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Abstract
Intermediate wheatgrass (IWG) [Thinopyrum intermedium (Host) Barkworth & D.
R. Dewey subsp. intermedium] is being domesticated as a perennial grain crop.
Advanced grain-type IWG populations display variability in key physiological
parameters related to seed development, making it difficult to determine grain harvest
timing. A quantitative literature review of cool-season grasses informed the modeling
of IWG field trial data. Results revealed that multiple species exhibited a consistent
multiphase dry-down pattern from anthesis to a stabilized moisture content, which
often included a rapid dry-down phase that presaged maximum seed dry matter and
gave insight into the relationship between floret shatter and maximum seed yield.
A field trial was conducted at three locations in which IWG spikes were repeatedly
sampled postanthesis and divided into three fractions to measure physiological patterns over growing degree days (GDDs). Similar to literature review results, IWG
demonstrated a rapid dry-down phase that started when seed moisture content was
between 44.7 and 52.8% and decreased at a rate of −0.12 to −0.20% GDD−1 during
this phase. At all locations, florets began shattering before seeds reached maximum
dry matter, which resulted in reduced floret site utilization. Seed from distal fractions reached 95% dry matter 135 GDDs earlier than seed from basal fractions, while
basal seeds were 21% larger than distal seeds. Timing of maximized seed yield per
spike ranged from 530 to 701 GDDs after mid-anthesis provided a starting point for
estimating optimum IWG seed harvest timing under high and low shattering conditions and also supports the importance of repeated measurement of seed moisture to
pinpoint optimal harvest time.

Abbreviations: FSU, floret site utilization; GDDs, growing degree day; IWG, intermediate wheatgrass.
© 2021 The Authors. Crop Science © 2021 Crop Science Society of America
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INTRODUCTION
Core Ideas

Intermediate wheatgrass (IWG) [Thinopyrum intermedium
(Host) Barkworth & D.R. Dewey] is a cool-season grass with
potential to function as a perennial grain crop while providing environmental benefits in agroecosystems (Glover et al.,
2010; Ryan et al., 2018). Breeding efforts have led to substantial gains in IWG seed yield compared with the previous
forage-type cultivars resulting in improved populations being
commercialized under the trade name Kernza (DeHaan et al.,
2018). Selection for higher seed yields and fixation of domestication traits has changed the phenological and morphological characteristics of new cultivars compared with forage cultivars and predecessor grain-type populations (Bajgain et al.,
2020).
Nondomesticated outcrossing cool-season grasses often
lack uniform development among flowering tillers within
and among individuals of a sward leading to asynchronous
maturation and difficulty in determining optimum harvest
time (Silberstein et al., 2010). An additional source of variation exists within individual spikes because of inter- and
intraspikelet variation for seed mass and maturity (Bean,
1980; Warringa et al., 1998). In a heterogeneous sward, the
distribution of maturity implies that some seeds may be
increasing in dry matter with a high moisture content at the
same time that others may be physiologically mature and
decreasing in moisture content, while the remainder may have
reached a stabilized moisture content. This inter- and intraplant variability is a likely contributor to the reported producer concerns over seed harvest method and timing (Lanker
et al., 2020). A dynamic and robust approach for studying and
modeling components of IWG seed maturation is needed to
assist grower recommendations on harvest timing for maximized grain yield with improved germplasm.
Beyond temporal patterns surrounding seed moisture
phases and dry-matter accumulation, variation exists for seed
number per spike. The number of harvestable seeds changes
through time, which also reduces harvestable yield during
dry down. Hebblethwaite et al. (1980) described two stages
of grass seed development: establishment of yield potential
and the subsequent utilization of that potential. Yield potential begins prior to anthesis and is the product of fertile tillers,
spikelets per tiller, and florets per spikelet. The utilization of
florets occurs postanthesis, is dynamic through time, and is
dependent on successful fertilization of florets and seed drymatter accumulation. Shortly after anthesis, the maximum
number of utilized florets is reached (Elgersma & Śnieżko,
1988). As the moisture content of developing seeds decreases
(i.e., dry-down) a concurrent increase in seed dry mass occurs,
coinciding with a decline of utilized florets on account of
seed abortion, predation, and shatter (Andersen & Andersen,
1980). As seed dry matter increases, floret and spikelet shat-

∙ Intermediate wheatgrass (IWG) grown for grain
lacks research for modeling yield components.
∙ A quantitative literature review of perennial grass
seed crops informed IWG model hypotheses.
∙ Perennial grasses exhibited multiphase moisture
loss that regulated maximum seed dry matter.
∙ The onset and magnitude of shattering in IWG
influenced the timing of maximum seed yield.

tering begins. Thus, total seed yield increases with increasing
seed dry matter until offset by losses via shattering.
Ideally, a producer would delay IWG harvest until all seeds
have reached physiological maturity (>95% of maximum
seed dry mass) and a stabilized moisture content, referred
to as harvest maturity, before directly combining the seed
for grain, which is often the strategy for annual small-grain
crops (Copeland & McDonald, 2001). For example, wheat
(Triticum aestivum L.), barley (Hordeum vulgare L.), and oat
(Avena sativa L.) reach physiological maturity when seeds are
∼40% moisture content (Burnett & Bakke, 1930), yet combining occurs ∼14% to improve storage longevity (McDonald &
Copeland, 1997). Seed shatter and variability in seed moisture content of nondomesticated species compounds the challenges of direct combining because seed shatter from early
maturing spikes often exceeds additional yield gains derived
from late-maturing spikes (Andersen & Andersen, 1980; Horton et al., 1990; Klein & Harmond, 1971). Variation in seed
maturity can also exist among spike fractions (Warringa et al.,
1998), further obscuring optimal harvest timing. A common
alternative harvest method to direct combining in turf and
forage grass seed production is to swath the stand to allow
seed to dry in windrows before combining (Silberstein et al.,
2010). Swathing when grain is at a relatively higher moisture
content can occur prior to significant shattering begins, thus
swathing can result in higher yields than direct combining.
However, grain on swathed plants in a windrow is vulnerable to loss and quality degradation via seed predators, precipitation, and microbial contamination. Furthermore, logistical
disadvantages of swathing include more time and resources
than direct combining (Nellist & Rees, 1968).
Previous research into the phenology of IWG provides
a starting point from which hypotheses can be developed
regarding the progression of developmental stages of an IWG
sward such as heading date and anthesis (Altendorf et al.,
2021; Duchene et al., 2021; Jungers et al., 2018). However, a basis for studying and modeling various IWG yieldrelated characteristics is needed to guide future agronomic
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efforts. Decades of seed production research on other perennial cool-season grasses grown for turf and forage markets
have resulted in yield increases by studying seed shatter, moisture dynamics, and honing harvest timing (Boelt & Studer,
2010; Chastain & Young III, 1998; Marshall, 1985). This
knowledge can be leveraged to improve management practices that increase seed yield in IWG. The synthesis of historical data and recent findings in IWG could lead to more
appropriate hypotheses and models to study the agronomics
of IWG and lead to stronger inferences concerning yield
development.
The objectives of this study were to (a) develop models
based on previous cool-season perennial grass seed development data to describe developmental parameters and formulate hypotheses applicable to IWG grain production and (b)
apply models to test hypotheses regarding the effects of growing degree days (GDDs) and position of seeds along a spike on
seed development parameters using data collected from IWG
stands across three locations.

2
2.1

MATERIALS AND METHODS
Quantitative literature review

Analyses were conducted on previously published data to
develop reliable models for describing intra-annual changes
in cool-season perennial grass seed yield components through
time. A literature search was conducted that spanned research
on cool-season perennial grasses grown for seed. The search
started using an advanced search for the words perennial grass
and the exact words ‘seed’ and ‘yield.’ From the results,
literature was obtained that included useful data or works
cited with useful data. Only cool-season grass species with a
compound spike or panicle with multiple florets per spikelet
were included, for example timothy (Phleum pratense L.) was
excluded. Studies were also limited to those with at least four
repeated measures of plots or plants for the following traits:
seed moisture content, seed dry matter, number of spikelets
and florets per spike, floret site utilization (FSU), and seed
yield per spike or spikelet. Publications were downloaded and
data from figures and tables of interest were combined into a
single meta datasheet. Tables were directly transcribed and
individual data points on figures were measured using the
open-source image processing package Fiji by setting scale
values to the x and y axes of the digitized figures (Schindelin et al., 2012). When authors included multiple cultivars
and species, each was modeled separately. For articles that
reported results from regression models applied to their data,
we did not reanalyze their data and include their results in the
discussion of the literature. Table 1 shows the sources of literature that were included in this review and the types of data
collected from each source.
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Data extracted during the literature review were analyzed using the R programming environment (R Core Team,
2021). Statistical models were developed to quantify changes
from anthesis to harvest for seed moisture, seed dry matter,
spikelets and florets per spike, biological FSU, and seed yield
per spike. Phase changes in the slope of seed moisture were
modeled using breakpoint regression (Andrade et al., 1994;
Warringa et al., 1998). Breakpoint or piece-wise linear regression was conducted using a generalized linear model and the
‘segmented’ R package (Muggeo, 2008). Confirmation of a
breakpoint was determined by a Davies test (ɑ = 0.1) and
breakpoints were estimated based on 100 model iterations.
Breakpoints, slope coefficients, and intercepts were calculated from each model along with standard errors. A selfstarting nonlinear least squares logistic growth model was
used to determine time to 95% maximum seed dry matter.
Biological FSU, as defined by Elgersma (1985) Method 1,
was calculated as the ratio of initial florets to seeds at each
sample point postanthesis. Floret shatter was modeled using
breakpoint regression in a similar fashion as moisture content, where the breakpoint indicated the beginning of significant floret loss. Polynomial regression was applied to data
collected on spikelet shatter and seed yield per spikelet. Polynomial models were fit starting with a full set of polynomial
terms up to cubic then removing terms via backward regression (ɑ = 0.1). Growing degree days to reach maximum seed
yield with a standard error was determined using the delta
method (Piepho & Edmondson, 2018). Assumptions of normality for polynomial and breakpoint regression was conducted using visual observations of residual plots. Transformations of response variables were used to normalize data
when required.

2.2

Field trial: Study design

Intermediate wheatgrass swards were repeatedly measured
at three locations in 2018. Measurements were collected
from control plots in a larger experiment that was conducted
using a randomized complete block design. Data were collected from field trials located at the University of Minnesota
St. Paul Research Farm in St. Paul, MN, USA (44.988291,
−93.175625); the Cornell University Musgrave Research
Farm in Aurora, NY, USA (42.734122, −76.656975); and
the University of Wisconsin–Madison Arlington Agricultural Research Station near Arlington, WI, USA (43.301319,
−89.347904). The Minnesota soil was on a Waukegan siltloam (fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludolls), the Wisconsin soil was on
a Plano silt-loam (fine-silty, mixed, superactive, mesic Typic
Argiudolls), the New York soil was a Lima silt-loam (fineloamy, mixed, semiactive, mesic Oxyaquic Hapludalfs). Each
location included a first-year, seed-producing sward and one
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The list of all sources used to generate data for the quantitative literature review
Seed
Fraction moisture
spike b

Seed
dry
matter FSU

Seed Seed
shatter yield

Authors

Region conducted

Statistical
analysisa Species (no. of cultivars)

Hyde et al. (1959)

New Zealand

No

Lolium. perenne (1)

No

+

+

−

−

−

No

Festuca. rubra (3);
L. perenne (2)

No

+

+

−

−

−

Hebblethwaite and Ahmed United Kingdom
(1978)
Nellist and Rees (1968)

United Kingdom

No

L. perenne (1)

No

+

+

−

−

−

Anslow (1963)

United Kingdom

No

L. perenne (1)

Yes

−

−

+

−

−

Anslow (1964)

United Kingdom

No

L. perenne (1)

Yesc

+

+

−

+

+

Burbidge et al. (1978)

United Kingdom

No

L. perenne (2)

No

−

−

+

−

−

Hill and Watkin (1975)

New Zealand

No

L. perenne (1); Bromus
unioloides (1)

No

+

+

−

−

+

Grabe (1956)

Iowa, USA

No

B. inermis (1)

No

+

+

−

−

−

Pegler (1976)

United Kingdom

No

L. perenne (2)

No

−

+

−

−

+

Roberts (1971)

United Kingdom

No

L. perenne (2)

No

+

+

−

−

−

Williams (1972)

United Kingdom

Yes

L. perenne (1)

No

+

+

+

+

−

Elgersma and Śnieżko
(1988)

Netherlands

No

L. perenne (4)

Yes

−

−

+

+

−

Arnold and Lake (1966)

United Kingdom

Yes

Dactylis glomerata (1)

No

+

−

−

−

−

Klein and Harmond (1971) Oregon, USA

Yes

L. perenne, D. glomerata,
F. rubra

No

+

−

−

−

+

Berdahl and Frank (1998)

Yes

Thinopyrum intermedium (1) No

+d

+

−

−

−

North Dakota, USA

Note: The resulting data were modeled, and results were used to inform the analysis of intermediate wheatgrass field trial data. Studies that included seed moisture, seed
dry matter, floret site utilization (FSU), seed shatter, and yield are indicated with (+) and those without the response variable are indicated with (−).
a
Yes if there was statistical analysis beyond means analysis applied to original data such as regression analysis.
b Yes if spikes were fractionated into basal, middle, and distal portions.
c Only intermediate and early spikes were used in this analysis as late-emerging spikes contributed little to yield and were far different than the other categories.
d
Moisture content converted to a wet mass basis.

other sward that varied in age. The inter-row space in firstyear swards was absent of IWG plants, while recruitment of
plants into the inter-row space occurred for swards >1 yr old.
The Minnesota location measured first- and fourth-year
swards, each grown with four blocks under nonirrigated
conditions. The first-year IWG sward was seeded following
alfalfa in August 2017 with 15-cm row spacing using 12 kg
ha−1 pure live seed of an improved grain-type IWG population after five cycles of selection at The Land Institute (Salina,
KS). Plot size was 7 m2 . Nitrogen fertilizer was applied as
natural sodium nitrate (16-0-0; Allganic) in April 2018 at a
rate of 50 kg N ha−1 . The fourth-year IWG sward was seeded
following alfalfa in September 2014 with 15-cm row spacing
using 12 kg ha−1 pure live seed of an improved grain-type
IWG population after four cycles of selection at The Land
Institute. Nitrogen fertilizer was applied as urea (46-0-0) in
April 2018 at a rate of 56 kg N ha−1 .
The New York location measured first- and second-year
swards, each grown with four blocks. The first-year sward was
planted 31 Aug. 2016 following a continuous corn (Zea mays

L.)–soybean [Glycine max (L.) Merr.]–wheat rotation and the
second-year sward was planted 14 Sept. 2017 after a one-year
fallow. Both swards were seeded in a 19-cm row spacing using
16.8 kg ha−1 pure live seed of an improved grain-type IWG
population after three cycles of selection at The Land Institute. Both swards were managed without synthetic fertilizers
or chemical pesticides. Nitrogen fertilizer was applied to firstand second-year swards as composted poultry manure (5-4-3,
Kreher Family Farms) in September 2017 and April 2018 at
a rate of 45 kg N ha−1 per application. Annual grasses and
broadleaf weeds were controlled using a stale seedbed prior to
planting, but weeds were otherwise not controlled after planting.
The Wisconsin location measured first and third-year
swards, each grown with three blocks. Both swards were
seeded in a 15-cm row spacing at a rate of 18 kg ha−1 pure
live seed of an improved grain-type IWG population after four
cycles of selection at The Land Institute. Nitrogen fertilizer
was applied as urea (46-0-0) in 2018 in early April at a rate of
80 kg N ha−1 .
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F I G U R E 1 A botanical illustration of an intermediate wheatgrass spike. Panel (a) shows the typical number of spikelets on a single spike and
the orientation of the spikelets relative to each other and the rachis. The three spike fractions are displayed in panel (b). A representative spikelet with
rachis attached containing florets is shown in the top of panel (c), and a dissected spikelet showing glumes, rachilla, and florets is shown in the
bottom of panel (c). Each floret, if it does not shatter prior to observation, may contain a caryopsis, of economical or nominal size, or be rudimentary
as shown in panel (d). The ratio of florets [n = 7, bottom of panel (d)] at the time of anthesis to visible seeds at the time of observation (n = 4) equals
biological floret site utilization and is calculated here at 57%

2.3

Field trial: Data collection

Prior to the first sampling event but after mid-anthesis, spike
length was measured from 25 randomly selected spikes in
each plot to determine the average spike length as measured
from the beginning of the rachis to the top of the distal floret
for each stand age. Sampling occurred approximately every
5 d from postanthesis until seed moisture was <20% and
immediately prior to significant shatter occurrence. For each
sampling event, four spikes with lengths that equaled the average spike length of the stand age treatment were harvested
from the inside rows of each plot. The spike size criterium
was set to limit across-spike variability that may have been
introduced by genetic variation in maturity, microclimate, and
or soil type. Across-spike variability appeared small except
for the rare occurrences of extremely late-maturing spikes
(e.g., those that were not yet flowering), which were excluded
from data collection. Each spike was immediately dissected in
the lab to determine yield and yield components. During dissection, whole spikes were divided into three equal sections
based on spike length, and spikelets were counted in the basal,
middle, and distal fractions (Figure 1). Four average spikelets
were subsampled from each fraction. For each four-spikelet
subsample, the total filled, and empty florets were counted
and wet and dry mass of seeds was determined to the near-

est 0.0001 g after drying 2 d at 60 °C. Biological FSU was
determined by dividing the total initial florets by the number
of filled florets at each rating date (Elgersma, 1985 (Method
1); Elgersma & Śnieżko, 1988).
The number of florets, seeds, and seed dry matter were
calculated on a per-spikelet basis. Spikelet number through
time was always analyzed on a per-spike basis. Daily maximum and minimum temperatures were collected from weather
stations at each research location, which were used to calculate season-long GDD accumulation at each location after the
daily mean temperature exceeded the base temperature (0 °C)
for five consecutive days (Jungers et al., 2018).

2.4

Field trial: Statistical analysis

Analysis techniques used for field trials were similar to those
used for the literature review. Data were analyzed separately
by location and stand age within location treated as a random
effect. Breakpoint regression was used to model phases of
seed moisture content and floret shatter. Polynomial regression was used to determine if a breakpoint existed in floret shatter (ɑ = 0.1). Seed dry mass was modeled using a
self-starting, nonlinear least squares logistic growth model.
Biological FSU was modeled using analysis of variance with
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spike fraction as the qualitative factor and GDDs postanthesis
as a quantitative polynomial factor. Required GDDs to achieve
maximum seed mass was considered to be at 95% of the maximum value in the model. Seed yield was modeled using polynomial regression. If a significant quadratic trend existed, the
delta method was used to calculate GDDs to achieve maximum yield. Transformations of response variables were used
to normalize data.

3

RESULTS AND DISCUSSION

3.1
Analysis of data from the literature:
Sources
The literature search resulted in 15 articles that met criteria
for inclusion. Articles ranged in publication date from 1954
to 1998, spanned research conducted across three continents,
and included six grass species including IWG (Table 1). A
total of 32 data sets were generated: 11 for seed moisture content, 10 for seed dry matter accumulation, four for FSU, three
for spikelet and floret shatter, and four for seed yield development. Authors in all but one study measured seed yield
developmental characteristics in days from mid- or postanthesis (Nellist & Rees, 1968), 75% did not apply statistics beyond
reporting means, and 20% measured differences among spike
fractions.

3.2
Analysis of data from the literature:
Seed moisture phases
Changes in total moisture mass and percentage moisture
of a seed (caryopsis enclosed within a lemma and palea;
Figure 1) followed distinct trends through time (Andersen &
Andersen, 1980). Hyde et al. (1959) found that seed moisture trends could be described as discrete phases in perennial
ryegrass (Lolium perenne L.) and that mass and percentage
of moisture exhibited different patterns (Supplemental Figure
S1; Figure 2a). The majority of articles in the literature review
reported seed moisture content on a percentage basis and that
discrete phases could be modeled (Figure 2). For example,
Hyde et al. (1959) found that moisture percentage followed
three discrete phases before reaching a final constant moisture content. In the first phase, moisture percentage remained
steady at 75% for ∼10 d after anthesis, then decreased to 40%
over the course of 14 d. In the third phase, seed moisture
decreased rapidly over 7 d until reaching a constant moisture
between 15 and 20% (Figure 2a). Strikingly similar phases
and slope coefficients were also observed by Grabe (1956)
in smooth bromegrass (Bromus inermis Leyss. subsp. inermis.) (Figure 2b). In both cases, the final phase before reaching ambient moisture was the steepest.
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Andrade et al. (1994), when studying tall fescue (Festuca arundinacea Schreb.) >150 GDDs postanthesis, found
that a two-phase model for seed moisture was most appropriate for the data. Among three tall fescue cultivars, the
breakpoint between the first phase and the rapid dry-down
phase occurred between 46 and 51% moisture (Supplemental
Figure S2). In this case, data collection was likely initiated
later than Hyde et al. (1959) and Grabe (1956), which could
have resulted in a missed early phase change. A two-phase dry
down fit the data sets of Roberts (1971) and Williams (1972)
in perennial ryegrass, Hill and Watkin (1975) for prairie
grass (Bromus unioloides Kunth) and perennial ryegrass, and
Berdahl and Frank (1998) in forage-type IWG. In all cases,
the second phase is defined by a much steeper slope, at least
three times faster moisture decrease, than the earlier phase
(Figure 2)c–f. Although often not measured, the two-phase
model still assumes a final constant moisture percentage near
15–20% (Figure 2). Regardless of the number of breakpoints
in the models, the phase of moisture loss immediately preceding the phase of constant final moisture content was always the
steepest and will be referred to as the rapid dry-down phase.
It is important to note that several data sources exhibited
a single-linear-phase decrease in moisture content (Anslow,
1963; Arnold & Lake, 1966; Hebblethwaite & Ahmed, 1978;
Nellist & Rees, 1968). The presence of a linear slope may have
been related to the timing of observation, either being initiated
and concluded too early (Anslow, 1964) or too late (Arnold
& Lake, 1966) relative to breakpoints in seed moisture loss.
The detection of breakpoints between phases of moisture loss
likely correspond to important physiological benchmarks in
seed maturation and may indicate an approximate swath date
to attain maximum yields. These results also indicate that if
IWG sampling occurs at a high density and begins within
200 GDDs postanthesis a rapid dry-down pattern should be
observable (Figure 2d).

3.3
Analysis of data from the literature:
Seed dry weight accumulation
The reviewed literature indicated that the time to reach 95%
seed dry matter was highly variable and ranged from 29 to
49 d postanthesis depending on the species and environmental conditions during the study. Nevertheless, each dataset
showed that 95% maximum seed dry matter was found near
or after the transition to the rapid dry-down phase (Figure 2)
with the exception of Hyde et al. (1959) (Figure 2a). The
stark phase change in moisture is probably a function of an
immediate blocking of photosynthates to the seed culminating in a stabilization in seed dry matter (Copeland & McDonald, 2001). Seed dry matter has been shown to be variable
among spikelets in perennial ryegrass (Warringa et al., 1998).
Within a spike, variation for seed dry matter is greatest among
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F I G U R E 2 Progression of seed moisture phases postanthesis in relation to 95% maximum seed dry matter. Each panel represents data from a
different study including (a) Hyde et al. (1959), (b) Grabe (1956), (c) Roberts (1971), (d) Berdahl and Frank (1998), (e) Hill and Watkin (1975), and
(f) Williams (1972). Regression lines represent the best fit breakpoint regression model with vertical dashed lines indicating breakpoints. Each
regression line includes the slope coefficient (β) and its statistical significance (NS = not significant, * <.05, ** <.01, *** <.001). Solid black
vertical arrows indicate the point at which 95% maximum seed dry matter was achieved. GDD, growing degree days

florets within a spikelet with duration of dry matter accumulation being greatest in basal spikelets vs. distal spikelets (Warringa et al., 1998). Similar patterns among spikelet positions
in IWG have not been reported.

3.4
Analysis of data from the literature:
Floret site utilization
Potential seed number in non-domesticated seed crops is
much larger than harvested seed number due to infertility,
incomplete pollination, embryo abortion, predation, and shattering (Grifiths et al., 1974; Burbidge et al., 1978). The impact
of these losses can be quantified using FSU or the ratio of
filled/total florets. There are two broad definitions of FSU:
economic FSU is the ratio of clean-saleable seed/total florets measured at either anthesis or harvest (Elgersma (1985);
Method 6; Altendorf et al, 2021), while biological FSU can be
repeatedly measured and is the ratio of any palpable or observable caryopses to total florets measured at anthesis (Elgersma

(1985); Method 1) (see Figure 1). The average economic FSU
in wheat has been reported at 86%, whereas nondomesticated
perennial grass species may range from 20 to 50% (Boelt &
Studer, 2010; Simmons & Crookston, 1979). Biological FSU
is useful in determining grain-filling efficiency and understanding yield declines through time prior to harvest.
Changes in biological FSU in the articles reviewed usually followed a quadratic trend through time (Supplemental
Figure S3); however, this varied depending on the sampling
start date. For instance, data from Williams (1972) followed
a linear reduction in FSU across measured dates. There was
often an initial increase in biological FSU (Burbidge et al.,
1978; Elgersma & Śnieżko, 1988), which is contradictory in
theory but occurs because of the inability to detect very young
caryopses or florets late to anthesis. Peak biological FSU was
measured between 60 and 70% in all reported studies except
Burbidge et al. (1978), who found that severe lodging caused a
reduction in FSU. It is reasonable to assume that FSU in IWG
follows a quadratic function with a peak soon after anthesis
and reductions occurring as seeds mature.
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F I G U R E 3 Progression of floret number in Lolium perenne was modelled using breakpoint repression for: (a) Anslow (1964) among three
spike fractions and (b) Elgersma and Sniezko (1988). Each regression line includes the slope coefficient (β) and statistical significance (NS = not
significant, * <.05, ** <.01, *** <.001) with the vertical lines indicating breakpoints

3.5
Analysis of data from the literature:
Floret shatter

3.6
Analysis of data from the literature:
Seed yield development

Shattering may occur naturally or be induced mechanically
during swathing or combining (Andrade et al., 1994). Natural shattering is influenced by management decisions, such as
application of growth regulators, and biological factors such
as extreme precipitation events and wind speeds (Andersen &
Andersen, 1980). The occurrence of natural shatter is variable
(Andrade et al., 1994) but can greatly reduce biological FSU
and subsequently seed yield (Williams, 1972). Natural shattering may be avoided by swathing at high moisture, although
sizable natural shattering has been recorded among many
species if swathing occurred below 36% seed moisture content (Andrade et al., 1994; Klein et al., 1961). Reviewed literature measured natural shatter by repeated counts of florets
per spike (Figure 3). Often, florets were more likely to shatter
if they contained a seed, but empty florets reportedly shattered
as well (Elgersma & Śnieżko, 1988; Williams, 1972). Data
from Williams (1972) showed that florets per spike in perennial ryegrass decreased by 50% as the crop matured from 55
to 40% seed moisture content, of which over half were fertile.
Data from Anslow (1964) showed that florets across perennial ryegrass spike fractions shattered at similar rates, and further analysis showed an insignificant slope until a breakpoint
occurred at which time rapid shattering began (Figure 3).
Spikelets in the distal fraction had fewer florets and began
shattering before the basal fraction, but all fractions began
shattering before maximum seed weight was achieved (29 d
postanthesis). The extent and relationship of natural shattering with other seed maturation traits has not been documented
for IWG.

A study of six perennial cool-season grass species found that
seed yield responded in a quadratic nature through time. In the
early stages of yield development, seed yield increases were
associated with increases in seed mass, then as seed moisture decreased, a reduction in yield was observed because of
the onset of seed shatter (Klein & Harmond, 1971). In this
study, analysis of the reviewed literature revealed that three
of the four data sets for yield per spike or spikelet showed
that a quadratic function best described seed yield through
time (Anlsow, 1964; Hill & Watkin, 1975; Pegler, 1976). Only
spike yield data from Williams (1972) fit a linear model; however, constant reduction in yield over time likely was due to
insufficient data points prior to maximum yield and the presence of consistent floret shatter. Hill and Watkin (1975) found
hand-harvested seed yield to be the greatest when seed moisture content was ∼45% for prairie grass (Bromus catharticus
Vahl var. catharticus) and perennial ryegrass. In this case,
maximum yield occurred after transition to the rapid drydown phase but before 95% maximum seed weight. Data from
Pegler (1976) also showed that yield followed a quadratic
function and maximum yield occurred before 95% maximum
seed dry matter (Figure 4). Data from Anslow (1964) showed
that the basal fractions of the spike yielded more than the distal fraction and that maximum yield occurred just after significant shattering began (Figure 3), but before 95% seed dry
matter (Figure 4).
The consistent relationships between maximum seed dry
matter and seed yield in the literature review are in contrast to
Andrade et al. (1994) who found maximum harvested seed
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F I G U R E 4 The development of seed yield using data from (a) Anslow (1964) among three spike fraction and (b) Pegler (1976) between two
perennial ryegrass cultivars ‘S.23’ and ‘S.24’. Seed yield was modeled using polynomial regression with a quadratic term. GDD to maximum yield
+/- SE is indicated by the horizontal grey bar in each panel. The days required to meet 95% maximum seed dry matter is indicated by the solid
vertical arrow

yield (derived via mechanical harvest) often occurred after
maximum seed dry matter was achieved (Supplemental Figure S2). Mechanistic reasons for the difference between hand
and machine harvest may be explained by the low levels of
natural shatter because of mechanical swathing at high moisture contents and the high levels of natural shattering reported
in most literature datasets. Nevertheless, the literature review
showed that seed dry matter consistently accumulated during
the rapid dry-down phase (Figure 2), which, in turn, presaged
natural shatter. Therefore, it seems probable that per-spike
yield in IWG will increase with increased FSU and seed dry
matter until moisture content enters the rapid dry-down phase,
which restricts photo assimilates and water from entering the
caryopsis. Finally, the chronological disposition of maximal
seed yield in relation to moisture phase transition and maximum seed dry matter must be contingent not only on the onset
but also the magnitude (i.e., slope) of natural seed shatter.

3.7
Field trial: Yield development across
spike fractions in IWG
Results from the analysis of the literature informed modeling strategies for describing changes in IWG seed moisture
and yield development from trials in Minnesota, New York,
and Wisconsin. Environmental conditions at each of these
locations were fairly similar. Growing degree accumulation
until mid-anthesis was highest in Minnesota; however, all
three locations achieved mid-anthesis (3.7; Moore et al., 1991)

within 4 d of each other (Supplemental Figure S4). This occurrence indicated that perhaps within a given year, locations
at approximately the same latitude will flower at a similar
time. In an analysis of IWG phenology spanning continents,
researchers found that photoperiod is an important driver of
spike development (Duchene et al., 2021). However, inconsistencies in flowering date across years have been reported
even when sites are within 160.9 km of each other (Jungers
et al., 2018), indicating that other environmental variables,
such as soil moisture and fertility, likely influence spike development. This field study analyzed IWG spike yield and yield
components by spike fraction (basal, middle, and distal) for
each environment individually.
Seed moisture in IWG, similar to other grasses in the
literature review, followed a multiphase pattern during dry
down at all three environments (Figure 5). In all locations,
a rapid dry-down phase was observed, during which the slope
of moisture loss was at least three times that of the initial
phase. This dry-down rate is consistent with the majority of
datasets in the literature review (Figure 2). The definitive transition to the rapid dry-down phase may indicate the deposition of lipids at the lodicule (Sofield et al., 1977) and the
blocking of water and carbohydrates to the seed (McWilliam,
1980). In IWG, the transition to the rapid dry-down phase
for entire spikes occurred between 385 and 612 GDDs after
mid-anthesis among locations with no differences between
spike fractions (P > .05; Table 2). Although this is a wide
range, the average result (∼500 GDDs) is similar to the dataset
identified in the literature review from Berdahl et al. (1998)
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F I G U R E 5 Phase changes in seed moisture content of intermediate wheatgrass spikes collected from field trials in Minnesota (MN), New York
(NY), and Wisconsin (WI) were modeled using breakpoint regression. Repeated measures are displayed with respect to the number of growing
degree days (GDD) postanthesis. Each row of panels represents a different spike fraction (see Figure 1). Points are model-based estimates with stand
age as a random effect. Vertical lines indicate the presence of a break in a linear trend. Regression coefficients for the rapid dry-down phase can be
found in Table 2

for forage-type IWG (515 GDDs; Figure 2d). At both the
Minnesota and New York sites, the rapid dry-down phase
ended near 20% seed moisture content (Figure 5), which was
also similar to reports in the literature review (Hyde et al.,
1959; Grabe, 1956). Warringa et al. (1998) found that mass
of water began to decrease first and proceeded at the greatest
rate in the distal spike fraction in perennial ryegrass. These
patterns were not consistently observed in IWG for moisture
content; however, the sampling frequency may not have been
high enough to detect this previously described phenomenon.
Similar to the findings shown in Figure 2, 95% maximum
seed dry matter among spike fractions was achieved after the
transition to the rapid dry-down phase (Table 2, Figure 5).
Maximum seed dry matter was always achieved first and was
lowest in the distal spike fraction (Table 2), which is comparable to what has been found in perennial ryegrass (Warringa
et al., 1998). The number of GDDs required to initiate rapid
dry down and achieve 95% maximum seed dry matter likely
coincides with physiological maturity and precedes abscission zone maturation (Elgersma et al., 1988).
Although there has been limited previous research on biological FSU in IWG, economical FSU estimates have been
reported between 0 and 33% depending on stand age and
genetics (Larson et al., 2019). Analysis of variance detected
no interaction between spike fractions and GDDs for biological FSU at any location (P > .25) and a significant main
effect of spike fraction only in New York (P < .001); how-

ever, GDD was significant in Minnesota and New York (P
< .001). Floret site utilization in Minnesota and New York
was best modeled using a cubic polynomial equation. Wisconsin FSU values did not change over time and remained
stable at 60.1% (P = .07). The positive linear and negative
quadratic terms in Minnesota and New York would indicate
biological FSU increased from anthesis to a maximum of
between 75 and 55%, respectively, before rapidly decreasing,
a range that is similar to others reported in perennial ryegrass
(Elgersma & Śnieżko, 1988). Biological FSU values differed
only slightly among spike fractions and only in New York,
with the distal fraction achieving 5% lower FSU than the basal
fraction, which was similarly reported by Anslow (1963) who
found much larger differences in FSU between floret positions
within a spikelet. The FSU patterns observed in this study are
based on relatively few data points and were not consistent
at all locations. Future research should monitor FSU values
not only on spike fractions but with respect to spike emergence categories and with additional attention to floret positions within spikelets.
Unlike perennial ryegrass, IWG may shatter along the
rachis (Figure 1) as entire spikelets disarticulate from the
spike (Larson et al., 2019). Spikelet number did not change
through time in New York or Wisconsin (P > .05); however,
it decreased at a linear rate in Minnesota (β = −0.001 spikelets
GDD−1 , P < .01). This suggests that spikelet shattering may
be possible under some circumstances or with certain genetic
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T A B L E 2 Parameter estimates and standard error for the intermediate wheatgrass field trial regression models for seed moisture, seed dry
matter, and per-spikelet yield
Rapid dry-down phase
Location

95% seed dry matter Spikelet yield

Fraction GDDa at which Seed moisture Seed moisture
at rapid
rapid dry-down at rapid
dry-down start dry-down end
begins

Rate of moisture GDD to Weight
loss rapid
per 100
95%
dry-down b
maximum seeds

—————%—————

% GDD−1

GDD to
maximum Maximum
yield
yield

g

mg
spikelet−1

Minnesota Basal

617 (18.2)

45.8 (1.4)

23.3 (1.7)

−0.17 (0.03)

800

8.9 (0.4)

559 (49.1) 16.9 (0.68)

Minnesota Middle

607 (19.7)

45.1 (1.4)

20.8 (1.6)

−0.18 (0.03)

800

9.0 (0.4)

516 (52.2) 14.9 (0.67)

Minnesota Distal

613 (17.2)

43.2 (2.6)

18.5 (6.9)

−0.20 (0.02)

655

7.3 (0.3)

517 (54.0) 12.3 (0.67)

New York Basal

342 (19.1)

55.9 (3.6)

19.1 (1.6)

−0.16 (0.01)

677

8.6 (0.1)

771 (65.3) 19.7 (0.79)

New York Middle

413 (19.7)

51.8 (1.6)

15.7 (1.3)

−0.23 (0.02)

675

8.5 (0.2)

687 (49.1) 18.0 (0.79)

New York Distal

400 (11.9)

50.8 (1.6)

13.4 (1.5)

−0.21 (0.02)

650

7.6 (0.1)

645 (48.9) 13.9 (0.78)

Wisconsin Basal

535 (77.0)

50.2 (6.1)

–

−0.13 (0.03)

1044

9.6 (2.2)

–c

25.5 (3.4)d

Wisconsin Middle

510 (90.6)

48.3 (10.3)

–

−0.11 (0.03)

955

8.8 (1.9)

–

22.4 (3.5)

Wisconsin Distal

500 (99.9)

45.9 (9.5)

–

−0.11 (0.03)

811

7.5 (1.2)

–

16.4 (2.5)

a

GDD, growing degree days from mid-anthesis.
moisture loss per-unit GDD during rapid dry-down.
c GDD to maximum spike yield was inestimable for Wisconsin because of insufficient data.
d
The last recorded spikelet yield was reported for Wisconsin.
b Percentage

backgrounds. It may be interesting to investigate this mechanism of shattering among IWG with varying levels of domestication and free threshing. Although the timing of anthesis
along a spike was not recorded in this study, patterns in anthesis timing could also be related shattering rates in IWG.
Results from the literature review indicated that shattering begins after transition to the rapid dry-down phase and
often precedes the point of maximum yield. The timing and
intensity of natural shattering is important as it will alter the
chronological occurrence of maximum seed dry matter and
seed yield and subsequently harvest timing (Andrade et al.,
1994). For example, if natural shattering is negligible, maximum yield will likely occur after 95% seed dry matter is
achieved. In this field study, significant floret shattering began
during rapid dry down in New York and Wisconsin but before
rapid dry down in Minnesota (Figure 6). The early shattering
pattern in Minnesota was inconsistent with the results of the
literature review based on the high seed moisture at 200 GDDs
postanthesis (>55%) in Minnesota. However, this result can
be explained by bird predation. The Minnesota location has a
long history of grain predation in research plots by blackbirds,
starlings, and sparrows (Crookston et al., 1993). Netting was
erected soon after bird predation was observed, but predation
may have reduced FSU before control measures were put in
place.
Maximum seed yield per spikelet was achieved at approximately the same GDDs as maximum seed dry matter in New
York, was not measurable in Wisconsin because of insufficient data, and occurred before the rapid dry-down phase in
Minnesota (diamond symbol in Figure 7). Although the rapid

dry-down phase duration was similar for seeds in all spike
fractions (dashed vertical line in Figure 7; Table 2), 95% seed
dry matter occurred earlier in the distal spike fraction than the
basal fraction (solid vertical line in Figure 7); this is interesting because the basal fraction yielded the most seed (Table 2).
This is, however, similar to what was described in the literature (Warringa et al., 1998).
Peak FSU was the greatest in Minnesota (75%) compared
with New York (55–65%) and Wisconsin (61%), and therefore, seed yield per spike had the greatest potential in the early
stages of maturation. However, shattering and predation in
Minnesota caused a lower and premature maximum seed yield
at 500 GDDs (open box in Figure 7). At the earliest, maximum
seed yield per spikelet is expected to occur after transition to
the rapid dry-down phase when seeds are between 44.7 and
52.8% moisture but likely before seed reaches 95% dry matter
if shattering is moderate and after 95% dry matter if shattering is absent. In Wisconsin and New York, where seed shatter
did not start until after the rapid dry-down phase was initiated,
seed yield per spikelet continued to increase during the rapid
dry-down phase, after which, maximum seed yield was driven
by the onset of seed shatter and seed mass reaching 95% dry
matter.
Growing degree days, although a very useful tool in determining general physiological benchmarks, was not precise
enough to determine the exact time of maximum spikelet yield
(Table 2). Seed moisture is likely a more reliable indicator of
optimum harvest time as it is usually associated with shattering and dry matter accumulation (Silberstein, 2008; Silberstein & Aldrich-Markham, 2007; Silberstein et al., 2005).
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F I G U R E 6 Changes in floret number through time at field locations in Minnesota (MN), New York (NY), and Wisconsin (WI). Repeated
measures are displayed with respect to the number of growing degree days (GDD) postanthesis. Each row of panels represents a different spike
fraction. Points are model-based estimates with stand age as a random effect. Each regression line includes the slope coefficient (β) and significance
(NS = not significant, * <.05, ** <.01, *** <.001) with the vertical line indicating breakpoints

F I G U R E 7 Seed yield dynamics for intermediate wheatgrass on a per-spikelet basis at field locations in Minnesota (MN), New York (NY),
and Wisconsin (WI). Repeated measures are displayed with respect to the number of growing degree days (GDD) postanthesis. Each row of panels
represents a different spike fraction. Yield was modeled using quadratic regression with stand age as a random effect and the maximal point indicated
by the large diamond. The grey box represents the time in which significant floret shattering occurred (P < .05) (see Figure 6). Initiation of the rapid
dry-down phase is denoted by the vertical dashed line and the horizontal black bars indicate the duration of the rapid dry-down phase. Growing
degree days to 95% maximum seed dry matter is denoted by the solid vertical black line
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However, other factors may contribute to timing of maximum
seed yield such as cultivar (Figure 4b) or predation as was
seen in Minnesota. The results of the literature review and
field trial provide insights into strategies for future research
that can accurately guide decision making on harvest timing.
Future research should focus on (a) documenting the timing
and duration of anthesis and rapid moisture loss in relation
to plant development units to determine an optimum moisture
content sampling window (Duchene et al., 2021), (b) developing a pragmatic method for accurate seed moisture testing
(Chastain & Anderson, 2019), and (c) efficient and effectual
observation of natural seed shatter and biological FSU.

4

HEINECK ET AL.

AU T H O R C O N T R I B U T I O N S
Garett C. Heineck: Data curation; Formal analysis; Writingoriginal draft; Writing-review & editing. Brandon Schlautman: Conceptualization; Writing-review & editing. Eugene
Law: Investigation; Writing-review & editing. Joseph
W. Zimbric: Investigation; Writing-review & editing.
Matthew R. Ryan: Conceptualization; Project administration;
Writing-review & editing. Valentin Picasso: Conceptualization; Methodology; Writing-review & editing. David E.
Stoltenberg: Conceptualization; Writing-review & editing.
Craig Sheaffer: Conceptualization; Funding acquisition;
Writing-review & editing. Jacob M. Jungers: Conceptualization; Data curation; Funding acquisition; Project
administration; Writing-review & editing.

CONCLUSIONS

Historical data sets were collected from publications that
included six cool-season perennial grass species. Models for
seed moisture phases, seed dry matter accumulation, biological FSU, floret shattering, and seed yield development were
constructed to inform the analysis of IWG seed development
in response to GDD accumulation. Discrete phases of moisture loss were identified and transition to a rapid dry-down
phase was modeled in relation to maximum seed dry matter. Initiation of the rapid dry-down phase usually occurred
immediately prior to significant seed shattering and before
95% maximum seed dry matter. The initiation and magnitude
of seed shattering dictated the timing of maximal seed yield
relative to 95% maximum seed dry matter and FSU.
Results from the IWG field trial aligned with many of the
results from the quantitative literature review. Discrete twophase moisture patterns were consistent among IWG swards,
with 95% maximum seed dry matter occurring after the transition to the rapid dry-down phase. The GDDs to rapid dry
down was fairly consistent for seeds among spike fractions.
However, seeds in the distal fraction reached 95% maximum
dry matter earlier and had an overall lower moisture content
than the basal fraction. Variability in the timing of seed shatter
across locations made it difficult to determine GDD requirements needed to maximize per-spike yield. For instance, seed
yield per spike was often maximized prior to individual seeds
reaching 95% dry matter. Taken alone, GDDs will likely not
be an accurate indicator for harvest time; however, GDD accumulation after mid-anthesis may offer a reliable gauge to indicate when the rapid dry-down phase will begin and when seed
moisture testing should commence.
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