholders.
The General Mills Foundation contribution has been incredibly valuable to the
development of the Kernza enterprise, and has been leveraged to secure
additional grants to study new aspects of Kernza production, environmental
quality, and commercialization (Box 3).
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BOX 1

DEFINITIONS
Kernza® is the trademark name for grain harvested from improved lines of the
perennial crop intermediate wheatgrass. Throughout this report reference will be
made to both the grain and the crop itself.
Abbreviations and definitions
IWG
Intermediate wheatgrass
GHG
Greenhouse gas - Examples in this report include carbon dioxide (CO2), methane
(CH4), and nitrous oxide (N2O).
GEBV
Genome-estimated breeding value: Breeding value of a genotype for a given trait
that is estimated from its genetic makeup.
GWAS
Genome wide association study: A study that investigates if genome-wide
genetic variants (DNA markers) in a group of genotypes are significantly
associated with traits of interest.
Predictive ability
Correlation between phenotypic value of a trait observed in the field and the
genome-estimated breeding value estimated from statistical models.
SNP
Single-nucleotide polymorphism: A variation or mutation at a specific site in the
DNA sequence of an individual where a nucleotide differs from other individuals.
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BOX 2

GOALS AND OBJECTIVES OF GMI KERNZA PROJECTS
Project 1: Breeding and genetics research to increase intermediate wheatgrass
(IWG) yield and stability

Objectives:
1. Increase IWG grain yield, seed size, free threshing, shattering resistance, and disease
resistance using genomic selection.
2. Understand the genetic architecture and physiological mechanisms of IWG grain yield.
3. Identify genes and develop genetic markers associated with larger grain number and
higher yield in IWG to help develop germplasm with better yield and long-term
seed production.

Project 2: Agronomic research to increase IWG yield and stability

Objectives:
1. Increase IWG grain yields in years 1-5 compared to current yields by managing
nitrogen fertility.
2. Determine the effects of plant density and root growth on grain yield persistence
in improved lines of IWG.
3. Develop agronomic recommendations to maintain grain yields in year 3 and beyond.

Project 3: Quantifying the greenhouse gas footprint of IWG

Objectives:
1. Develop Kernza carbon budget by measuring components including carbon
sequestration, soil greenhouse gas emissions, and crop yields.
2. Use measured carbon budget components to model the net greenhouse gas
mitigation potential of Kernza production systems across multiple regions of the U.S.
3. Develop best management practices for Kernza production systems that optimize
grain yields and greenhouse gas mitigation across multiple regions of the U.S.

BOX 3

LEVERAGING GENERAL MILLS FOUNDATION
FUNDING TO EXPAND KERNZA RESEARCH
AND COMMERCIALIZATION
In 2018, the Forever Green Kernza research team received five additional grants
totaling $1.5 million to advance Kernza research and commercialization. These
new  projects include research on the water quality benefits of Kernza planted
in ecologically sensitive “wellhead protection areas”, agronomics for organic
management, research and implementation of a Kernza supply chain, and the
development of a Kernza growers network. A new project related to Kernza and
climate change resilience has been recommended for funding and is expected
to start in 2019. These projects complement those that are funded by the
General Mills Foundation.
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PROJECT 1

BREEDING AND GENETICS
1. Introduction
The University of Minnesota Intermediate wheatgrass (IWG) breeding program
implements genomic selection to increase breeding efficiency and improve IWG
germplasm. During the past 7 years, improvements have been made in grain yield,
seed size, shatter resistance, free threshing, disease resistance, and reduced
lodging. As a result, the first synthetic IWG variety is approved for release in 2019.
This project aims to make continual improvement of IWG breeding germplasm
by understanding the genetic architecture controlling these traits and discovering
gene-linked markers.

2. Objective 1: Increase IWG grain yield, seed size, free threshing, shattering
resistance, and disease resistance using genomic selection.
2a. Approach
In the first two selection cycles conducted at UMN (2011-2015), genomic selection
models were tested and optimized on a small subset of IWG genets (~500). Upon
its promise to predict trait performance of not-yet-field-tested progeny with
relatively high accuracy (e.g. 67% accuracy for seed weight, 52% for grain yield),
plant materials for our third breeding cycle (2016-2018) and fourth breeding cycle
(2018-2020) were chosen only based on genomic selection. Field evaluation of
third cycle IWG germplasm for Fusarium head blight (FHB) resistance was carried
out in 2017 and 2018 in St Paul, MN. Obtained data were used to train genomic
selection models in order to select resistant genets for the fourth breeding cycle.
Comparison of third cycle genets selected based on genomic selection (labeled
as training) and those selected based on phenotypic data (labeled validation)
showed no significant differences (Figure 1). Therefore, genomic selection is as
effective as conventional phenotype-based selection to increase IWG grain yield,
seed size, free threshing, shattering resistance, and disease resistance. In each
breeding cycle, typically 70 families with 8 genets per family are selected as the
training population. A larger number of genets (3,000: 100 genets from the 30
best families) are designated as the breeding population.
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Figure 1. Pairwise phenotypic correlations between the Training and Validation sets. Comparisons
of several agronomic traits between the training (544 genets) and validation sets (209
genets) in cycle 3 IWG breeding population. Data shown were collected in St. Paul 2017.
r indicates the overall correlation between the training and validation sets for average
population trait values.

PROJECT 1

2b. Progress
Based on field evaluation of 560 genets in St Paul in 2017, the 73 best-predicted
genets were intercrossed in February-March 2018 to obtain genets for the fourth
breeding cycle. Predictive abilities of important agronomic traits obtained from
genomic selection model are shown in Figure 2. Predictive ability of a trait is the
correlation between observed phenotypic value and the genome-estimated
breeding value (GEBV) from genomic selection model. From each of the 73
mother plants, nine random genets were germinated and cloned into two
sets for planting in St. Paul and Crookston, MN (Figure 3). From these genets,
phenotypic data will be collected over a period of 4 years (2019-2022) to train
genomic selection models. These models will be used in the UMN IWG breeding
program to improve long-term grain yield as well as seed size, free threshing,
shattering resistance, and disease resistance.
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Figure 2. Predictive abilities obtained from cross-validation of nine agronomic traits observed in cycle 3
IWG breeding population. Phenotypic data collected in St Paul in 2017 were used to train the
genomic selection model. Eighty percent of the genets were randomly sampled to train the
phenotypic data and the GEBVs were cross-validated with the remaining 20%. This sampling
process was carried out 100 times and the correlation values were averaged.

Figure 3. Undergraduate summer students transplanting IWG genets. Genets were planted at a distance of 4 ft.
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PROJECT 1

2c. Implications
By assaying a larger breeding germplasm using DNA sequencing only, we aim to
discover and inter-cross genets with favorable gene combinations. This enables
us to improve key traits while maintaining high genetic diversity in the breeding
program. Phenotyping the genets for four years will allow us to train genomic
selection models every year and improve the models annually upon obtaining trait
data from both locations. Genomic selection models trained using data obtained
from broader MN environments will be useful in selecting plants that have higher
probability of performing uniformly in broader MN environments.

3. Objective 2: Understand the genetic architecture and physiological
mechanisms of IWG grain yield.
3a. Approach
IWG grain yield usually starts to decline after the second year. The primary goal
of this study is to understand the genetic architecture controlling IWG grain yield
in year 2 and onwards. In addition to yield, physiological attributes affecting total
grain yield will also be assessed such as spike length, spike weight, number of
spikelets per spike, plant height, lodging, plant vigor, and heading date. These
data will be collected in both St. Paul and Crookston. Obtained data will be passed
through mixed models to correct for year (trial) effects, and then combined with
genotypic data to identify loci associated with these traits in a genome wide
association study (GWAS). Regions controlling the traits will be used in genomic
selection models as fixed effects to better predict the performance of genets to
obtain progeny for the next breeding cycle.

3b. Progress
A set of 657 genets were cloned into two sets and planted in St Paul and Crookston
in fall 2018. These genets constitute the fourth cycle IWG training population at
the University of Minnesota. In each location, 73 families with nine genets per
family and three check genotypes replicated three times were transplanted on 4
ft. centers. Phenotyping of these materials will start in May 2019 and will be done
for four years. In addition, GWAS of third cycle breeding genets on yield and yield
component traits is complete. The mapping approach developed and trained on
the third cycle data will be applied on the fourth cycle materials.

3c. Implications
Understanding the genetic architecture and physiological mechanisms of IWG
grain yield will help elucidate factors that affect IWG yield in years 2, 3, and 4 of
grain production. Discovery of genetic loci associated with long-term grain yield
and yield components in IWG stands maintained for multiple years will also help
in selecting the best genotypes that promise better performance in multiple years.
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PROJECT 1

4. Objective 3: Identify genes and develop genetic markers associated with
larger grain number and higher yield in IWG to help develop germplasm
with better yield and long-term seed production.
4a. Approach
Discovery of markers linked with genomic regions controlling yield-related traits
can be used in marker assisted selection to identify genotypes for inter-crossing
in recurrent selection breeding schemes. As markers linked to the causative gene
or within the gene itself will prove to be more diagnostic, candidate genes will be
searched upstream and downstream of significant loci detected during GWAS.
Putative annotation of the Thinopyrum intermedium genome is complete and
will be used to accomplish this objective. Sequences of candidate genes will be
searched against the NCBI database, primarily against wheat, rice, and barley
gene databases to obtain annotated homolog and homeolog gene sequences.
Sequences annotated to be involved in grain yield pathways will be converted
to fluorescent KASP markers to assess their usability in the UMN IWG breeding
program.

4b. Progress
Genome wide association mapping of the cycle 3 breeding genets is complete
and has identified 154 QTL associated with yield and yield component traits. Using
these loci in genomic selection models as fixed effects improved the prediction
abilities of some traits by up to 14% (Figure 4). GWAS on factors affecting longterm yield will commence after obtaining data on the cycle 4 training population
from both locations in summer 2019. GWAS will be conducted annually and
compared with results obtained in the previous year to study the differences.
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Figure 4. Effect on predictive abilities of traits when using significant SNPs as fixed effects in genomic selection models.
The differences shown are relative to the model that did not use any SNPs as fixed effects. Best 10 SNPs for
each trait are the ones with the highest amount of percentage of phenotypic variance explained (R2).
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4c. Implications
Successful identification of candidate genes will lead to development of genic
markers that will be used in the wet lab to select the best parents. Markers linked
with the genes will also be used as fixed effects in genomic selection models to
increase trait predictive abilities. The best genotypes identified from this objective
will be crossed with each other to develop future IWG breeding germplasm suited
for Minnesota environments.

5. Conclusion: Overview of variety release.
The University of Minnesota IWG variety MN1504 (official name pending) is
approved for release in 2019. MN1504 is a synthetic variety obtained from
crossing seven parental genets from the first cycle of IWG breeding at UMN. The
second-year synthetic population (Syn2) yields 502 lbs/acre grain on average
(two years, 5 locations), is relatively short (113 cm), and has good agronomic
characteristics such as uniform maturity, less prone to lodging, and improved free
threshing of 63% (Table 1). MN1504 yields significantly more than contemporary
IWG germplasm, namely from The Land Institute and existing forage IWG varieties
(Figure 5). It is currently being increased on 100 acres of which some seed will
be allocated for further seed increase and the remainder distributed for grain
processing.

Table 1. Comparison of MN IWG Syn2 candidate synthetic varieties (MN1501-MN1505) with other germplasm.
Varieties are sorted based on 2017-2018 average grain yield. Green-colored data cells are most
desirable values, red is worst.
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Figure 5. 2017 and 2018 grain yield of MN1504 Syn2, TLI Cycles 3, 4, and 5, and Rush.
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PROJECT 2

AGRONOMICS
1. Introduction
As the plant breeding team continues to develop new lines of IWG that have larger
seeds, shorter height, stronger stems, and seeds that don’t shatter and thresh
easily from their hulls, the agronomics team must continue to evaluate these
new lines in a field setting. Agronomic practices may need to be altered as the
breeding lines improve. This project will evaluate the newest IWG breeding
lines and determine how fields can be managed to sustain long-term,
economically-viable grain yields.

2. Objective 1: Increase IWG grain yields in years 1-5 compared to current
yields by managing nitrogen (N) fertility.
2a. Approach
Nitrogen (N) is a key component for grain production, and economically optimum
rates have been established for many crops including IWG (Jungers et al., 2016).  
From our previous research, we found that annual N removal rates in harvested
IWG grain and straw can exceed 120 lbs per acre. However, IWG stands
experienced severe lodging and grain yield declined when fertilized at the
replacement rate. We found that N rates of 60 – 80 lbs per acre maximized grain
yields. New IWG lines are available that are less prone to lodging and could yield
more grain with higher N fertilizer rates. The timing of N fertilization may also be
critical to maximize N use efficiency and grain yield.

This experiment varies the amount and timing of N fertilizer on grain yield of new,
high yielding IWG populations from the UMN and TLI breeding programs that are
less prone to lodging. These new populations could potentially yield more grain
with higher rates of N fertilizer compared to older populations, which experienced
stem lodging with high N rates. This study was conducted in Staples and
Rosemount, MN.

11
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PROJECT 2

2b. Progress

Figure 6. Grain yield response to various nitrogen fertilizer rates and timing. Total amount of N
fertilizer added is on the x axis, and timing of that fertilizer application is indicated by
the bar color. Error bars indicate standard error of the mean.

Samples from the Rosemount location are still being processed after a successful
first field season. This study also includes a fall N fertilizer application, which was
first applied in October of 2018. Therefore, we do not yet have data in response to
fall fertilizer application.

2c. Implications
Grain yield response to N fertilizer rate peaked between 53 and 89 pounds N per
acre (Figure 6). Timing of fertilizer application had minimal effects on grain yield.
This finding supports previous research in that IWG is very effective at utilizing
existing soil N and requires relatively low N fertilization during the first year of
production.
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3. Objective 2: Determine the effects of plant density and root growth on grain
yield persistence in improved lines of IWG.

3a. Approach
Without agronomic intervention, IWG grain yields decline after two years of
production. The goal of this project is to understand why grain yields decline in
order to develop agronomic recommendations for preventing that decline with
stand age. A potential driver of the yield decline could be related to plant density.
This project will identify how IWG roots, shoots, and grain yields respond to
increasing plant density, and how those responses change with stand age. We
will collect plant growth measurements and photographs of roots of IWG plants
surrounded by neighbor plants varying in population density. The root images will
be analyzed to determine root growth rates, distribution by depth, as well as root
mortality and new root growth. We will determine if these root variables are
associated with grain yield dynamics.

3b. Progress
The project was established as planned in the fall of 2018. Clones from four IWG
genotypes were propagated to control for genetic variability, and transplanted
into the field (Figure 7). Clear tubes were installed in each experimental plot to
photograph roots (using mini-rhizotron technology). One round of root imaging
occurred (October 25, 2018) prior to the end of the growing season. An automated
image analysis program is being developed so that high-throughput data can be
collected efficiently throughout the 2019 and 2020 growing seasons.

Figure 7. Researchers transplanting IWG clones around rhizotron camera tubes at various plant densities.
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PROJECT 2

3c. Future implications
Two important findings are expected to come from this study: 1) information on
how IWG plants respond to increasing plant densities through time, so that
agronomic recommendations can be made to sustain grain yields with stand age,
and 2) how root morphology differs among genotypes varying in above-ground
traits (e.g. plant height, tiller number, etc.).

4. Objective 3: Develop agronomic recommendations to maintain grain
yields in year 3 and beyond.
4a. Approach
In an effort to prevent grain yield declines, this project is testing various methods
to prevent increasing plant density in between planted IWG rows. A new inter-row
cultivation machine called the multivator was acquired to lightly till the soil in
between planted rows to kill volunteer IWG seedlings. Another inter-row
disturbance approach that we are testing includes precision herbicide application.
Glyphosate was sprayed between rows to kill volunteer IWG seedlings. Chemical
control of plant density is expected to have a lower greenhouse gas footprint than
the cultivation method (see Part 3 for details), however it’s unknown how the two
methods compare in terms of plant density control. In this split-plot design, our
main treatments including 1) spring cultivation, 2) fall cultivation, 3) spring and fall
cultivation, 4) spring herbicide application, 5) fall herbicide application, 6) spring
and fall herbicide application, and 7) control (no treatment). Within each plot, we
applied three split-plot treatments including 1) fall prescribed fire, 2) fall mowing,
and 3) control (no treatment). In each treatment plot, we are measuring grain
yields and both within row and between row straw and root biomass.

4b. Progress
Experiments have been initiated successfully and data have been collected as
planned, with specific highlights below. On a subset of plots we also have
collected GHG emission data to complement grain and biomass yields (See Part
3, Objective 1). Grain and biomass yield of intermediate wheatgrass declined with
stand age (Figure 8 and 9). Grain yield was 5.5 times less in 2018 (Year 3)
compared to 2017. Such yield decline has also been reported by various other
studies (Jungers et al., 2017). In this study, we hypothesized that cultivation and
herbicide treatments would stimulate the plant growth and increase grain yields.
However, grain yields were similar among all treatments. Burning and mowing
also had no influence on grain yield.
Straw/biomass yield declined by 1.2 times from 2017 to 2018. Above- and
below-ground biomass was also similar among cultivation treatments during
2017 (Figure 10).  

COLLEGE OF FOOD, AGRICULTURAL AND NATURAL RESOURCE SCIENCES | FOREVER GREEN

14

Figure 8. Kernza grain yield under different management practices in 2016, 2017, and 2018 at
Rosemount, MN. Treatments were not imposed during the first year of production (2016).
Different colored bars indicate split-plot treatments. Error bars indicate standard error of
the mean.
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Figure 9. Intermediate wheatgrass biomass/straw yield under different management practices
in 2016, 2017, and 2018 at Rosemount, MN. In 2016, treatments were not imposed and
biomass was estimated based on measured grain yield and average harvest index
values. Different colored bars indicate split-plot treatments. Error bars indicate
standard error of the mean
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Figure 10. Intermediate wheatgrass aboveground biomass (straw and grain) and belowground
biomass (roots) at four depth intervals under different agronomic management practices
during 2017 at Rosemount, MN. Aboveground biomass was sampled at physiological
maturity in August and belowground biomass was sampled in October.

PROJECT 2

4c. Implications
Demand for organic Kernza is currently greater than demand for conventional
Kernza, and inter-row cultivation can be useful organic method for controlling
weeds and potentially sustaining grain yields through time. However, inter-row
cultivation may result in greenhouse gas emissions. Part 3 of this report describes
our efforts to measure the greenhouse gas emissions associated with inter-row
cultivation of Kernza. An alternative to cultivation is chemical control of weeds and
volunteer intermediate wheatgrass plants between rows. Once certain herbicides
are approved for Kernza production, this practice could prove useful for
conventional farmers seeking to utilize regenerative agricultural practices to
sustain Kernza yields through time.

17
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PROJECT 2

5. Overview and future work.
Additional studies are ongoing that compare Kernza yields and soil health metrics
when managed with different nitrogen fertility strategies. Figure 11 shows grain,
biomass, and root yield of IWG grown with an alfalfa intercrop, synthetic nitrogen
fertilizer (urea), and organic nitrogen fertilizer (manure) in comparison to a corn/
soybean rotation and a wheat/red clover/soybean rotation. Besides crop yields,
we are also measuring the greenhouse gas footprint of these systems, which is
presented in Part 3 of this report.

Figure 11. Aboveground biomass (straw and grain) and belowground biomass (roots) at four
depth intervals in perennial and annual cropping systems in 2017 at Rosemount, MN.
Aboveground biomass was sampled at physiological maturity for each crop, and
belowground biomass was sampled from all plots in October. The crop with an asterix
was represented at the time of sampling in each rotation.
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GREENHOUSE GAS MITIGATION
Introduction
This is a two-phase project to quantify carbon (C) and greenhouse gas (GHG)
dynamics in Kernza productions systems first using experiments and then
using modeling. Perennial crops like Kernza initiate growth early in the year and
continue growth later into the year, providing long-term soil coverage (Figures
12 and 16) during the growing season. As a result, CO2 emitted during soil and
plant respiration is expected to be less than CO2 uptake and storage in roots and
aboveground plant tissue, resulting in an expected overall carbon sink. Phase I
includes field experimentation to collect detailed carbon (C) and greenhouse gas
(GHG) measurements and grain yield in four experiments focused on obtaining
and maintaining high Kernza grain yield (Objectives 1 and 2). Phase II will use the
collected empirical data to parameterize soil carbon and crop simulation models
to predict Kernza growth and environmental impacts across the study region.

Figure 12. Conceptual diagram of carbon (C) pools and fluxes in a perennial (Kernza) and annual (corn)
cropping system. Arrows represent fluxes with red indicating carbon outputs, green as carbon
inputs, and blue as temporary input and storage. Circles represent pools. Larger arrows and circles
reflect larger fluxes and pools compared across cropping systems. We are measuring variables
related to all of these pools and fluxes as outlined below.
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BOX 4

GREENHOUSE GAS DATA COLLECTION

The portable Gasmet gas analyzer measures instantaneous gas fluxes based
on Fourier-Transformed Infrared spectroscopy (FTIR). A: the Gasmet instrument
simultaneously collects and measures the fluxes of three important greenhouse
gases: carbon dioxide, nitrous oxide, and methane. B: Gases enter the measurement
chamber via flow from a sampling chamber sealed at the soil surface. We custom
built a tower addition to the sampling chamber to allow for inclusion of mature
Kernza when needed. C: collected data can be processed in multiple ways,
including comparison of the flux rates of individual gases throughout the growing
season or the calculation of cumulative CO2 equivalents for the entire year,
either for individual gases or all of them combined.
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1. Objective 1, phase 1: Measure carbon budget variables including
sequestration, soil greenhouse gas emissions, and crop yields within
multiple Kernza production systems.
1a. Approach
Detailed carbon budget variables (as outlined in Figure 12) are being measured in
two experiments, representing several possibilities for Kernza production systems.
A description and progress summary on these two experiments is described
below. For each experiment, we are measuring carbon dioxide (CO2), methane
(CH4) and nitrous oxide (N2O) production simultaneously using the Gasmet soil
GHG analyzer. At Minnesota sites, we are also measuring other carbon budget
parameters including total soil carbon (beginning and end of the experiment),
microbial biomass carbon, soil microbial phospholipid fatty-acid profiles, plant
shoot and root biomass carbon, and plant photosynthetic carbon fixation rates.

1b. Experiment 1 overview: Disturbance methods for maintaining grain yields
We are testing methods for maintaining profitable, long-term grain yields and
developing a detailed C budget in newly planted Kernza monoculture stands.
Without intervention, grain yields can decline with time. This experiment tests
disturbance methods to maintain Kernza plant population density, and thus
prevent declines in grain yields. Treatments have been applied in a randomized
complete block with a split-plot arrangement of treatments, with main-plot
treatments of inter-row cultivation, and sub-plot treatments of mowing and burning
(See Objective 3 in Part 2 of this report above; Figure 13. These treatments are a
subset of that experiment).

Figure 13. Strip of disturbed soil from multivator in cultivation treatment in fall 2018
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1b-i. Progress
Treatments have been implemented as planned, and we have collected data as
intended in 2017 and 2018. Some data analysis such as microbial biomass and
phospholipid fatty acid analysis are still in progress. Highlights of current GHG flux
measurements are presented below. In 2017, we measured CO2 flux before and
after cultivation in IWG fields located at Rosemount, MN (Figure 14) and in Salina,
KS (Figure 15). At Salina with our partners at The Land Institute, we also measured
CO2 flux with an eddy covariance flux tower (Figure 16). These data allowed us to
compare results using two different methods of GHG flux measurements.

At Rosemount in 2017, CO2 flux was greater in the cultivated plots compared to
the control prior to and after the cultivation event occurred, and the difference
between the treatments was similar through time. Low temperatures and dry soil
may have limited decomposition of incorporated organic matter in the fall. In 2018,
CO2 flux was greater in the cultivated plots compared to the control plots prior to
the cultivation event. Cultivation did not result in increased CO2 flux as
expected, likely due to cold, dry conditions which limited decomposition.

Figure 14. Carbon emissions from microbial and plant respiration in uncultivated control plots
(gray lines) and plots with inter-row cultivation (tan lines) before and after the fall cultivation
event in 2017 and 2018 at Rosemount, MN. The red arrow indicates date of inter-row
cultivation.
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At Salina, KS, a CO2 flux increase was observed in the cultivated areas compared
to the control. Using the gasmet method (as used in Minnesota; Figure 15),
cultivation resulted in a slightly delayed flush of CO2, yet CO2 flux was similar in
cultivated and uncultivated fields approximately 20 days after cultivation
(Figure 15). An advantage of the KS site is that this Kernza field is also instrumented
with an eddy covariance flux tower that measures CO2 and other gases
continuously.  This site is useful to compare results from plot-scale emissions
estimates (gasmet) and field-scale emissions estimates (eddy flux tower). The
flush of CO2 that was observed with the gasmet was also observed in the eddy
covariance data (Figure 16), and CO2 flux appeared to decline for up to a week
following the event.

Figure 15. The CO2 flux in cultivated and uncultivated (control) Kernza plots in Salina, KS. Red arrow
indicates date of cultivation.
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Figure 16. CO2 sequestration (GPP), emissions (Reco), and the net difference (NEE) in a Kernza field
that was cultivated in between rows in Salina, KS. The red line indicates date of
cultivation.

COLLEGE OF FOOD, AGRICULTURAL AND NATURAL RESOURCE SCIENCES | FOREVER GREEN

24

PROJECT 3

1b-ii. Implications
From these preliminary data, it appears that a flush of CO2 is emitted to the
atmosphere as a result of inter-row cultivation when temperatures are relatively
warm in the fall. However, it is possible that the GHG impact of this flush is offset
by increases in other soil C pools, or that this flush is short lived enough to be
insignificant. The magnitude of this flush might also change in the future as Kernza
stands mature. The other C pools are being measured and an overall GHG
balance will be generated as a result of this project.

1c. Experiment 2 overview: Measuring the GHG footprint of Kernza
cropping systems
Established in 2017, the objectives of this experiment are to A) investigate changes
in soil carbon and microbial activity over time between perennial Kernza and
annual crop rotations,  and B) compare total greenhouse gas emissions (GHGs)
of these cropping systems over time. The six cropping systems included in this
experiment are 1) a conventional Kernza monoculture fertilized with 50 kg N ha-1
as urea, 2) organically managed Kernza monoculture fertilized with 50 kg N ha-1
manure, 3) organically managed Kernza intercropped with alfalfa, 4) organically
managed, high-value food crop system of winter wheat, red clover, and edible
soybean, 5) organic alfalfa monoculture, and 6) organic soybean-corn-soybean
rotation with a winter rye cover crop.

1c-i. Progress
In 2017, higher CO2 fluxes were observed in the spring and fall from Kernza
cropping systems compared to annual wheat (Figure 17). Since there was no
difference in soil microbial biomass in the spring (Figure 18), the increased CO2
flux is likely a result of plant respiration. In line with this result, leaf area index data
indicate that all Kernza cropping systems have higher canopy density than the
annual crops, implying that they have greater biomass and would then have
higher CO2 flux rates (Figure 19).
Similar to 2017,  2018 CO2 emissions showed that Kernza supports a more active
soil (greater respiration) in the spring and fall compared to soy (wheat 2017 - soy
2018). Active soil is healthy soil and this is an advantage of a perennial crop, to
support and stabilize soil microbial communities. This result is also supported by
spring 2018 soil microbial biomass carbon results (Figure 18), where Kernza
cropping systems had a trend of higher microbial biomass, and where the highest
microbial biomass was in the Kernza + organic manure fertilizer treatment. The
2018 microbial biomass data have much lower variability, demonstrating that
cropping systems are becoming more stable and that we can expect treatment
effects to become more evident over time.
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Figure 17. CO2 flux in annual and perennial crops throughout the growing season in 2017 and 2018.
For the annual crop rotation (blue line) wheat was grown in 2017 and soybean in 2018.

Figure 18. Soil microbial biomass carbon (C) measured in spring of 2017 and 2018 in perennial and
annual cropping systems. Spring 2018 data indicates a reduction in soil microbial activity
for annual crop rotations from 2017 and a slight increase for perennial crops from
2017 - 2018. A reduction in variability (standard error bars) in 2018 from 2017 suggests
that soil conditions are stabilizing after establishment.
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Figure 19. Leaf area index (LAI) - a measure of ground cover and light interception - of annual
(corn and soybean) and perennial (Kernza and alfalfa) cropping systems throughout the
growing season in 2018.

PROJECT 3

1c-ii. Implications
All of the necessary C pools and fluxes are being measured from various Kernza
cropping systems, and once these pools and fluxes are combined to produce
a full C budget, we will be able to quantify the overall GHG impact of this new
crop on agriculture. Our current results suggest that as anticipated, the increased
levels of plant productivity in Kernza systems will create a net carbon sink in this
system.  For the 2019 growing season we will improve our measurements of plant
photosynthetic rates so that we can avoid the challenge of interpreting LAI data as
canopy structure versus plant growth rates (Figure 19). Although our Gasmet data
have been quality assured, we also intend to keep further developing
measurement strategies to adequately account for the very different growth
patterns of our different cropping systems. We also plan to continue taking careful
time courses of gas flux measurements around cultivation events to determine
how large of a GHG flush, or amount of carbon loss, occurs during cultivation of
more established Kernza stands.
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2. Objective 2, phase 1: Develop best management practices for Kernza
production systems that optimize yields and greenhouse gas mitigation
across multiple regions of the U.S.
2a. Approach
This objective leverages and synthesizes information from the cropping systems
described in objective 1, phase I where the greenhouse gas mitigation potential is
weighed against the best yielding production systems. The two specific cropping
systems examined for this comparison are the legume intercropping trial and
the grazing trial, which represent both different local and regional uses of Kernza.
Although the two experiments of objective 2 do not include as detailed of carbon
budget analysis, total soil carbon, yields, and shoot and root biomass will be
measured for comparison to carbon budgets measured in objective 1.

2b. Experiment 1: Legume intercropping
A legume intercropping trial was established at Rosemount, St. Paul, and
Lamberton, MN in fall of 2016 with the following treatments: 1) IWG monoculture
fertilized with 0 kg N per hectare, 2) IWG monoculture fertilized with 40 kg N
per hectare, 3) IWG monoculture fertilized with 80 kg N per hectare, 4) IWG
intercropped with alfalfa, 5) IWG intercropped with red clover, 6) IWG intercropped
with white clover, 7) IWG intercropped with alsike clover, 8) IWG intercropped
with birdsfoot trefoil, and 9) IWG intercropped with Canada milkvetch.

2b-i. Progress
The experiment was established in 2017, with baseline soil C and N measured at
the start of the study. Total soil C and N  will also be remeasured in 2019. In 2017
and 2018, plant populations were measured in the spring using plant counts from
a frequency grid. At physiological maturity, IWG plant heights were measured then
harvested for total biomass and grain yield. Grain samples and biomass samples
are still being processed, with initial results described below.
Abundance of alfalfa, red clover, and white clover were greater than the other
legume species when intercropped with IWG (Figure 20). Weed abundance was
greatest when legumes abundance were lower. Weed abundance was greater
in fertilized IWG monocultures compared to IWG intercropped with alfalfa, red
clover, and white clover.

2b-ii. Implications
Initial results of this legume intercropping experiment suggest that legume
intercrops can provide both a nitrogen source for Kernza stands and act as a weed
suppressant. Future analysis will include continued planned measurements as
well as a comparison of total Kernza yields, shoot growth, and root growth in
comparison to the cultivation and cropping systems trials of Objective 1 for a
holistic perspective of best management practices of Kernza as a grain crop.
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Figure 20. Population (plant count) data from frequency grid sampling of IWG, planted legumes,
weeds, and volunteer legumes at St. Paul in 2018. Error bars represent standard error of
the mean.

PROJECT 3

2c. Experiment 2: Grazing
This project is determining the effect of grazing timing on Kernza intermediate
wheatgrass forage yields and quality, animal performance, farm economics, and
subsequent grain yields. Six intermediate wheatgrass sites are being managed
with different grazing regimens – Spring graze, Fall graze, or both – on-farm and
on experimental stations in Minnesota and Wisconsin. This experiment is unique
in that it explores the potential of Kernza as a dual-use (grain and grazing) crop. As
with the other three experiments, Kernza yields, shoot growth and root growth will
be measured.
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2c-i. Progress
The grazing timing experiment was established successfully in 2016, with grazing
treatments occurring successfully as intended. Grain yields were measured in
August 2017 and 2018, with data analysis in progress. Baseline soil carbon and
nitrogen contents were measured at that time (Figure 21), and will be measured
again in 2019 for the purpose of determining  the carbon storage and GHG
mitigation potential of grazing and alfalfa intercropping.

Figure 21. Baseline soil percent carbon (A) and carbon:nitrogen ratio (B) at 0-15 cm depth in the
grazing timing experiment in Morris, MN. Samples were taken on June 5, 2017. Soil
carbon and nitrogen will be measured again at the end of the experiment to determine
how mixing IWG with alfalfa or grazing at different times (spring, fall, or spring+fall)
affects soil biogeochemistry.

2c-ii. Implications
Initial results suggest that legume intercropping and grazing could both be
successful options for Kernza cropping systems, offering several potential options
for farmers wishing to begin growing this perennial crop. Based on our results
from objective 1 that Kernza fertilized with manure has the highest microbial
biomass (Figure 18) with relatively lower carbon emissions (Figure 17), we anticipate
that the dual use system could have a high GHG mitigation potential as well.
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3. Objective 3, phase 2: Use measured carbon budget components to model
the net greenhouse gas mitigation potential of Kernza production systems
across regions of the U.S.
3a. Approach
Using the empirical data collected in Objectives 1 and 2, we will parameterize the
crop simulation model DayCent for estimate yield and C balance of Kernza grown
across the Upper Midwest. Growth and development data have been recorded
and used to calibrate the DayCent model. Intermediate wheatgrass is now
available in the DayCent crop library as well.

3a-i. Progress
Based on previous results, DayCent has adequately predicted above and below
ground productivity of IWG after model validation. The next steps include calibrating
and validating changes in C pools and fluxes within the IWG system based on
results of the four experiments described in objectives 1 and 2. In addition to
measured C pools and fluxes, we will include indirect carbon costs of each
experimental system and treatment, including fuel costs, fertilizer production
costs, and estimated livestock emissions.

4. CONCLUSIONS
In the past two growing seasons, we have established a series of experimental
cropping systems and dual-use systems based on the most advanced lines of
intermediate wheatgrass to determine how farmers can produce Kernza profitably
while limiting agricultural GHG emissions. Grain yield and other important traits
like reduced lodging and seed shattering have improved with the use of genomic
selection. As a result, the first Kernza variety will be released in the fall of 2019.
Agronomic trials show that there is a large amount of variability in Kernza yield
across cropping systems, with first-year yields ranging from upwards of 1000
lbs per acre when fertilized with synthetic N to less than 200 lbs per acre when
intercropped with a legume. However, several legumes hold promise to provide
organic N and weed control when intercropped with Kernza. We anticipate that
as we finalize laboratory analysis and follow these experiments through another
growing season, these interesting initial trends will only continue to develop.

31

UNIVERSITY OF MINNESOTA | FOREVER GREEN

BOX 5

OUTCOMES TO DATE:
1. The first Kernza variety will be released in 2019
2. Nitrogen fertilizer rates between 70 and 90 lbs per acre maximize yield in first year;
and a single application in spring is sufficient.
3. Up to 2 tons of root carbon per acre accumulates beneath IWG by third year
of production

5. Next Steps
New areas of research and development of Kernza are being pursued. The efforts
described below ensure that the environmental benefits of Kernza can be realized by
communities in Minnesota and beyond. These activities will help develop the capacity to
expand Kernza acreage, farmer knowledge, and supply chain components so that
large-scale commercialization is possible.
• Plot-scale studies have shown that IWG can prevent nitrate from leaching to groundwater.
New, large-scale studies are underway to demonstrate the nitrate reduction potential of
IWG when planted in ecologically-sensitive “wellhead protection areas”.
• Approximately 100 acres of land in wellhead protection areas have been planted to the
most advanced line of IWG, which will provide seed for the first Kernza variety release in
2019.
• A program has been proposed by Minnesota state agencies to provide farmer support
for IWG production through in-field crop advisors.
• Our Kernza Grower Guidelines document will be revised for regionally-specific conditions
throughout Minnesota to support farmers growing Kernza in wellhead protection areas,
marginal lands, and other ecologically-sensitive areas.
• A nation-wide variety trial will be conducted to evaluate the performance of various
Kernza lines from the Kansas and UMN breeding programs in an effort to identify
possible varieties for a broad range of growing conditions.
• A new graduate student has joined the UMN Kernza research team to collect additional
data and information on how Kernza can improve soil health and serve as a system for
regenerative agriculture.
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BOX 6

IMPLICATIONS FOR SOIL HEALTH AND REGENERATIVE
AGRICULTURE
The measurements outlined in Figure 12, to determine the carbon budget of
Kernza cropping systems, can also be used as metrics to determine how Kernza
cropping systems increase soil health. Healthy soils have higher levels of soil
organic carbon and more active and growing soil microbial communities. Kernza
may especially promote the soil fungal growth (determined by phospholipid fatty
acid profiles) that is so important for building soil aggregate structure and promoting
chemical and physical attributes of soil health. We are currently leveraging the
measurements in this proposed research with a newly recruited graduate student
who will include physical measurements of soil functionality including infiltration
and water holding capacity in the final project year when we are likely to see
differences emerging. Because healthy soils are both resistant and resilient to
disturbances and enhance many ecosystem services, our work on  the water
quality benefits of Kernza is also related to soil health and to the potential of
Kernza in regenerative agricultural cropping systems.
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