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ADAPTION TO CLIMATE CHANGE AND SMALL GRAIN PRODUCTION SYSTEMS

BY BROMUS TECTORUM

ABSTRACT

by Nevin Craig Lawrence, Ph.D.
Washington State University
December 2015

Chair: Ian C. Burke

Bromus tectornm (downy brome) is an invasive winter annual grass species naturalized
throughout western North America. Within the small grain production region of the Pacific
Northwest (PNW) downy brome is a ubiquitous and competitive weed. Previous research has
documented regional specificity of downy brome phenotypic development, while considerable
variation in phenotypic development has been noted between regions. In 2011 and 2012 130 downy
brome accessions were collected from across the PNW small grain production region. A genotype-
by-sequencing approach was employed to call molecular markers, generate population genetic
statistics, and classify 88 of the 130 downy brome accessions into genetically similar clusters.
Individuals were assigned to one of six genetic clusters using 384 single-nucleotide polymorphisms
and discriminant analysis of principal components clustering approach. Accessions were
transplanted to three common garden field sites to document and model the timing of development.
The timing of development stages was modeled against cumulative growing-degree-days (GDD) to
develop herbicide application thresholds to aid in control of downy brome within small grain fields.

The estimate for mature seed production varied from May 18" to June 20" depending upon the



location of the common garden. Earlier production of mature seed was observed following more
severe winters compared to mild winters, implying a role of vernalization regulating the timing of
development. Greenhouse experiments were initiated to characterize the response of eatly,
intermediate, and late-to-flower downy brome accessions to various vernalization treatments and
quantify expression of Brachypodium distachyon gene vernalization 1 (B41”RNT). Downy brome
flowering in response to vernalization treatments was linked to the expression of B/I'RIN7, implying
the molecular controls of flowering in downy brome are similar to the controls of other temperate
grass species. Downscaled climate modeling was paired with Global Climate Change models to
project downy brome development thresholds under future climate scenarios. Downy brome
development is anticipated to advance 16 to 34 days across the small grain production region of the
PNW. The earlier development of downy brome will require earlier control inputs, which may

conflict with earlier rainfall projected under future climate scenarios.
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Chapter 1: Review of the Literature

1.1 Climate Change in the Pacific Northwest Small Grain Production Region

The Intergovernmental Panel on Climate Change (IPCC) characterized the evidence
forglobal climate warming as unequivocal. Solomon et al. (2007) attributed global climate change to
an increase in radiative forcing, which has increased 1.72 W m™ since 1750, with 1.6 W m™ of that
increase attributed to anthropogenic rather than natural sources. Radiative forcing of the climate
system is predominantly due to long-lived greenhouse gases (GHGs): carbon dioxide, methane, and
nitrous oxide (Solomon et al. 2007). Emissions from GHGs have increased dramatically due to
human activities since 1750, with current atmospheric GHG levels exceeding the historic natural
range for the past several thousand years. In particular, atmospheric levels of carbon dioxide and
methane are higher now than at any point in the last 650,000 years. Solomon et al. (2007) attribute
the cause of observed global warming during the last century to anthropogenic sourced GHGs with
a >90% likelihood.

Between 1906 and 2005, global average surface temperature increased 0.74°C, with the rate
of increase since 1956 nearly twice the rate from 1906 to 1950. Currently, observed changes to
global climate since 1850 include decreases in the frequency of cold periods and frosts, and increase
in hot periods and heat waves, an increase in heavy precipitation events, and an increase in sea level
rise at a global scale (Solomon et al. 2007).

While climate change is often related to observed and projected increases in global mean
annual temperature, the impacts of climate change to human and natural systems are expected to
vary widely on a regional scale (Field et al. 2014). Experiments have demonstrated increases in
photosynthesis rate and improved grain yield among many agronomic crops when carbon dioxide
and temperature are increased to levels projected under climate change scenarios (Field et al. 2014).

Gains in productivity are most likely to occur in mid to high latitudes where projections include
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increased moisture along with increased carbon dioxide and temperatures. Meanwhile, lower
latitudes are projected to endure decreasing crop yields in response to decreasing total annual
precipitation (Solomon et al. 2007).

When the interaction between increased temperature and water requirements is factored in,
models forecast moderate yield increases with moderate temperature changes (0.8 to 1.5°C global
average increase) followed by a drop in productivity with average global temperature increases
greater than 1.5°C (Kang et al. 2009). Furthermore, factors such as extreme weather events and pest
pressure will also be altered by changing climate and have the potential to decrease crop productivity
(Tubiello et al. 2007).

The small-grain production area of the Pacific Northwest (PNW) includes central and
eastern Washington, parts of northern Oregon, and northern Idaho and totals 2.2 million ha of non-
irrigated cropland (Huggins et al. 2012). In 2007, 1.3 million ha of this region were planted into small
grains, with around one million ha planted to winter wheat. Annual precipitation in the region ranges
from less than 300 mm to greater than 600 mm, with a west to east increasing precipitation gradient.
Mean annual temperature varies from 5°C to 11°C based on a 30-y average (1971-2000) (Huggins et
al. 2012).

Anthropogenic climate forcing is a significant predictor of observed changes in PNW
climate during the 20th century. Abatzoglou et al. (2014) reported mean annual temperature
increasing 0.6 to 0.8°C from 1901 to 2012. In addition to the increase in mean annual temperature,
trends were observed in increasing temperatures of the coldest night of the year and lengthening
annual freeze-free period. Decreased summer and fall precipitation was observed during the last four
decades. Together, the increased summer temperature and decreased summer precipitation have led
to increased evapotranspiration during the growing season during the 20" century (Abatzoglou et al.

2014). On the other hand, spring precipitation has also increased over the same interval.
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Observed climatic trends in the PNW are projected to continue into the future under most
climate models. Compared to average annual temperature from 1970-1999, climate models project
an increase in annual temperature of 1.1°C by the 2020s, 1.8°C by the 2040s, and 3.0°C by the 2080s
(REF). The trends towards drier summers and wetter winters are also projected to continue, driving
a continuing increase in the summer evapotranspiration rate (Mote and Salathé 2010).

Climate projections at a regional scale are commonly simulated utilizing 21 global climate
models (GCMs) that were coordinated through the IPCC (Solomon et al. 2007). All 21 models
integrate atmospheric and oceanographic interactions and are resolved on a horizontal grid (Mote
and Salathé 2010). Projections are made utilizing a number of different radiative forcing scenarios,
giving a range of possible estimations for future climate. Mote and Salathé (2010) utilized the IPCC
integrated models to determine warming and moisture projections for the PNW in the coming
century. For temperature projections, Mote and Salathé (2010) averaged all 21 GCMs and radiate
forcing scenarios together and compared projections to the average annual temperature from 1970-
1999. Rates of warming per decade ranged from 0.1°C to 0.6°C across models. Mote and Salathé’s
(2010) projected changes in mean annual precipitation were not as extreme as temperature
projections, only increasing 1% to 2% to 2080.

To evaluate winter and spring wheat production in eastern Washington under future climate
scenarios in the coming century, Stéckle et al. (2010) used four global climate change models
(GCCMs) and a cropping system and simulation model (CropSyst) to project crop development and
yield. Across eastern Washington, future climate scenarios are expected to be favorable for winter
wheat production with higher yields as a result of earlier crop maturity. The earlier crop maturity is
anticipated to reduce the coincidence of flowering and grain fill and the projected higher summer

temperatures and greater evapotranspiration that could reduce yields. Spring wheat production, in
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contrast, is projected to reach critical flowering and grain fill physiological stages when higher

temperatures and limited moisture can have detrimental impacts on grain yield (Stockle et al. 2010).

1.2 Weed Response to Climate Change

There is high confidence in IPCC assessments of how crop yields will respond at a regional
scale to rising temperatures, CO,, and tropospheric O; (Smith et al. 2014). However, there is less
confidence in the IPCC assessment in the response of agronomically important weeds and of their
interaction with crops (Porter et al. 2014). The majority of published studies investigating weed
response to climate change have focused on two main areas: plant competition between plants of
different photosynthetic functional groups under conditions of increased temperature and CO,
concentrations (Poorter and Navas 2003), and range shifts of weedy plant species on a regional scale
(Peters et al. 2014). Juroszek and von Teidemann (2013) Concluded the majority of publications on
weed response to climate change were impossible to generalize and therefore difficult for
stakeholders to base decisions upon.

In order to project changes in weed response to climate change which will be relevant to
land managers, projections need to be region specific. However, few papers have investigated the
response of weeds to climate change in relation to a specific crop or region (Peters et al. 2014).
Hanzlik and Gerowitt (2013) did an extensive survey of weed species distributed across Germany.
When results were compared to surveys conducted in the 1970s, previously rare weeds had become
more common. Winter annual weeds in particular had become common which Hanzlik and
Gerowitt (2013) attributed to climate change and the increased frequency of wetter and milder
winters.

With increased evapotranspiration rates and milder winters projected for the PNW, winter
annual weeds are anticipated to be more successful, compared to spring annual weeds, under future

climate scenarios (Concilio et al. 2013, Hanzlik and Gerowitt 2012, Peters et al. 2014) similar to what
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has been projected for winter grains compared to spring grains (Ball et al. 1995, Stéckle et al. 2010).
When predicting how winter annual weeds may respond to climate change, one of the more critical
traits is plasticity in phenology and flowering time (Metcalf et al. 2003, Nicotra et al. 2010). One of
the most common and competitive weeds in the PNW small grain production region is Downy
brome (Bromus tectornm L..), the next section will focus on the biologic and ecologic attributes of

downy brome and the species relationship to crop production and climate.

1.3 Downy Brome

Downy brome is an erect grass 5 to 60 cm tall, often growing in large tufts, with a few main
stems and a finely divided fibrous root system (Upadhyaya et al. 19806). The leaf sheaths are light
green and pubescent. Identifying characteristics of the Bromus genus present in Bromus tectornm
include closed leaf sheaths and a drooping inflorescence (Morrow and Stahlman 1984). Downy
brome panicles are dense and soft, and may be purple in color. Downy brome will change from a
green to a purple color with cold temperatures, water stress, or as the plant matures (Morrow and
Stahlman 1984). Purple coloration can be a useful heuristic to assess seed maturity. Hulbert (1955)
found seed collected at the time purple coloration had started forming was viable despite ongoing
maturation. Downy brome lemmas are 6.3 to 12.7 mm in length and caryopses are 6.3 to 9.5 mm in
length. Glumes are covered in with short barbs that lead spikelets to attach to wool, hair, clothing,
and other materials (Stewart and Hull 1949).

Downy brome is an invasive annual grass species naturalized across the United States.
Downy brome typically behaves as a winter annual, but can germinate as a spring annual if
conditions favor delayed germination. Rarely, downy brome has been reported to exhibit a biennial
habit (Thill et al. 1984). Klemmedson and Smith (1964) reported that downy brome does not have
very exacting habitat requirements. Downy brome can be found in locations ranging from 15 to 56

cm in annual precipitations, and at elevations as high as 2700 m (Morrow and Stahlman 1984).
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Stewart and Hull (1949) described downy brome as a prolific immigrant. Native to Eurasia,
genetic evidence suggests downy brome was introduced to North America through multiple
immigrations (Novak et al. 1993). The first record of downy brome in the United States occurred in
Pennsylvania in 1790 (Muhlenberg 1793). Although the initial finding of downy brome described the
species as rare, by 1861 it was a commonly reported species in the Eastern United States (Stewart
and Hull 1949). Expansion of downy brome into the west is largely thought to have occurred
through movement of contaminated grain and hay. The distribution of downy brome was greatly
increased by the depression of 1920 when abandoned wheat farms lead to “spectacular occupations”
(Stewart and Hull 1949). Downy brome was first reported in Washington in 1893, Utah in 1894,
Colorado in 1895, and Wyoming in 1900. While most of the expansion of brome in the West was
accidental, it was deliberately sown at an experiment farm in Pullman, WA in 1898, and sold across
the west as a “100 day forage grass” in 1915 (Upadhyaya et al. 1986). By comparing alleles using gel
electrophoresis. Novak et al. (1993) were able to identify six unique founder events in the PNW
between 1889 and1902. Downy brome currently exists in the western United States as one of the
region’s most abundant vascular plant species (Novak et al. 1993).

Stewart and Hull (1949) characterized downy brome as an opportunist easily acclimating to
local climate due to rapid germination and establishment following variable fall or spring
precipitation events. Mack and Pyke (1983) made similar observations during a two year study of
demography of isolated populations. A single population can respond simultaneously at the same
site with different monocarpic life history strategies (Mack and Pyke 1983). While establishment
following initial fall moisture events in some years will result in a large die-off of downy brome if a
prolonged dry period occurs after germination, most populations experience a second flush of
germination in the spring (Mack and Pyke 1983). Plants that emerge in the fall have far greater

fecundity than spring emerged downy brome (Mack and Pyke 1983, Stewart and Hull 1949).
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In a study to predict the success of downy brome under conditions of simulated climate
change Concilio et al. (2013) manipulated the level depth of winter snowpack through the use of
snow fences to simulate projected climate change in the region. As less snow accumulated downy
brome was increased in biomass and spikelet production. Snow fall was less influential on Downy
brome growth and fecundity then the frequency of rainfall (Conciolio et al. 2013). Downy brome is
anticipated to become more successful in regions that experience a shift in winter moisture
occurring more frequently as rainfall rather than snow.

While generally described as overwintering in a dormant stage, root growth continues
throughout the winter when temperatures are above 3°C (Stewart and Hull 1949). While commonly
described as a shallow rooted annual, Hulbert (1955) found downy brome rooting depth exceeding
1.5 m with the majority of roots occupying the upper 20 to 30 cm, and lateral root growth spreading
30 cm. Downy brome can reduce soil moisture to the permanent wilting point to a depth of 0.7 m in
natural stands, and 1.1 m in fertilized fields (Hulbert 1955). Because downy brome matures earlier
than winter wheat, it often depletes soil moisture and nutrients when winter wheat is at a critical
reproductive period (Thill et al. 1984).

Vigorous initial growth and early seed productions compared to other annual grasses allows
establishment in disturbed natural areas and agronomic fields. Compared to development of winter
wheat downy brome is generally in the early boot stage when wheat is tillering, heading four weeks
earlier than wheat (Thill et al. 1984). In a three-year field experiment where downy brome was
removed at monthly intervals from emergence to harvest grain, wheat yield was found to be most
affected by downy brome competition after March (Rydrych 1974). A 40% reduction in yield was
reported when downy brome was removed after March, but only a 6% reduction was recorded for

removal prior to March.
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Rydrych and Muzik (1968) reported 54 to 538 downy brome plants m™ reduced wheat yield
28 to 92% compared to weed free plots. Rydrych (1974) reported densities of downy brome of 108
to 160 plants m” reduced winter wheat yield 21 to 47%. Challaiah et al. (1986) reported between 9
and 41% grain reduction among 10 winter wheat cultivars in a field trial at two locations in NE over
the course of two years.

Prior to the introduction of herbicides for control of downy brome in winter wheat, burning
of stubble followed by inversion tillage in the fall was the preferred method for management
(Klemmedson and Smith 1964, Schillinger et al. 2010). Early chemical management options in
winter wheat included atrazine alone or atrazine plus amitrole applied in fallow to reduce downy
brome in the following winter wheat crop (Peeper 1984, Rydrych and Muzik 1968). The first
herbicide to provide consistent control of downy brome within the winter wheat crop was trifluralin
applied preplant incorporated (PPI) (Peeper 1984, Rydrych 1974), however poor incorporation or
placement of trifluralin could lead to crop injury. The development of metribuzin (Peeper 1984)
allowed for effective control without preplant incorporation, but limited crop rotations following the
harvest of winter wheat. The arrival of diclofop on the market in the 1970s controlled downy brome
applied PPI without the risk of crop injury observed with the use of trifluralin (Peeper 1984,
Stahlman 1984). With the development and release of multiple sulfonylurea herbicides for downy
brome control in winter wheat (Stahlman 1994), consistent suppression or control of downy brome
can be achieved through post emergence applications in the spring or fall (Lawrence et al. 2014) with
limited crop rotation restrictions.

1.3.1 Downy Brome Population Genetics. Novak et al. (1991) analyzed genetic variation among
2,141 individuals collected from 60 North American populations using 25 loci identified through gel
electrophoresis. No heterozygous individuals were discovered and expected heterozygosity ranged

from 0.001 to 0.050, with an average expected heterozygosity across all individuals of 0.012. Novak
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et al. (1991) further grouped populations into four geographical regions. Geographical region only
explained 2.6% of allelic diversity, while among population allelic diversity explained 45.3% of total
diversity, and 52.2% of allelic diversity was accounted for within populations. Given that the
majority of allelic variation is accounted for within the population level, that no outcrossing was
observed, and considering the relatively short time frame downy brome has taken to colonize North
America, Novak et al. (1991), concluded that pre-adapted “all-purpose genotypes™ capable of taking
advantage of disturbance flourished in North America soon after introduction.

Expanding on previous work, Novak and Mack (1993) compared genetic variation of 51
native populations of downy brome to the 60 introduced populations described in Novak et al.
(1991). Inbreeding was as severe in the native range as in the introduced range despite the discovery
of several heterozygous individuals in the native range (Novak and Mack 1993). Total genetic
diversity across the entire native range is higher than the introduced range, but within population
genetic diversity is greater in the introduced range. Novak et al. (1991) reported a limited number of
generalist genotypes were found distributed widely across the introduced range. Novak and Mack
(1993) were able to identify the source of the widely distributed genotypes in the introduced range as
originating from Southern Europe and Southwest Asia however in the native range no genotypes
were found to be widely distributed. Genetic differences between native and introduced ranges can
be best explained by contrasting forces of reduced genetic variability produced through the founder
effect and the increase in within-population variation due to independent introductions leading to
mixed population of inbred individuals within the introduced range.

In an effort to trace the location of founder events within western North America, Novak et
al. (1993) identified historic records of downy brome invasions prior to 1903. By comparing allelic
variation of downy brome from historic sites to downy brome populations identified in Novak et al.

(1991) and Novak and Mack (1993), Novak et al. (1993) identified unique introduction events
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occurring at the turn of the 20" century at six locations: Cache Creek, B.C, Ritzville, WA, Juniper
Flat NV, Emigrant Pass, NV, Dubios, 1D, and Provo, UT.

Merrill et al. (2012) investigated microsatellite variation of downy brome populations
collected from across the Mountain West. The degree of variation between populations was better
explained by ecologic distance of habitat rather than geographical distance of populations.
Ramakrishnan et al. (2006) concluded that natural selection on downy brome assemblages selected
for similar inbred lines from similar habitats. Evidence of local adaptation from pre-adapted
genotypes was also reported by Scott et al. (2010) utilizing microsatellites and populations sourced
exclusively from a limited geographical region in western Utah. Across North America, downy
brome is well established, but genetic variation is limited (Novak et al. 1991). By analyzing
microsatellite variation of 1920 individuals from 96 locations spread across the western United
States, Merrill et al. (2012) found 14 biotypes accounted for 79% of total individuals.

While many studies (Ashley and Longland 2009, Bartlett et al. 2002, Kao et al. 2008, Leger et
al. 2009, Merrill et al. 2012, Novak et al. 1991, Novak and Mack 1993, 2001, Ramakrishnan et al.
2004, 2000, Scott et al. 2010) compared genetic variation between populations both in native and
introduced regions, none have collected accessions from agronomic fields. Indeed much of the
research focusing on downy brome variation is in the context of invasive biology rather than
agronomy. Yet, genetic diversity of related species sourced from agronomic fields has been reported
in the literature.

Green et al. (2001) compared diversity of the inbreeding annual or biennial weed Bromus
sterilis L. (barren brome) between farms located in the United Kingdom. Similar to what has been
reported for downy brome in western North America (Merrill et al. 2012, Scott et al. 2010), barren

brome exists as an assemblage of unique but inbreed biotypes within agronomic fields. When low
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genetic diversity was found within a field, Green et al. (2001) attributed diversity to selection of
locally adapted inbred biotypes.

1.3.2 Variation in Downy Brome Development. In a series of common gardens containing
geographically diverse collections of downy brome, Hulbert (1955) recorded variation in winter
hardiness, plant size, shoot and root morphology, timing of development thresholds, seed
production, and seed dormancy. Minor differences in plant height were described between
accessions, however differences in phenology were described as “striking” (Hulbert 1955). The first
appearance of panicles, the change to purple coloration, and the change to brown coloration
(signaling senescence) were used to differentiate biotypes. The date of sowing, October 1% vs
November 117, had little influence on the timing of different phonological stages (Hulbert 1955).
Comparing common garden data of the timing of phenological development from a study in Boise,
ID to data reported from Lewiston, ID (Hulbert 1955), Klemmedson and Smith (1964) found
considerable variation between common garden sites which was attributed to differences in
genotype rather than climatic variation.

In a glasshouse study, Rice and Mack (1991a) evaluated variation of life history traits
between populations, within populations, and among siblings. Variation in seed number, seed
weight, and plant dry weight was found between siblings, within population, and between
populations. Rice and Mack (1991a) interpreted high variation among siblings as evidence of plastic
response to environmental influences. Flowering time was found to be highly stable among siblings
and within populations, but variable between populations. Rice and Mack (1991a) concluded that
variation in flowering time is an environmentally stable trait reflecting local adaptation between
populations.

Rice and Mack (1991b) reciprocally sowed downy brome seed from four seed sources in a

common garden to observe if the variation among siblings with respect to dry plant weight, seed
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weight, seed number, and phenology would adapt to local climate. Seed number, seed weight, and
plant weight did vary from year to year, which Rice and Mack (1991b) attributed to local adaptation
of traits in response to environment. Flowering time, however, was stable year to year among plants
from the same seed source (Rice and Mack 1991b). Rice and Mack (1991b) concluded the stability
observed within flowering time was evidence of strong genetic controls, compared with other traits.

Ball et al. (2004) described a model for predicting mature seed set of downy brome based on
growing degree days (GDD) starting January 1st and with a base of 0°C. The model was developed
using a series of experiments in which panicles from downy brome accession were periodically
collected following the first emergence of panicles. Following panicle collection, seeds were allowed
to after-ripen for 6 mo to overcome dormancy. Seeds collected from panicles were planted in a
greenhouse and the total number of germinated seeds from each panicle and each collection date
was counted. Using a non-linear breakpoint analysis, seeds germinated per panicle were regressed
against the GDD at each collection date to estimate the GDD required to produce a mature seed
from each accession.

The first experiment conducted by Ball et al. (2004) collected panicles from two naturally
occurring populations, one in Pullman, Washington and one in Pendleton, Oregon. The second
experiment was expanded to four accessions collected within Eastern Oregon and Washington
which were planted in the fall at a common garden in Pendleton, Oregon and Pullman, Washington.
The final experiment consisted of downy brome collected from naturally occurring populations in
Kansas, Oklahoma, Nebraska, Colorado, Montana, and Idaho. While considerable variation in
mature seed set in the Western United States was found (582 to 1,287 GDD), little variation was
observed in the time to produce mature seeds from accessions collected and grown in the PNW
(983 to 1,151 GDD). Ball et al. (2004) concluded mature seed set of downy brome in the PNW

could be predicted to occur around 1,000 GDD. The 20 y average (1984-2003) for all PNW
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accessions fell on June 11th. Ball et al (2004) hypothesized that variation in flowering time may be
regulated genetically by variation in vernalization requirements.

After collecting downy brome accessions from contrasting habitats, Meyer et al. (2004)
examined vernalization response and requirement under greenhouse conditions. Treatments
included vernalization for 0 to 10 weeks, and response variables included percent individuals
flowering after 10 weeks and weeks required for vernalization following plant removal from
vernalization (Meyer et al. 2004). Little variation was seen from sibling plants collected from the
same maternal plant, however considerable variation was seen between seed sources. Plants
collected from warm dry desert regions required little vernalization to flower and no difference was
observed from increasing vernalization. However, plants collected from cold high altitude locations
required longer vernalization periods, and the weeks required to induce flowering and the
proportion of individuals flowering following the end of vernalization treatments increased with the
length of vernalization. Meyer et al. (2004) concluded that vernalization response and requirements
are adaptively significant and differences observed between seed sources reflect habitat-specific
selection operating on an array of founder genotypes within a population
1.4 Vernalization Genetics in Model and Crop Species

Ball et al. (2004), Meyer et al. (2004), and Rice and Mack (1991b) have attributed variation in
downy brome phenology to genetic variation in vernalization control. Vernalization can be defined
as ‘the acquisition or acceleration of the ability to flower by a chilling treatment’ (Chouard 1960).
Although no prior research has been conducted on the genetic controls of vernalization in downy
brome, a great deal is known about the genetic control of vernalization in the cereals Triticum aestivum
L. and Hordeum vulgare L, and the model species Arabidopsis thaliana (L) Heynh. and Brachypodinm

distachyon (1.) P. Beauv.
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The genetic control of flowering in the model species A. thaliana involve five different
pathways; the vernalization pathway, the ambient temperature pathway, the photoperiod pathways,
the gibberellic acid (GA) pathway, and an autonomous pathway; and dozens of genes (Srikanth and
Schmid 2011). Not all \A. thaliana biotypes require vernalization to flower, and by comparing genetic
variation of winter and spring annual biotypes two genes: Frigida (FRI) and Flowering Locus C (FL.C)
were identified as conferring winter annual growth types. FRI upregulates FI.C, which is a
suppressor of certain flowering time genes (Geraldo et al. 2009, Johanson et al. 2000, Koornneef et
al. 1994, Lee et al. 1994). In biotypes of A. thaliana that do not require vernalization, FRI and FL.C
have undergone a loss of function mutations, indicating that a winter annual life history is the
ancestral state of A. thaliana (Johanson et al. 2000).

Additional genes influence the expression or repression of FLLC, including Vernalization 1
(IVRNT), Vernalization 2 (1'RIN2), and Vernalization Insensitive 3 (1IN 3). 1IN 3 suppresses FLLC
when initial cold exposure occurs, however when temperatures later increase 'IN 3 no longer
suppresses FLLC (Sung and Amasino 2004). [’RN7 and I"RIN2 do not initially suppress FI.C
following cold treatments, but do provide long term suppression of FI.C following a vernalization
period and a return to normal temperatures (Gendall et al. 2001, Levy et al. 2002).

In A. thaliana, the vernalization and ambient temperature flowering pathways are expressed
within the leaf tissues, whereas other flowering pathways are expressed in the meristem. The process
of flowering is a whole plant response and flowering signals ultimately need to be expressed
throughout different plant tissues. The main gene responsible for the integration of multiple
flowering pathways and long distance signaling of flowering is Flowering Locus T (FT). FT'is the main
gene repressed by FILC, and FT'is expressed following long days by the photoperiod pathway. While
initial expression of F'I occurs in the leaves, F1'is transported to the meristems where it interacts

with proteins from the GA signaling pathway and the autonomous pathway to signal Apetalal (APT)
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expression. AP7 expression marks the beginning of floral organ expression in A. thaliana (Stikanth
and Schmid 2011).

The flowering pathways of temperature cereals, including wheat and barley, share similarities
with A. thaliana, however there are distinct differences (Greenup et al. 2009). A homologue of FT’
has been identified in the temperature cereals (Yan et al. 20006). The F1 homologue, F1 /ike 1 (F17)
integrates the vernalization and photoperiod pathway in the cereals and is responsible for long
distance signaling of flowering (Greenup et al. 2009). However, no homologous genes of A. thaliana
FIL.C genes have been found in temperate grass species, indicating that a requirement for
vernalization to flower across diverse taxa may be a result of convergent evolution (Srikanth and
Schmid 2011).

In wheat and barley, vernalization is regulated by the genes I’'RN7 and I’'RN2. I”'RN2
suppresses FT7 in the presence of long days (Hemming et al. 2008, Takahashi and Yasuda 1971).
I”RNT is activated with vernalization and both upregulates FFI'7 and down regulates I”'RIN2
(Hemming et al. 2008, Trevaskis et al. 2006). ’'RIN7 mediates flowering through two mechanisms
(1) acceleration of the transition to reproductive growth at the shoot apex (2) activation of the long
day response in the leaves (Greenup et al. 2009). Spring varieties of wheat and batley that do not
require vernalization to flower are the result of a mutation in the I”’RIN7 promoter or because of
deletion or insertion within the first intron of I’RN7 (Cockram et al. 2007, Fu et al. 2005, Szucs et
al. 2007, Von Zitzewitz et al. 2005, Yan et al. 2003). In wheat most natural variation in vernalization
requirements can be attributed to variation in VRN1 gene (Chen and Dubcovsky 2012).

Similar to wheat and batley, B. distachyon contains a homologous gene to A. thaliana FT, and a
homologous gene to wheat and barley I'RN7. However, no homologous gene of wheat or barley
I’RINZ has been discovered (Higgins et al. 2010). A I’'RN2 Like (I’RIN2L) gene has been identified

in B. distachyon and is thought to integrate vernalization and photoperiod response, however
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Bdl”RIN2L. behaves in a dissimilar way from wheat or barley I’'RN2 (Ream et al. 2014). In wheat
and barley I’'RINZ expression decreases sharply following a vernalization treatment, while in B.
distachyon IVRIN2L mRNA levels do not drop following the vernalization and more work is needed
to characterize the role of ["'RIN2L in B. distachyon (Ream et al. 2012, 2014).

Although little is known regarding the genetic controls of vernalization in downy brome,
inferences may be made based on the relatedness of downy brome with wheat, barley, and B.
distachyon. All four species are within the subfamily Pooideae. Wheat barley and downy brome
additionally all belong to the supertribe Triticodae (Soreng et al. 2015). Comparing known
vernalization gene sequences between wheat, barley, and B. distachyon greater than 80% homology is
found. The close relatedness and high homology may allow for downy brome vernalization genes to

be identified and sequenced by developing primers from related species.

1.5 A Need for Applied Research on Weed Response to Climate Change

The IPCC identified a need for more research focusing on the response of agronomically
important weeds to climate (Porter et al. 2014). Peters et al. (2014) outlined three possible scales at
which weeds respond to climate change: shifts of a weed species range on a landscape scale, shifts in
the niche occupied by species at a community scale, and shifts in traits at a species scales. Of these
three scales, shifts in niches within communities and traits within species are likely to have the
largest impact on weed management in agronomic systems under future climate scenarios. The
majority of published research does not focus on shifts in niches or traits and instead the focus has
been on projecting range shifts of invasive weeds. If Weed Science as a discipline is to help
producers adapt to climate change, more applied research that is region and crop specific must be
conducted.

Hanzlik and Gerowitt (2012) described an increase in the abundance of winter annuals in

response to climate change within German rapeseed fields, likely due to mild winters becoming
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more common. As the PNW is expected to also experience more mild winters in the coming
decades (Mote and Salathé 2010) and given downy brome has already demonstrated greater
fecundity following milder winters (Concilio et al. 2013) the niche occupied by downy brome within
PNW small grain fields will likely expand in the coming decades. Peters et al. (2014) identified
plasticity in the timing of germination and flowering as two traits that may predict the success of
species in adapting to climate change. Rice and Mack (1991a, 1991b) and Meyer et al. (2004) have
observed specificity of downy brome flowering time between contrasting habitats as a result of
selection. Adaptability of flowering time in response to novel habitats is evidence for plasticity of
flowering time traits. Given that the molecular controls for flowering time of species related to
downy brome are well characterized (Greenup et al. 2009), there is opportunity to investigate the
capacity of downy brome flowering time to shift in response to climate change.

The potential response of downy brome to climate change within the small grain production
region of the PNW can serve as a case study for the type of research that has been called for in the
literature (Peters et al. 2014; Porter et al. 2014; Juroszek and von Teidemann 2013). Understanding
how the niche downy brome currently occupies within small grain fields may shift under future
climate scenarios will help inform the management practices of PNW producers in the communing
decades. Modeling a shift in downy brome development time traits under future climate scenarios
may allow growers to adapt control practices in response as climate changes by changing the timing
or type of control inputs. Projecting downy brome response to climate change within the PNW may
serve as an example of how prior research on weed biology and knowledge of region specific climate

projections can be leveraged to benefit producers in the coming decades.
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Chapter 2: Population Genetics and Structure of Bromus tectorum from within the small

grain production region of the Pacific Northwest.

2.1 Previous work on downy brome population genetics

Downy brome (Bromus tectorum 1.) is an invasive winter annual grass and cleistogamous
species naturalized across the United States. The first record of downy brome in the United States
occurred in Pennsylvania in 1790 (Muhlenberg 1793). By the end of the 19" century downy brome
had expanded throughout the western United States (Upadhyaya et al. 1986). Capable of thriving in
a wide range of habitats, downy brome readily establishes in novel locations following disturbance
(Morrow and Stahlman 1984). Downy brome currently exists in the western United States as one of
the region’s most abundant vascular plant species (Novak et al. 1993).

A number of previous studies have investigated downy brome population genetics in the
context of downy brome as an ecological invader. Consequently, previous research has focused on
the predominance of generalist versus specialist genotypes across the landscape (Novak et al.
1991b), genetic differences between native and invasive populations (Novak et al. 1993, Novak and
Mack 1993) and evidence of local adaption to ecosystems (Leger et al. 2009, Merrill et al. 2012, Scott
et al. 2010).

Novak et al. (1991) reported that a limited number of generalist genotypes were found
distributed widely across North America when using 21 loci and starch gel electrophoresis. Within
the introduced range, geographical region only explained 2.6% of allelic diversity, while among
population allelic diversity explained 45.3% of total diversity, and 52.2% of allelic diversity was
accounted for within populations (Novak et al. 1991). Novak et al (1991) concluded that downy
brome often persists as inbred populations with limited evidence for spatial adaptation or

outcrossing.
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Novak and Mack (1993) compared genetic variation of 51 native populations of downy
brome to the 60 introduced populations described by Novak et al. (1991). Total genetic diversity
across the entirety of the native range was higher than the introduced range, however, within
population genetic diversity was greater in the introduced range. Genetic differences between native
and introduced ranges can be best explained by contrasting forces of reduced genetic variability
produced through the founder effect and the increase in within-population variation due to
independent introductions leading to mixed populations of inbred individuals within the introduced
range (Novak and Mack 1993).

While widely spread genotypes across the introduced range can be attributed to generalist
biotypes, evidence for local adaptation by specialist biotypes has been reported within the literature.
Ball et al. (2004), Meyer et al. (2004), Rice and Mack (1991a, 1991b) described adaptively significant
variation in downy brome life history traits including flowering time, vernalization requirements, and
timing of mature seed set. Ramakrishnan et al. (2006) found that ecological distance better predicted
genetic distance of populations than physical distance, indicating that similar habitats select self-
pollinating lines from widely distributed downy brome assemblages. Scott et al. (2010) described
evidence of downy brome invading new habitats as both broadly adapted generalist genotypes and
preadapted specialist genotypes. Merrill et al. (2012) came to a similar conclusion, finding historically
invaded land was largely occupied by generalist genotypes, while recently invaded land was
dominated by distinct specialist genotypes.

Previous studies have identified low heterozygosity, with mean expected heterozygosity
ranging from 0.002 (Bartlett et al. 2002) to 0.336 (Meyer et al. 2013) per populations. While
heterozygous individuals have reported in the literature (Leger et al. 2009, Meyer et al. 2013, Novak

and Mack 1993, Valliant et al. 2007) out crossing is exceedingly rare. Meyer et al. (2013) established a
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common garden experiment to encourage and quantify outcrossing and detected outcrossing rates
of 0.75%.

Despite the wealth of information regarding downy brome population genetics, previous
studies have not focused on, or made comparisons of downy brome genetics as it persist in
individual agroecosystems. The lack of downy brome population genetic studies within
agroecosystems is significant given downy brome is a widely distributed and serious pest in small
grain and other crops across western North America. Additionally, the yearly disturbance of tillage,
planting, and herbicide applications may drive selection on downy brome genotypes differently from
the forces acting in non-agronomic ecosystems. While downy brome population genetics has not
been investigated within agroecosytems, Green et al. (2001) compared diversity of the inbreeding
annual or biennial weed Bromus sterilis L. (barren brome) between farms located in the United
Kingdom. Similar to what has been reported with downy brome in western North America (Merrill
et al. 2012, Scott et al. 2010), barren brome exists as an assemblage of unique but inbreed biotypes
within agronomic fields. When low genetic diversity was found within a field, Green et al. (2001)
attributed diversity to selection of locally adapted inbred biotypes.

Previous investigations of downy brome population genetics has been conducted using
protein electrophoresis, Random Amplified Polymorphic DNA (RAPD) markers, Single Sequence
Repeats (SSR) markers; and a single manuscript utilizing Single Nucleotide Polymorphisms (SNPs)
markers (Meyer et al. 2013). Recent studies on downy brome population genetics predominately
utilize SSR markers, however Merrill et al. (2012) found that SSR markers may overestimate
common descent and suggest SNPs as a superior alternative. In comparing the performance of SSR
and SNP markers in population structure analysis, Liu et al. (2005) reported that when comparing a
large number of markers, SNPs tend to include the more informative genomic regions as they

include a greater ratio of non-neutral to neutral sites. Through high-throughput next-generation-
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sequencing (NGS) thousands of SNPs can be “called” from species lacking in references genomes
(Ekblom and Galindo 2011), such as downy brome, allowing for the generation of population
genetic statistics and structure analysis.

2.1.1 Small Grain Production Region of the PNW. The small grain production area of the PNW
includes Central and Eastern Washington, parts of Northern Oregon, and Northern Idaho and
totals 2.2 million ha of non-irrigated cropland (Huggins et al. 2012) (Figure 1). In 2007 1.3 million ha
of the small grain production region were planted with small grains of which 1.0 million ha was
planted to winter wheat (T7iticum aestivum 1..). Agronomic fields are continuously distributed
throughout the small grain production region of PNW. Additionally, downy brome is endemic
within fields in the region. Annual precipitation in the region ranges from less than 300 mm to
greater than 600 mm, with precipitation increasing on a west to east gradient. Mean annual
temperature also varies on an west to east gradient, with the western portion at 11°C and decreasing
to 5 °C to the east based on a 30 year average on (1971-2000) (Huggins et al. 2012). In addition to a
continuous gradient in temperature and precipitation, the region is not characterized by any natural
or manmade barriers to seed or gene flow. It is therefore difficult to assign likely population
boundaries prior to conducting a genetic analysis.

The objectives of this study were to assess the genetic variability of downy brome sourced
exclusively from within small grain production regions of the Pacific Northwest (PNW). Population
genetics metrics were calculated and population structure estimated using a genotyping-by-
sequencing (GBS) approach. Of particular interest is if downy brome persists within the small grain
production regions of the PNW as specialist or generalist genotypes, and if downy brome genotype

distribution is driven by climatic factors or grower practices.
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2.2 Materials and Methods

2.2.1 Sampling of Plant Materials. Given the ubiquitous distribution of downy brome within the
PNW, continuous environmental gradients, and lack of landscape features to block gene flow a
systematic-random sampling design (Storfer et al. 2007) was used where a 10km grid was laid over
the small grain production region and a point was randomly assigned for sampling within each grid.
One hundred and ninety total sampling points were generated and then viewed using satellite
images. If the sampling point had not been assigned to a small grain field, the sampling point was
moved to the nearest small grain field. If there was no small grain field within 3 km of the original
sampling point, the location was discarded. Following reassignment of the original sampling
locations, 130 sampling locations were retained.

In June of 2010 and 2011, trips were made to each of the 130 reassigned sampling locations
from which collections from a single downy brome plant was collected as either mature panicles or
as live plants. Each collection was made within a small grain field at least 10 m from the field border.
Live plants were transplanted into a greenhouse at the Washington State University Plant Growth
Facility located in Pullman, WA and allowed to grow until mature panicles could be collected.
Panicles that were collected either directly from the field or from maturing plants in the greenhouse
were stored at room temperature in a paper bag until 1 March 2014 at which time panicles were
planted to produce plants for DNA extraction.

On 21 March 2014, as plants were at the 2-3 leaf stage, a single ~4cm leaf was collected
from 96 (Table 1) of the 130 emerged downy brome collections for DNA extraction. OA related
species to downy brome, Bromus diandrus Roth (ripgut brome), was included as a check to see if
population structure analysis could detect the related species as an outlier. Collected leaf tissue was
placed into -80°C freezer for 24 hours and then lyophilised in a Multi-Dry™ (FTS® Systems INC.,

Stone Ridge, NY) freeze dryer for 48 hours. DNA was extracted using a BioSprint 96 Plant Kit and
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BioSprint 96 workstation (Qiagen, Valencia, CA). DNA was quantified with the PicoGreen® assay
(Invitrogen™, Carlsbad, CA) using a Synergy™ HT (BioTek®, Winooski, VT) microplate reader.
2.2.2 Genotype-by-Sequencing.

A reduced representation genotype-by-sequencing (GBS) approach was employed to
identifying SNP molecular markers. The GBS approach used in this study relied upon a combination
of a regular and a methylation-sensitive restriction enzyme to avoid repetitive regions of a target
genome and instead favor lower copy regions in order to chance of identifying informative genetic
markers (Elshire et al. 2011). A two-enzyme approach originally developed for species lacking a
reference genome (Poland et al. 2012) was utilized, where a rare (Pst7, CTGCA™G) and common
(Msp1, C*CGQG) restriction enzyme were used in combination. A modified GBS protocol developed
by Mascher et al. (2013) for use with semi-conductor sequencing platform was followed.

DNA was normalized to 10 ng pl" in 20 pl of volume in 96-well plates. Restriction digest
buffer (NEB4) was added along with both restriction enzymes and samples were incubated at 37°C
for 2 hours to digest the DNA. Samples were incubated at 65°C for 2 hours to inactive the enzymes.
A unique adapter with an embedded sequence barcode at a volume of 0.1 pmol was added to each
sample followed by 15 pmol of a common adapter. A ligation master mix was added to each well
and samples were incubated for 2 hours at 22°C, followed by incubation at 65°C for 20 minutes.
After these steps samples where pooled and purified with a PCR purification kit (Qiagen, Valencia,
CA) prior to PCR. PCR was performed using 5 ul of the PCR product as template, 5 ul of NEB 5x
master mix, 2 ul of Ion PCR forward and reverse primers at 10 uM, and 13 ul of H,0. The resulting
amplicons were sequenced on an Ion Proton™ sequencer using an Ion P1™ Chip (Life
Technologies, Carlsbad, CA).

The master FASTQ file obtained from the sequencer was parsed by barcode to separate each

accession into a separate file. FASTQ file size ranged from 5 to 112 MBs with an average size of
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45.6 MBs. Three accessions that had less than 10 Mb of data were discarded due to lack of adequate
coverage. The first 8 DNA bases of each sequence were removed using the FASTX-Toolkit (0.0.13,
Hannon Laboratory, Cold Spring Harbor, NY) to rid sequences of cut site remnants. Data were then
checked using the program FastQC (0.11.3, Babraham Bioinformatics, Babraham, Cambridgeshire,
UK) to determine the ideal length (Supplemental Figure 1) to trim sequences for SNP calling and
assess quality (Supplemental Figure 2-6). Average sequence length was 100 bp and all sequences
shorter than 100 bp were subsequently discarded while sequences longer than 100 bp were trimmed
using FASTX to provide a uniform sequence length.

2.2.3 SNP Calling. After trimming sequences to a uniform length, SNP calling was conducted
using the program Stacks (1.22, Cresko Laboratory, Eugene, OR). The Stacks program aligns
identical or, nearly identical, loci into “stacks” across individuals and a catalogue file is written. Each
locus from each individual is matched against the catalog to determine the allelic state at each locus
in each individual (Catchen et al. 2013). Using the “denvo_map.pl” command a minimum
sequencing depth of three was used for creating a stack and with three allowed nucleotide
mismatches before merging multiple loci into a single stack. In total, 16,382 SNPs were called across
all individuals. Comparisons were then made between each individual using the “population”
command in stacks. Each locus had to be found in at least 70 of the 93 individuals (75% of
individuals) for further analysis, reducing the total remaining SNPs to 384.

2.2.4 Analysis of Population Genetics, Spatial Structure, and Population Structure. The
output from stacks was converted to a “genid” object using the R (R Development Core Team
2014) package adegenet (1.42, Jombart et al.) (Jombart and Ahmed 2011, Jombart 2008) for further
analysis. Heterozygosity was investigated across all loci and individuals and a t-test was used to

determine if observed heterozygosity (Hys) differed from expected heterozygosity (Hexp).
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Spatial principal component analysis (SPCA) was conducted using the R package adegenet
package to identify positive and negative autocorrelation, global and local structure, and to identify
genetic clines (Jombart et al. 2008). A Gabriel Graph (Gabriel and Sokal 1969, Legendre and Fortin
1989) connection network was used to develop a spatial weighting matrix based upon the GPS
coordinates of each individual. sSPCA calculates the variance and spatial structure of each allele using
the spatial weighting matrix and Moran’s I (Moran 1950). Each allele is assigned either a positive or
negative eigenvalue, corresponding to global or local structure. Eigenvalues which deviate the
greatest from zero are more likely to be significant. Principal components with the largest absolute
eigenvalues were retained and tested for significance using a Monte-Carlo simulation.

The positive and negative autocorrelation values of retained PCs that were found to be
significant were mapped over the small grain production region of the PNW to aid in visually
identifying spatial patterns and genetic clines. To formally identify genetic clines, Monmonier's
algorithm, a statistical method for identifying boundaries of maximum differences in continuous
polygons, was used to determine a boundary between neighbors reflecting strong genetic
differences. The Monmonier’s algorithm utilizes the same special weighting matrix used in sSPCA
(Manni et al. 2004, Monmonier 1973).

Using the adegenet package, Discriminate Analysis of Principal Components (DAPC)
(Jombart et al. 2010) was used to describe population structure of collected downy brome
accessions. DAPC consists of two general steps. Principal Component Analysis (PCA) is first used
to find the optimal number of clusters (&) and to initially assign individuals to each cluster. In the
second step synthetic variables called linear discriminants, consisting of linear combinations of
alleles, are used to discriminate the cluster membership of each individual. If T(x) is total genetic
variation, then B(x) is between group variation, and W(x) is within group variation (equation 1).

PCA maximizes T{(x) to determine the optimal number of clusters and initial group membership.
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DAPC optimizes B(x) and minimizes W/(x) while ignoring T{(x) to assign the probability of group
membership for each individual.
T(x) = B(x) + W(x) 1]

After retaining the principal components which explain the majority of T(x), the optimal
number of clusters is chosen based upon which level of £ has the lowest Bayesian Information
Criteria (BIC) value. Using the adegenet package an a-score, identifying the optimal number of
principal components to retain for DAPC, was calculated by running multiple DAPC simulations
with differing number of retained principal components. The a-score is useful as retaining too many
principal components with DAPC can result in over fitting and poor discrimination. After selecting
the number of principal components to retain, linear discriminants are created and assigned an f-
statistic corresponding to the relative power of each linear discriminant in discriminating group
membership. Finally linear discriminants are used in combination to assign probabilities of group
membership of each individual.

To complement cluster assignments based upon DAPC, the fixation index (Fg;) between
each population was calculated (Nei 1973). Closely related population clusters should be indicated by
both a small F; value, <0.05, and limited dispersion across linear discriminants. Distantly related
population clusters should be inferred by large Fg; value, >0.25, and be largely dispersed across
linear discriminants.

2.3 Results

2.3.1 Heterozygosity. Across all loci expected heterozygosity (Hpy) ranged from 0.012 to 0.5 with
a mean value of 0.262. Observed heterozygosity (H ) across all loci ranged from 0.0 to 1.0 with a
mean value of 0.188 (Figure 2). H g5 across all loci is significantly lower (p-value <0.001) than Hypy

which is not surprising in a highly inbreed species. While completely heterozygous loci were found,
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no recent outcrossing was found at the individual level with observed heterozygosity ranging from
0.039 to 0.226, and a mean value of 0.121 (Table 1).

2.3.2 Spatial Structure. Following sPCA the first two PCs, corresponding to global structure, and
last PC, corresponding to local structure, were retained as they had the most substantial absolute
values (Figure 3). Using the three retained PCs global structure was found to be significant (p-value
= 0.04) (Figure 4), however local structure was not significant. Interpolation of the first principal
component reveals three pockets of strong spatial autocorrelation at the south, west, and in the
north-central portions of the small-grain production region of the PNW (Figure 5). Interpolation of
the second principal component indicated broader areas of positive autocorrelation, observed most
intensely in south east and south west portions of the small-grain production region (Figure 5).
Interpolating both principal components together, pockets of positive autocorrelation are apparent
but spatial patterns or genetic clines are not apparent on a regional scale (Figure 5). Monmonier's
algorithm was used to identify genetic patches or patches, however, no relevant clines were
identified. The lack of a strong or easy-to-interpret genetic cline may be an indication that climate is
not driving the distribution of downy brome clusters.

2.3.4 DAPC. For the PCA to identify the number of clusters and provide the initial assignment of
group membership, 35 PCs were retained corresponding to roughly 85% of cumulative variance
(Figure 6). Seven population clusters were identified as being the optimal number based upon BIC
value (Figure 7). Through the use of multiple DAPC simulations, 6 PCs were found to be optimal in
assigning group membership without overfitting the model (Figure 8). Three linear discriminants
were retained to calculate the probability of group membership (Figure 9). Figure 10 indicates the
probability of membership of each individual. 13 of the 93 individuals were assigned to a cluster

with less than 90% probability (Figure 11), however only individual 20 was equally likely to be a
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member of more than one cluster. Cluster six only contains ripgut brome (Table 2, Figure 10) as
would be expected with a separate species.

The distribution of individuals and clusters across the first and second discriminant function
(Figure 12A) indicate separation of clusters 3, 6, and 7. Cluster 2 overlapped considerably with
cluster 4, as did cluster 1 with cluster 5. When individuals and clusters were distributed on first and
third discriminant function (Figure 12B) clusters 2, 5, 6 and 7 were separated, and cluster 1 was
overlapping with cluster 4. Figure 12C displays the distribution of clusters and individuals across the
second and third discriminant function indicating overlap of the 3 and 4 cluster while clusters 1, 2, 5,
6 and 7 are distributed. Regardless of which discriminate functions are used to describe distribution,
clusters 6 and 7 are the most distant clusters. Cluster 4, however, overlaps with cluster 1, 2, and 3
depending on the linear discriminates used to describe the distribution of individuals.

Fgr values (Table 2) between each cluster reflect the relationships between clusters described
by DAPC in Figures 16-18. Small Fg;. values were returned for cluster 4 in relation to all other
clusters, .003 to .057 (excluding cluster 6). While the loci containing the most informative SNPs
were found across all downy brome clusters, cluster 4 did not contain any of the polymorphisms in
the limited genomic regions used for the analysis. The lack of identifying SNPs for cluster 4
somewhat explains the limited dispersion of cluster 4 and low pairwise Fg;. values. Cluster 6, which
contained the single ripgut brome accession was more dispersed across the linear discriminants
relative to other population clusters, and the dispersion indicated by DAPC was also represented by
Fgp values (Table 2).

Figure 13 displays the spatial distribution of all individuals color coded by assigned cluster.
While no patterns are evident, a close comparison of Figure 15 with Figure 5¢ helps explain the
overlapping of some clusters observed when interpolating the DAPC results. Clusters 1, 5 and 7 in

Figure 5c are indicated by white squares, with no positive spatial autocorrelation evident in their
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distribution. Clusters 2, 3 4, and 6 are represented by black squares and do indicated varying degrees
of spatial autocorrelation. The spatial principal components that most strongly indicate positive
autocorrelation contain SNP markers, which are also informative in assigning individuals to cluster
2, 3, and 4. The strong autocorrelation indicated by the single ripgut brome accession is likely due to

the spatial isolation of cluster six in the southeast area of the sampling region.

2.4 Discussion

Ramakrishnan et al. (2002) used 7 SSR markers for their analysis and reported that the
observed heterozygosity values in downy brome ranged from 0.000 to 0.006 (Ashley and Longland
2009, Valliant et al. 2007). A recent investigation of downy brome population genetics performed
using 91 to 93 SNPs and greater than 300 individuals in each population reported that the observed
heterozygosity ranged from 0.0011 to 0.0088 across four populations (Meyer et al. 2013). The
observed heterozygosity in this study which utilized 384 SNPs across 93 individuals ranged from
0.094 to 0148 and was greater than what was reported by Meyer et al. (2013). It is unclear if the
increase is due to the differences in genotype, environment, or simply a reflection of a larger number
of genetic markers. No recent evidence of outcrossing was found however manuscripts reporting
outcrossing have sampled a larger number of individuals, >185 (Leger et al. 2009, Meyer et al. 2013,
Novak and Mack 1993, Valliant et al. 2007), than the 93 individuals investigated in this study.

As the western PNW is considerably dryer than the eastern PNW and the temperature also
tends to be warmer in the eastern portion, evidence of specialist genotypes is most likely when
comparing the eastern and western portions. While spatial autocorrelation was found, there is no
spatial pattern suggesting that certain genotypes are better adapted or more common in these two
contrasting portions of the small grain production region.

The DAPC defined clusters of downy brome distribution were successful in identifying the

ripgut brome individual as an outlier and helping to inform the spatial autocorrelation results. The
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presence of spatial autocorrelation (Figure 9) is explained by the presence of either cluster 2, 3, or 4
(Figure 19) at each sampling point. However, similar to what was observed in terms of spatial
autocorrelation, the distribution of genetic clusters does not appear to be driven by climate. While
some cluster contain greater numbers of individuals, it appears all clusters are distributed throughout
the small grain production region and none of clusters can be described as specialist genotypes in
relation to climatic variables or spatial distribution.

The distinction between clusters is evident in Figures 12-14 and the Fg; values (Table 2).
While ripgut brome is distinct from all other clusters, depending on the linear discriminant used or
the pairwise Fgp. value, the genetic distinction between clusters is often slight. However, population
clusters can be separated based upon SNP distribution. Efforts were made to evaluate cluster
membership with a different number of retained PCs or with arbitrarily selected k-values, and those
efforts failed to identify ripgut brome as an outlier. Similarly, a Bayesian clustering approach based
upon Hardy-Weinberg and linkage equilibrium as implemented with the software program
STRUCTURE (Falush et al. 2003) also failed to distinguish the downy brome individuals from the
ripgut brome sample. The results returned by DAPC may accurately reflect the state of downy
brome genotypes within the small grain production region of the PNW. The population consists of,
distantly related selfing individuals with little evidence of outcrossing, varying degrees of shared
genetic history, and without strong evidence of adaption to various environmental and human
indicted selection pressures.

While genetic markers linked to neutral gene regions, and SNPs in particular, are well suited
to neutral evolutionary process such as genetic drift and gene flow (Hylar et al. 2011), genetic
markers linked to neutral gene regions are poor at detecting active evolutionary processes (Narum et
al. 2013). Previous studies have demonstrated neutral markers can fail to detect local adaptation of

population to habitats (Storz el al. 2009; Narum et al. 2010). The genetic markers used in this study
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may have no genetic linkage to genes which would be influenced by climate. An alternative or
complimentary approach would be to utilize molecular markers that are lined to genes which are
known to respond to selection by climate. As previous literature has demonstrated flowering time is
adaptively significant and influenced by local climate, the genes responsible of regulating downy
flowering pathways are a promising target to investigate potential adaptation of downy brome to
climate Ball et al. 2004; Meyer et al. 2004; Rice and Mack 1991a, 1991b).

Downy brome population genetics and genetic structure from within an agronomic system
indicates that the heterozygous state of downy brome is similar, if not marginally greater, to what
has been reported in previous literature. Additionally, downy brome exists within the PNW small
grain production region as a series of generalist genotype clusters with limited evidence of spatial
adaptation, as was previously reported for all of North America (Novak et al. 1991). Given the
apparent random spatial distribution of downy brome clusters at the spatial scale of this analysis,
unique genotypes may be well mixed within small grain fields, similar to what was reported for
Bromus sterilis (Green et al. 2001).

To further expand upon the above findings, future efforts should include more samples of
individuals from the same field to increase the spatial resolution of genetic inferences. Additionally,
collection of individuals from nearby rangeland and natural areas may allow for the control of
climate and the comparison of land use among accessions. Finally, phenotyping of collected
individuals in a common garden across several years would provide traits to be compared across
individuals and elucidate the results of DAPC clustering by correlating the separation of genotypes

with traits.
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2.6 Tables and Figures
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Figure 2.1. The small grain production region of the PNW.
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Figure 2.2. Observed versus expected heterozygosity across all loci and individuals.
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Table 2.1. Accession ID number, GPS coordinates of collection locations, year of collection,

heterozygosity of each accession, and cluster membership as determined by DAPC.

Accession Longitude Latitude Year
1 -119.215 46.387 2010
2 -118.989 46.825 2011
3 -116.466 46.252 2010
4 -118.916 47.785 2011
5 -120.938 45.673 2010
6 -118.600 45995 2011
7 -120.646 46.400 2010
8 -118.794 46.744 2011
9 -118.098 46.370 2010
10 -118.785 47475 2011
11 -120.489 45482 2010
12 -118.403 45760 2010
13 -120.184 45.620 2010
14 -118.358 46.335 2011
15 -120.336 46.886 2011
16 -117.883 47515 2010
17 -116.870 46.396 2011
18 -118.127 46.656 2011
19 -119.872 47.102 2011

20 -118.135 47.686 2011
21 -119.851 46.737 2011
22 -117.804 46.629 2010
23 -119.441 45.638 2010
24 -118.464 47.490 2011
25 -119.864 46.263 2010
26 -117.632 47715 2011
27 -119.281 45761 2010
28% -117.378 47.263 2010
29 -119.279 46.708 2011
30 -117.165 47.102 2010
31 -119.320 47468 2011
32 -117.092 47.484 2010
33 -119.691 46.742 2010
34 -116.836 46.924 2010
35 -119.078 47.203 2011
36 -120.965 45483 2010
37 -118.859 46.478 2010
38 -120.746 45.635 2010
39 -118.742 46.343 2011
40t -120.184 46.041 2010
41 -118.642 47.261 2011
42 -120.358 45419 2010
43 -118.679 47.796 2011
44 -120.162 45396 2010
45 -118.491 46.138 2011
46 -119.908 46.702 2010
47 -118.465 47.490 2011
48 -120.346 45.895 2010

*‘Hoss
0.150
0.165
0.177
0.109
0.094
0.104
0.142
0.143
0.195
0.133
0.166
0.090
0.108
0.123
0.101
0.128
0.090
0.170
0.105
0.106
0.104
0.122
0.123
0.121
0.079
0.170
0.123

0.226
0.094
0.039
0.101
0.140
0.133
0.067
0.160
0.149
0.126
0.089
0.094
0.136
0.134
0.211
0.158
0.136
0.101
0.162
0.091

Cluster Accession Longitude Latitude Year
3 49 -118.370 46.677 2011
4 50 -119.853 46.671 2010
3 51 -118.310 47456 2011
7 52 -119.605 46.182 2010
5 53 -117.949 46.429 2010
3 54 -117.748 47903 2011
3 55 -117.872 47214 2010
4 56 -119.935 45388 2010
4 57 -117.674 47124 2010
1 58 -119.175 47420 2011
3 59 -117.477 46.953 2010
4 60 -119.218 46.561 2010
2 61* -117.162 46.375 2011
4 62 -119.150 47179 2011
7 63 -117.251 47.390 2010
3 64 -118.992 45.765 2011
7 65 -116.710 46.917 2010
1 66 -119.049 46.999 2011
4 67 -115.963 46.100 2010
4 68 -119.164 47.990 2011
2 69 -120.616 45469 2010
4 70 -118.610 46.082 2011
4 71 -120.699 46.676 2010
4 72 -118.651 46.769 2011
5 73 -120.655 46.559 2010
3 74 -118.851 47.523 2011
7 75 -120.561 46.462 2010
— 76 -118.436 46.006 2011
4 77 -120.164 46.261 2010
4 78 -118.363 47235 2011
4 79 -120.412 46.996 2011
4 80 -117.661 46.898 2010
4 81 -120.130 46.375 2010
3 82 -118.168 46.803 2011
4 83 -119.799 45353 2010
3 84 -117.906 46.394 2010
7 85% -119.711 47337 2011
7 86 -118.180 46913 2011
4 87 -119.373 46.107 2010
6 88 -120.241 46.003 2010
7 89 -119.411 46.849 2011
1 90 -117.518 46.492 2010
4 91 -119.241 46.029 2010
4 92 -117.551 47524 2011
1 93 -119.199 47.014 2011
7 94 -117.245 47.307 2010
4 95 -119.370 47.888 2011
4 96 -118.895 46.669 2011

Hogs
0.173
0.092
0.092
0.134
0.111
0.083
0.120
0.170
0.114
0.119
0.070
0.117

0.128
0.130
0.102
0.129
0.087
0.117
0.117
0.118
0.153
0.130
0.130
0.110
0.102
0.122
0.102
0.117
0.098
0.118
0.148
0.066
0.092
0.089
0.133

0.046
0.129
0.126
0.170
0.122
0.075
0.127
0.101
0.143
0.118
0.118

Cluster

~

YN RTINS IO NS R N N ORI 3 N NS SN S O R Y U SO SO SO N SO N NSNS
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ANomenclature: Hops; observed heterozygosity.

*Accession were removed from further analysis following GBS.

tAccession is Bromus diandrus Roth.
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Figure 2.3. Positive and negative eigenvalues, corresponding to global and local spatial structure.
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Figure 2.4. Histogram of permuted test statistics from 10,000 Monte Carlo simulations and the
observed global structure.
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Interpretation of First Principal Component
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components with black corresponding to positive autocorrelation and white to negative autocorrelation. The size of squares is proportional

to the intensity of autocorrelation.
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Variance explained by PCA
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Figure 2.6. Cumulative variance explained by retaining each additional Principal Component.
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Value of BIC
versus number of clusters
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Figure 2.7. Bayesian information criterion value for increasing values of k.
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Discriminant analysis eigenvalues
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Figure 2.9. F-statistic associated with each discriminant function. The first three linear discriminants
were retained.
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represents the probability of assignment to a particular cluster.
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Figure 2.12. Distribution of individuals and clusters across the first, second, and third linear discriminates. PCA eigenvalues is the
cumulative variance explained by the six retained principal components. DA eigenvalues represents which linear discriminants are being
compared in each scatter plot, with the height of each bar representing the relative contribution in explaining total variance. Scatter plot A
represents linear discriminant 1, x-axis, and linear discriminate 2, y-axis. Scatter plot B represents linear discriminant 1, x-axis, and linear
discriminate 3, y-axis. Scatter plot A represents linear discriminant 2, x-axis, and linear discriminate 3, y-axis. Each point on each scatter
plot represents an individual. Each color is used to distinguish a separate cluster, which is identified by number. The ellipses around each
number represent were 67% of the variance of each cluster assuming a bivariate distribution
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Table 2.2. Pairwise Fst values of the 7 described
population clusters.

Fixation Index (Fg;)

1 2 3 4 5 6
0226 — — — — —
0.148 0.187 — — —

0.006 0.003 0.006 — — —
0.146 0.364 0.238 0.057 — —
0.751 0.713 0.805 0.134 0.680 —
0.151 0.162 0.121 0.011 0.258 0.705

NS o s 00 N
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Figure 2.13. Spatial distribution of individuals and cluster membership as determined by discriminate
analysis of principal components.
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Chapter 3: Modeling Bromus tectorum Phenology from the PNW Small Grain Production
Region
3.1 Downy Brome Phenology

Downy brome (Bromus tectorum 1..) is an invasive winter annual grass species naturalized
throughout the Western United States (Upadhyaya et al. 1986). Stewart and Hull (1949)
characterized downy brome as an opportunist, easily acclimating to local climate due to rapid
germination and establishment following variable fall or spring precipitation events. Capable of
thriving in a wide range of habitats, downy brome readily establishes in novel locations following
disturbance (Morrow and Stahlman 1984).

Compared to the development of winter wheat (I7iticum aestivum 1..) downy brome is
generally in the early boot stage when wheat is tillering, heading four weeks earlier than wheat (Thill
et al. 1984). The early development of downy brome results in depleted soil moisture and nutrients
at a critical reproductive period for winter wheat (Thill et al. 1984). Studies comparing winter wheat
competition with downy brome have reported yield reductions of up to 92% (Rydrych and Muzik
1968), with 21% reduction occurring from densities of 108 plants m-2 (Rydrych 1974). As the
competitiveness of downy brome with winter wheat is a result of relative early development,
improved knowledge of downy brome phenology is of critical importance for winter wheat
producers.

Variation in downy brome phenology has been previously investigated through common
garden experiments and through observations of naturally occurring populations (Ball et al. 2004,
Hulbert 1955, Klemmedson and Smith 1964, Meyer et al. 2004, Rice and Mack 1991a, 1991b).
Hulbert (1955) conducted a series of common garden experiments using downy brome accessions
collected from within and outside North America. Winter hardiness, plant size, shoot and root

morphology, timing of development thresholds, seed production, and seed dormancy were all
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measured by Hulbert (1955). A great deal of variation was observed between populations and within
populations with respect to most traits. The exception was timing of development, which was
consistent within populations while differences between populations were described as “striking”
(Hulbert 1955). Klemmedson and Smith (1964) also found considerable variation in phenology
between populations from a common garden study which was attributed to differences in genotype
within populations.

In a greenhouse study, Rice and Mack (1991a) evaluated variation of life history traits
between populations, within populations, and among siblings. Flowering time was found to be
highly stable among siblings and within populations, but variable between populations. Rice and
Mack (1991a) concluded that variation in flowering time is an environmentally stable trait reflecting
local adaptation between populations. Rice and Mack (1991b) reciprocally sowed downy brome seed
from four seed sources in a common garden to observe if the variation among siblings with respect
to dry plant weight, seed weight, seed number, and flowering time would adapt to local climate.
Most traits varied considerably based on climate. Flowering time however, was stable year to year
among plants from the same seed source (Rice and Mack 1991b). Rice and Mack (1991b) concluded
flowering time was under strong genetic controls compared with other traits

Ball et al. (2004) described a model for predicting mature seed set of downy brome based on
cumulative growing degree days (GDD) (Equation 1). The model begins 1 January with a base of
0°C, and was developed from a previous model for projecting cereal crop development (Klepper et
al. 1988). The model was developed using a series of experiments in which panicles from downy
brome accessions were periodically collected following the first emergence of panicles. Following
panicle collection, seeds were allowed to after ripen for 6 mo to overcome dormancy. Seeds
collected from panicles were planted in a greenhouse and the total number of germinated seeds

from each panicle and each collection date was counted. Using a non-linear breakpoint analysis,
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seeds germinated per panicle were regressed against the GDD at each collection date to estimate the
GDD required for initial mature seed production.

The first experiment conducted by Ball et al. (2004) collected panicles from two naturally
occurring populations, one in Pullman, WA and one in Pendleton, OR. The second experiment was
expanded to four accessions collected within Eastern Oregon and Washington which were planted
in the fall at a common garden in Pendleton, OR and Pullman, WA. The final experiment consisted
of downy brome collected from naturally occurring populations in Kansas, Oklahoma, Nebraska,
Colorado, Montana, and Idaho. While considerable variation in mature seed set in the Western
United States was found (582 to 1,287 GDD), little variation was observed in the time to produce
mature seeds from accessions collected and grown in the PNW (983 to 1,151 GDD). Ball et al.
(2004) concluded mature seed set of downy brome in the PNW could be predicted to occur around
1,000 GDD. The 20-year average (1984-2003) for the 1,000 GDD threshold fell on 11 June in the
PNW.

Meyer et al. (2004) examined vernalization response and requirements under greenhouse
conditions among downy brome populations collected from contrasting habitats. Plants collected
from warm, dry desert regions required little vernalization to flower and no difference in flowering
response was observed from increased vernalization. However, plants collected from cold, high
elevation locations required longer vernalization periods, and the weeks required to induce flowering
and the proportion of individuals flowering following the end of vernalization treatments increased
with the length of vernalization. Meyer et al. (2004) concluded that vernalization response and
requirements are adaptively significant and differences observed between seed sources reflect
habitat-specific selection operating on an array of founder genotypes within a population.

The small grain production area of the Pacific Northwest (PNW) includes Central and

Eastern Washington, parts of Northern Oregon, and Northern Idaho and totals 2.2 million ha of
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non-irrigated cropland (Huggins et al. 2012) (Figure 1). In 2007, 1.3 million ha of the small grain
production region were planted with small grains of which 1.0 million ha was planted to winter
wheat. Within the small grain production region, downy brome is among most widely distributed
weeds.

When predicting how winter annual weeds may respond to climate change, one of the more
critical traits is plasticity in phenology and flowering time (Metcalf et al. 2003, Nicotra et al. 2010).
Few papers have investigated the response of weeds to climate change in relation to a specific crop
or region (Peters et al. 2014). With increased evapotranspiration rates and milder winters projected
for the PNW, winter annual weeds are anticipated to be more successful, compared to spring annual
weeds under future climate scenarios (Concilio et al. 2013, Hanzlik and Gerowitt 2012, Peters et al.
2014) similar to what has been projected for winter grains compared to spring grains (Ball et al.
1995, Stockle et al. 2010). A thorough understanding of downy brome phenology may aid in grower
adaptation to climate change.

Ball et al. (2004) described little variation in time to mature seed set from downy brome
accessions collected from the PNW. However Ball et al. (2004) only sourced a limited number of
downy brome accessions from the PNW. A series of common garden and greenhouse studies were
therefore conducted in 2012, 2013 and 2014 to characterize the variation in downy brome
phenology within the PNW. A similar approach to that outlined by Ball et al. (2004) was followed,
but with a greatly expanded number of collections and with common garden experiments capturing
a diverse range in winter vernalization temperatures. Study objectives were to observe the full range
in variation of downy brome phenology in the PNW small grain production region, utilize molecular
tools to identify the influence of genotype on phenology, and capture what impact climate has on

phenology.
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3.2 Methods and Materials

3.2.1 Plant Materials. A systematic-random sampling design (Storfer et al. 2007) was utilized where
a 10 km grid was laid over the small grain production region and a point was randomly assigned for
sampling within each grid. A total of 190 sampling points were generated and then viewed using
satellite images. If the sampling point had not been assigned to a small grain field, the sampling
point was moved to the nearest small grain field. If there was no small grain field within 3 km of the
original sampling point, the location was discarded. Following reassigning of the original sampling
locations, 130 sampling locations were retained.

In June of 2010 and 2011 each of the 130 reassigned sampling locations was visited and a
single downy brome plant and was taken as either a mature panicle or a live plant. Each collection
was taken within a small grain field at least 10 m from the field border. Live plants were transplanted
into a greenhouse at the Washington State University (WSU) Plant Growth Facility located in
Pullman, WA and allowed to grow until mature panicles could be collected.

To limit the influence of maternal effects, all accessions collected during June of 2010 and
2011 were planted in a greenhouse located in Pullman, WA and brought through one complete life
cycle. Accessions were planted into 10 cm’ pots containing a peat based growth media (LC1 Mix.
Sun Gro Horticulture Distribution Inc., Bellevue, WA, USA) and placed in a greenhouse kept at
between 26° C and 22° C on December 17 2011. By 1 January 2012 all emerged individuals had
reached 2-3 true leaves. Between 1 January and the 31 March 2012 the heating system in the
greenhouse was turned off and cooling vents were opened to bring in outside air to allow
vernalization. Seed was collected from each individual when shattering was first observed, between
May and June depending on the accession. No supplemental lighting was provided during from the
time of planting to harvesting. Collected seeds were stored at room temperature in paper envelopes

until the beginning of common garden experiments.
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3.2.2 Common Garden Experiments and Greenhouse Seed Maturity Experiments. Loose
smut [Ustilago bromivora (Tul. & C. Tul.) A.A. Fisch. Waldh] was observed on around 30% of the 130
individuals during the course of the December 2011 to June 2012 seed increase. Based on the
incidence of smut and availability of seed, 85 (Table 1) out of the 130 accessions were used in future
common garden experiments. On October 15" of 2012, seed from 85 accessions was treated with a
premade mixture of mefenoxam and difenoconazole (CruiserMaxx Cereals®, Syngenta Crop
Protection, LLC, Greensboro, NC, USA) to prevent smut and planted into 48-cell inserts with
around 20 seeds planted per cell. Each cell was 6 cm’ in volume and filled with a peat moss-based
planting mix. No supplemental lighting was provided and the greenhouse was maintained at 26° C
to 22° C. Plants were thinned to one plant per cell and on 14 November 2012 and 10 cells from
each accession were transplanted to a common garden location located in Central Ferry, WA (46.73,
-117.54, elevation of 533 m). Another 10 cells from each accession were transplanted to a separate
common garden located at the Cook Agronomy Farm (46.78, -117.09, elevation of 795 m) located
north of Pullman, WA on 16 November 2012. At the time of transplanting, individual plants ranged
in growth stage from 1 to 3 true leaves.

A third common garden experiment was initiated in the fall of 2013 and terminated in the
spring of 2014. The same 85 accessions and seed sources (Table 1) were used in all three common
garden experiments. Seeds were treated with mefenoxam and difenoconazole and planted on 15
October 2013 at the WSU Plant Growth Facility. Seeds were planted in 48 cell inserts with around
20 seeds planted per cell. Due to the limited availability of seed the number of replicates was
reduced from 10 to 6 per accession, with each cell representing one replication. Each cell was
thinned to one plant per cell after emergence and transplanted to a field site located in Central Ferry,
WA on 12 November 2013. At the time of transplanting, each individual had between 1 to 3 true

leaves.
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The experimental design at all three locations was a RCBD with ten replications. No
supplemental irrigation was provided at either location. Prior to planting, all three locations were
roto-tilled to control weeds and to facilitate transplanting. Each site was kept weed free by hand
weeding for the duration of the study. In January, February, March, and April, survival was assessed
for each individual along with growth stage. Four growth stages were utilized to classify individuals:
pre-tillering, tillering, boot stage, as indicate by visible reproductive tillers that are swollen and
purple, and emerged panicles. Beginning in May, each study location was visited weekly. Both
common garden study sites were located near a weather station that recorded air temperature on an
houtly basis for the duration of each study.

The most mature panicle from each plant was collected at the first observation of panicle
emergence. Sampling of the most mature panicle for each individual occurred weekly until the
completion of each study. All studies were concluded when all individuals had started shattering
seed. Collected panicles were stored at room temperature in Pullman, WA for at least 3 mo to allow
after ripening. After 3 mo of storage seed from the last sampling date were planted to assess if seed
had after ripened. The three earliest and three latest accessions were included in the after-ripening
germination test. If emergence was observed from all six accessions seed was considered to be after-
ripened. If emergence was not observed from all six accessions, the after-ripening germination test
was repeated again two weeks later. Once germination of all tested accessions was observed, a series
of seed maturity experiments was initiated to determine the GDD required for each individual to
produce mature seed. Greenhouse seed maturity experiments began between October and
December depending upon the common garden experiment that seed had been sourced from.

Individual panicles were broken apart by hand to separate caryopses which were

subsequently planted into 48-cell inserts and flood irrigated as needed. The greenhouse was
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maintained at between 22° C and 26° C with no supplemental lighting. After two weeks, emergence
was scored on a binary scale to indicate seed was or was not mature at the time of collection.

3.2.3 Genetic Clustering. Depending upon the study year, winter survival ranged between 0 and
90% of transplanted individuals. To compensate for the high number of winter-killed replicates,
response variables for each replication were pooled across genetic clusters. Within each replication
all individuals of a particular cluster were treated as subsamples yielding 6 to 10 replications per
cluster depending on study year. Genetic clusters were determined by grouping like individuals based
upon distribution of 384 single nucleotide polymorphisms (SNPs).

A two-enzyme (Pst1 and MspT) genotyping-by-sequencing (GBS) approach originally
developed for species lacking a reference genome (Poland et al. 2012) was utilized. A modified GBS
protocol developed by Mascher et al. (2013) for use with semi-conductor sequencing platform was
followed according to protocol. Sequencing was conducted on an Ion Proton™ using an Ion P1™
Chip (Life Technologies, Carlsbad, CA, USA).

SNP calling was conducted with the program Stacks (1.22, Cresko Laboratory, Eugene, OR,
USA) using the “denovo_map.pl” command in stacks. In total, 16,382 SNPs were called across all
individuals. The “population” command in stacks was used to reduce the total number of SNPs by
only selecting genetic markers that were called from the majority of individuals. Each locus had to
be found in 75% of individuals for further analysis, reducing the total remaining SNPs to 384. With
the R (R Development Core Team, version 3.0.2, R Foundation for Statistical computing, Vienna,
Austria) package adegenet (Jombart et al., Version 2.0.0). Discriminate Analysis of Principal
Components (DAPC) (Jombart et al. 2010) was used to describe population structure of collected
downy brome accessions. DAPC is multivariate approach that first relies on principal component

analysis to determine the optimal number of population clusters. DAPC then creates linear
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combinations of the most informative genetic markers to maximize the between-cluster variation
and assign each individual to a particular cluster.

3.2.4 Statistical Modeling. Modeling the timing of different development thresholds was
conducted using the same GDD model developed by Ball et al. (2004), starting 1 January and with a

base temperature of 0°C [1].

Tmax+Tmin

GDD = Z(T — Thase) 1]

Using the R package DRC, a two-parameter log-logistic model [2] (Ritz and Streibig 2005; DRC R
package version 2.3-90) suitable for non-linear regression of binary response variables was employed
to estimate the GDD required for mature seed set. Where “x” refers to cumulative GDD, “¢” refers
to the GDD required to produce a 50% response, and “b” refers to the slope of the model at “4”.

Accessions from each block were treated as sub-samples for each genetic cluster.

1
1+exp(b(log(x))—e))

f&) =

3.3 Results

3.3.1 Genetic Clustering. Results of DAPC returned seven genetic clusters (Table 1). Cluster six
contains a single individual that is a congener to downy brome, Bromus diandrus Roth (ripgut brome),
included as check to see if clustering analysis could detect the related species as an outlier. The
number of individuals detected in each cluster varied by cluster. None of the clusters was more
commonly found in any particular part of the small grain production region and distribution appears
random.

3.3.2 Winter Survival and Timing of Development. Survival of individuals varied considerably
between experiments, and was evenly distributed between clusters. The Central Ferry experiment
that was completed in 2013 had a very low rate of winter kill with over 90% of individuals surviving

until the end of the experiment. The Cook Agronomy Farm experiment that was completed in 2013
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had considerably more winter kill with 60% of individuals surviving until the end of the experiment.
Cluster six, containing only the outlier accession, was completely killed during the winter and no
data were collected for that cluster at the 2013 Cook site. The Central Ferry experiment concluded
in 2014 had complete winter kill of all individuals.

Comparing the GDD accumulation at all three sites (Table 2), GDD accumulation was
similar in 2013 and 2014 at the Central Ferry location, but slower accumulation of GDD was
observed at the 2013 Cook Agronomy Farm location. The slower GDD accumulation at the Cook
Agronomy Farm is indicative of a colder winter and likely the cause of the greater degree of winter
kill observed at the Cook Agronomy Farm location. The complete winter kill at the 2013 Central
Ferry location is thought to be due to a December cold snap not described by a cumulative GDD
model beginning on 1 January.

Survival was assessed at the 2014 Central Ferry Location in January and February and no
living individuals were found. In March, downy brome plants were observed emerging from
transplanted potting soil. When emerging plants were further examined, the caryopses were clearly
stained with the commercial seed treatment used to control loose smut. While the 2013 Central
Ferry and Cook Agronomy Farm experiments documented development from November
transplanted seedlings, the 2014 Central Ferry location documented spring emergence of individuals
that did not germinate in the fall. While nearly every replicate had been transplanted in the fall, only
40% of the replications emerged in the spring.

At all visits to experiment sites, growth stage was recorded. At the 2013 Central Ferry and
Cook Agronomy Farm locations all individuals had tillered by the first visit in January. Reproductive
tillers were not observed at the 2013 Central Ferry Location until 16 April (709 GDD) at which time

most individuals were still tillering. By 8 May (1014 GDD) all individuals had progressed to
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producing reproductive tillers or displaying panicles. On 15" May (1147 GDD) greater than 90% of
individuals were displaying panicles.

Compared to the 2013 Central Ferry location, little variation of development stage was
observed at the 2013 Cook Agronomy Farm Site. All individuals at that site had progressed from
tillering to displaying reproductive tillers by 17 May (679 GDD). When the site was revisited on 22
May (734 GDD) all individuals had progressed to displaying panicles, and no differences in
development stage between genetic clusters was observed.

Emergence at the 2014 Central Ferry location was observed between 1 March and 2 May
(211 to 908 GDD). Timing of plant emergence from the soil did not differ among genetic clustering.
The majority of individuals had produced reproductive tillers by 18 April (717 GDD) although some
individuals had yet to emerge from the soil. By 2 May (908 GDD), individuals ranged in
development stage from pre-tillering to emerged panicles. All individuals had displayed panicles by 3
June (1467 GDD).

3.3.3 Modeling Panicle Emergence. It was not possible to develop a GDD model for panicle
emergence at the 2013 Cook Agronomy Farm location as no variation in panicle emergence was
observed. Panicle emergence by cumulative GDD was modeled at both Central Ferry locations
(Figure 2). With the exception of cluster six, the GDD required for panicle emergence at the 2013
Central Ferry location did not vary by cluster. The GDD required for panicle emergence for clusters
one, two, three, four, five, and seven ranged from 850 to 870 (Table 3).

Greater variation was observed at the 2014 Central Ferry location with an estimated 960 to
1330 GDD required for panicle emergence (Table 3). Standard errors of the GDD estimates for the
2014 Central Ferry location were smaller (with the exception of cluster six) than the 2013 site. From
the 2014 Central Ferry location cluster, one and three, can distinguished from clusters two and four

as eatly to develop panicles.The greater GDD requirements for panicle development at the 2014
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Central Ferry location compared with the 2013 Central Ferry location is likely a result of spring
emergence versus winter emergence.
3.3.4 Modeling mature seed set. GDD estimates for mature seed set varied by genetic cluster and
study location (Figure 3). The GDD required for mature seed set could not be estimated for cluster
six at the 2013 Cook Agronomy Farm as cluster six was completely winter killed. Only two
individuals emerged in the spring at the 2014 Central Ferry location and the standard error is quite
large in comparison to the other clusters (Table 4). The GDD required for mature seed set at the
2013 Central Ferry location ranged from 1150 to 1250. Clusters one and three matured earlier
compared to clusters four and five when comparing estimates (Table 4). Estimated GDD required
for mature seed set at the 2013 Cook Agronomy Farm ranged from 990 to 1040 (Table 4). GDD
estimates varied little compared to the 2013 Central Ferry location. Mature seed set estimates from
the 2014 Central Ferry Location ranged from 1340 to 1450 GDD. Comparable to the 2013 Central
Ferry Location, cluster 1 and 3 set seed early relative to cluster four.
3.4 Discussion

Study objectives were to observe the full range in variation of downy brome phenology in
the PN'W small grain production region, utilize molecular tools to identify the influence of genotype
on phenology, and capture what impact climate has on phenology. Downy brome phenology was
variable among genetic clusters, but the range in variation depended upon the climate of the
common garden location. At the 2013 Cook Agronomy Farm, which had the coldest winter, average
GDD required for mature seed set was 1010. The At the 2013 Central Ferry location, with a more
mild winter compared to the Cook Site, was requirement for seed set was 1200 GDD. The At the

2014 Central Ferry location with the least exposure to winter temperatures the average estimated

GDD for mature seed set was 1400.
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The patterns in panicle emergence and mature seed set observed at all three common garden
locations suggests that differential vernalization requirements interact with exposure to vernalizing
temperatures to drive the rate of downy brome development. Clusters 1 and 3 were the earliest to
set mature seed at each common garden, while clusters 2 and 4 were consistently delayed in setting
mature seed relative to other clusters regardless of growing conditions, indicating that genetics and
environment act additively to influence seed maturation. On the other hand, variation in
development timing among accessions was greater in spring emerging downy brome and least in
downy brome exposed to the most severe (coldest) winter conditions. Thus, genetically based
differential vernalization requirements are obscured if winters are severe enough winter to saturate
the vernalization response of all individuals. Conversely, a mild winter or spring emergence would
result in differential saturation of the vernalization pathways, and greater variation in the rate of
development. Differential vernalization requirements have been previously suggested (Ball et al.
2004; Meyer et al. 2004; and Rice and Mack 1991b) as an explanation for the observed variation in
downy brome development. Schwartz et al. (2010) studied variation in time to flowering with
differing levels of vernalization exposure from a diverse collection of Brachypodium distachyon ((L.) P.
Beauv) were. As the length of vernalization exposure was increased, variation in time to flowering
was decreased (Schwartz et al. 2010). The expression of two vernalization genes, [ernalization 1
(BAVVRNT) and Vernalization 2 (Bdl”RIN2) were also correlated with increased cold exposure. Given
that downy brome and Brachypodium distachyon are both in the Triticodae group within the Pooideae
subfamily (Soreng et al. 2015), genetic controls of vernalization are likely similar.

In the north of the PNW small grain production region, the GDD required for mature seed
set are likely lower than the 1010 GDD average estimate from the Cook Agronomy Farm. The
GDD accumulation observed at the 2013 Cook Agronomy Farm location is similar to the 30 year

average for both Pullman and Ritzville. The 30 year average GDD accumulation at Wilbur, located
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in the North of the Small grain production region, was slower than the GDD accumulation at the
any of the common garden location. In the south of the small grain production region, the 30 year
average for GDD accumulation at Walla Walla was in between the observations at the Cook
Agronomy Farm and Central Ferry locations. The 1010 GDD average likely captures the
requirements for all but the norther part of the PNW small grain production the bulk of the small
grain production region in normal years. The 30 year average for GDD accumulation at Walla Walla
fell in between what was recorded at the Central Ferry and Cook Agronomy farm locations, and the
GDD requirements for the southern range of the small grain production region likely are between
1010 and 1200 GDD.

The estimates from the Central Ferry location, which is at a lower elevation and hence
warmer than most of the small grain growing areas in the PNW, may represent downy brome
development during atypically mild winters across the entire region. An increased frequency of mild
winters are anticipated for the PNW under climate change projections (Mote and Salathé 2010),
suggesting that the GDD estimates for mature seed set in the 2013 Central Ferry common garden
are representative of more typical downy brome development rates under future climate change.
Although increased GDD were required for downy brome mature seed set at the 2013 Central Ferry
location (Table 4), mature seed set occurred in mid-May, rather than mid-June as occurred for most
accessions at the Cook Agronomy Farm. This suggests that despite the increased GDD requirement
for downy brome mature seed set that may occur as the climate warms, mature seed set will still
likely occur earlier in the year than it does currently, since GDD will accumulate more rapidly under
warmer conditions.

With an expanded collection of downy brome accessions from across the region and with a
different modeling approach, the 1000 GDD mature seed set threshold proposed by Ball et al.

(2004) appears to describe the development of downy brome for most of the region following an
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average winter. Ball et al. (2004) used a nonlinear regression model that estimated the GDD required
for the first mature seed set by describing where the model deviates from the lower asymptote. The
log-logistic regression model estimates the GDD required for 50% of replications from one genetic
cluster to set mature seed. The model used by Ball et al. (2004) likely is more accurate at describing
the GDD required for the absolute first mature seed set from a population. While the log-logistic
model is likely more accurate at describing the average GDD threshold for an entire population. The
average estimate for mature seed set from the Cook Agronomy Farm, 1010 GDD, is very close to
the 1000 GDD estimate proposed by Ball et al. (2004).

Downy brome phenology has implications for the efficacy of its control in agronomic fields.
Ball et al. (2004) proposed the 1,000 GDD threshold as a heuristic for the last opportunity to
control downy brome in fallow fields to prevent additional recruitment (or deposition) of downy
brome seed into the seed bank. While the 1,000 GDD estimate appears to be a sound threshold for
most of the region, at the north end of the small grain region, control likely would need to take place
at an earlier GDD threshold as increased exposure to vernalizing temperatures likely would lead to
earlier mature seed set relative to cumulative GDD.

Control of downy brome within small grain fields is largely reliant on applications of spring
applied ALS-inhibiting herbicides (Stahlman 1994). Blackshaw (1991) reported decreased efficacy of
spring applied herbicides as downy brome matured. Control of downy brome after the boot stage,
when reproductive tillers are visible, was less efficacious compared to herbicide applications at
earlier development stages. Reproductive tillers were first observed at the 2013 Central Ferry, 2013
Cook Agronomy Farm, and 2014 Central Ferry locations were 709, 679, 717 GDD, respectively. At
the 2013 Cook Agronomy Farm reproductive tillers were likely visible several d to w earlier than the

first observation which occurred at 679 GDD. Reproductive tillers may be first visible between 500
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and 650 GDD although further study is necessary to confirm the required GDD under similar
conditions of vernalization.

Lawrence et al. (2014) summarized 15 years of herbicide efficacy trials for the control of
downy brome in the PNW. Little variation in winter applied ALS-inhibiting herbicides was reported
over 15 years. The efficacy of spring applied herbicides was considerably more variable. A possible
explanation for the observed variability in efficacy of spring applied herbicides may be differential
development resulting in variability in growth stage on date of herbicide application. It is likely that
the biotypes of downy brome present in a particular field, variation in emergence, and yearly
differences in vernalization intensity may all influence the results of spring applied herbicide
applications.

Variation in downy brome development is dependent on a combination of genetic factors,
local climate, and their interaction. Despite yeatly variation in development time, the control of
downy brome can be aided by developing management thresholds for timing tillage operation and
herbicide applications. The 1,000 GDD threshold proposed by Ball et al. (2004) appears to be a
sound heuristic for timing tillage operations in fallow fields. A similar GDD threshold accounting
indicating the development of reproductive tillers could provide an upper limit for the timing
application of spring applied herbicides within small grain fields. Further work is needed to identify
the spring application threshold in greater detail and to identify with certainty the genetic mechanism

responsible for the observed variation in downy brome vernalization requirements.
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3.6 Tables and Figures

WA

OR D

Figure 3.1. The small grain production region of the PNW. All accessions were sourced from within
the small grain production region of the PNW.
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Table 3.1. Accession 1D, year of collection, GPS coordinates of collection, and assigned cluster of
each accession evaluated in common garden and greenhouse experiments.

Accession  Year Longitude Latitude Cluster Accession  Year Longitude Latitude Cluster
5 2010 -120.35 45.90 3 104 2011 -118.61 46.08 4
8 2010 -120.24  46.00 4 106 2011 -118.74 46.34 2
10 2010 -120.66  46.56 7 107 2011 -118.79 46.74 7
12 2010 -120.36  45.42 5 108 2011 -118.65 46.77 5
13 2010 -120.49 45.48 4 110 2011 -118.64 47.26 2
18 2010 -120.56  46.46 7 111 2011 -118.79 47.48 2
21 2010 -120.16  45.40 4 112 2011 -118.85 47.52 4
22 2010 -120.18 45.62 4 113 2011 -118.68 47.80 7
26 2010 -120.16  46.26 4 115 2010 -118.40 45.76 1
28 2010 -119.91 46.70 7 116 2011 -118.44 46.01 1
29 2011 -120.34  46.89 5 118 2011 -118.36 46.33 5
30 2011 -120.41 47.00 4 123 2011 -118.36 47.23 7
32 2010 -119.94 4539 4 125 2011 -118.46 47.49 4
37 2010  -119.86  46.26 1 127 2010 -118.10 46.37 3
38 2010 -120.13 46.38 1 128 2011 -118.37 46.68 4
39 2010 -119.85 46.67 3 129 2011 -118.13 46.66 4
42 2011 -119.87 47.10 3 130 2011 -118.17 46.80 4
45 2010 -119.80  45.35 1 133 2011 -118.31 47.46 7
53 2011 -119.85 46.74 4 135 2011 -118.14 47.69 7
56 2011 -119.71 47.34 2 136 2010 -117.91 46.39 4
59 2011 -117.75 47.90 2 137 2010 -117.95 46.43 7
60 2010 -119.44  45.64 5 138 2010 -117.80 46.63 4
63 2010 -119.37  46.11 4 139 2011  -118.18  46.91 2
04 2010 -119.22 46.39 3 141 2010 -117.87 47.21 1
065 2010 -119.69 46.74 3 143 2010 -117.88 47.52 2
67 2011 -119.41  46.85 4 147 2010 -117.66  46.90 3
70 2011 -119.18 47.42 7 148 2010 -117.67 47.12 7
74 2010 -119.28 45.76 4 152 2011 -117.63 47.72 4
75 2010 -119.24  46.03 4 154 2010 -117.52 46.49 4
78 2010 -119.22 46.56 1 156 2010 -117.48 46.95 4
79 2011 -119.28 46.71 4 157 2010 -117.38 47.26 4
81 2011 -119.20  47.01 1 159 2011 -117.55 47.52 4
82 2011 -119.15 47.18 4 161 2011 -117.16 46.37 1
83 2011 -119.32 47.47 2 165 2010 -117.17 47.10 4
86 2011 -119.37 47.89 1 166 2010 -117.25 47.31 4
88 2011 -118.99 45.77 7 167 2010 -117.25 47.39 4
93 2011 -11890  46.67 4 168 2010 -117.09 47.48 4
94 2011 -118.99 46.82 4 169 2011 -116.87 46.40 4
96 2011 -119.08 47.20 3 172 2010 -116.84 46.92 4
99 2011 -118.92 47.79 4 179 2010 -116.71 46.92 3
100 2011 -119.16  47.99 4 182 2010 -116.47 46.25 4
101 2010 -118.86  46.48 4 183* 2010 -115.96 46.10 6
103 2011 -118.60  45.99 1 — — — — —

*Accession is Bromus diandrus Roth.
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Table 3.2. Growing degree accumulation by month for the three common garden studies.
Accumulation of growing degree days began on January 1% and with a base temperature of 0°C.

TLocation and Year

Date Central Ferry 2013 Cook 2013  Central Ferry 2014
1 January 1 0 2

1 February 86 23 109

1 March 251 82 211

1 April 544 244 506

1 May 881 438 890

1 June 1403 833 1422

1 July 1976 1266 1979
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GDD Estimate for 50% Panicle Emergence

Winter Emergence
2013 Central Ferry

Spring Emergence
2014 Central Ferry

1100 —_

Figure 3.2. Growing degree days required and S.E. for 50% panicle emergence for each genetic cluster. Response of each cluster is

Cluster@1H2m3M4 5H6W7

separated by common garden location and year the study was terminated. Cluster six is Bromus diandrus Roth
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Table 3.3. Growing degree days required and S.E. for 50% panicle emergence for each genetic
cluster. Response of each cluster is separated by common garden location and year the study was
terminated.

GDD Estimate (S.E.)——
Cluster  Central Ferry 2013 Central Ferry 2014

1 850 (460) 960 (30)

2 860 (100) 1050 (30)
3 850 (240) 960 (30)

4 860 (40) 1070 (40)
5 870 (160) 1020 (30)
6* 1040 (2700) 1130 (560)
7 850 (40) 1010 (40)
Average' 860 1010

*Cluster is Bromus diandrus Roth.
1LAverage ignores cluster six.

84



GDD Estimate for 50% Mature Seed Set

Winter Emergence Winter Emergence Spring Emergence
2013 Central Ferry 2013 Cook 2014 Central Ferry
1500-
1400- I
N 1300-
&5 1200-

1100-
1000-
900-

ClusterH1H2H3H4 5HcH7

Figure 3.3. Growing degree days required and S.E. for 50% mature seed set for each genetic cluster. Response of each cluster is separated
by common garden location and year the study was terminated. Cluster six is Bromus diandrus Roth. Absence of a bar indicates all replicates
were winter killed.
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Table 3.4. Growing degree days required and S.E. for 50% mature seed set for each genetic cluster.
Response of each cluster is separated by common garden location and year the study was
terminated.

GDD Estimate (S.E.)
Cluster  Central Ferry 2013 Cook 2013  Central Ferry 2014

1 1150 (30) 990 (30) 1340 (40)
2 1200 (30) 1020 (40) 1440 (60)
3 1160 (30) 990 (30) 1340 (50)
4 1230 (30) 1030 (30) 1420 (60)
5 1220 (30) 1040 (30) 1340 (90)
6% 1250 (190) — 1450 (5500)
7 1200 (30) 1010 (20) 1440 (60)
Average' 1200 1010 1400

*Cluster is Bromus diandrus Roth. At the 2013 Cook location all individuals from cluster six were
winter killed.
TAverage ignores cluster six
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Table 3.5. Locations of four towns in the PNW small grain production region, thirty year average
(1981-2010) GDD accumulation for each town, and the 30 year average calendar date that 850, 1000
and 1500 GDD occurred. Downy brome panicle emergence, averaged across all genetic clusters,
occurred near 850 GDD at the 2013 Central Ferry location. The 1000 GDD is the estimated
threshold for flowering across the majority of the PNW small grain production region. Averaged
across genetic clusters, spring emerging downy brome produced mature seed around 1500 GDD at
the 2014 Central Ferry location.

Walla-Walla Pullman Ritzville Wilbur

Longitude -118.29 -117.19  -118.37  -118.72
Latitude 46.09 46.76 47.12 47.768
Elevation (m) 355 767 568 689
Date GDD

1 January 1 0 0 0

1 February 63 2 0 0

1 March 176 39 33 5

1 April 427 187 192 124

1 May 767 425 445 349

1 June 1243 797 838 721

1 July 1822 1252 1336 1192
GDD Calendar Date

850 May 8" June 2™  June 5" June 10"
1000 May 18" June 16" June 12" June 20"
1500 June 16" July 15" July 10" July 18"
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Chapter 4. Characterization of Vernalization Requirements and Expression of BdVRN7in

Bromus tectorum

4.1 Introduction

Downy brome (Bromus tectorum 1..) is a widely distributed winter annual weed across Western
North America (Morrow and Stahlman 1984). Native to Eurasia, genetic evidence suggests downy
brome was introduced to North America through multiple immigrations (Novak et al. 1993).
Vigorous initial growth and early seed production allows establishment in disturbed natural areas
and agronomic fields. When wheat is tillering, downy brome is generally in the boot stage, flowering
four weeks earlier than winter wheat (Thill et al. 1984). Since downy brome matures earlier than
winter wheat, soil moisture and nutrients can be depleted when winter wheat is at a critical
reproductive period, resulting in considerable yield losses (Thill et al. 1984).

Multiple studies have characterized variation in downy brome phenotype by observing
natural populations, conducting common garden experiments, and through greenhouse studies (Ball
et al. 2004, Hulbert 1955, Klemmedson and Smith 1964, Meyer et al. 2004, Rice and Mack 1991a,
1991b). Hulbert (1955) described differences in phenology among downy brome collections from
Europe and North America as “striking” in a common garden experiment. The first appearance of
panicles, the change to purple coloration, and the change to brown coloration (signaling senescence)
were used to differentiate biotypes as winter hardiness, plant size, shoot and root morphology, seed
production, and seed dormancy were too variable (Hulbert 1955). Rice and Mack (1991a) also
observed phenotypic variation among siblings in respect to several life history traits, which was
attributed to plastic response to environmental influences. Traits including plant size, shoot and root
morphology, seed production, and seed dormancy have been reported as variable between
individuals collected from the same source population and even among siblings (Hulbert 1955, Rice

and Mack 1991a, 1991b). Variation in downy brome development time, however, has been reported
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as stable within populations, across different environments, and adaptively significant (Hulbert 1955,
Meyer et al. 2004, Rice and Mack 1991a, 1991b).

Flowering time was found to be highly stable among siblings and within populations, but
variable between populations by Rice and Mack (1991a) who concluded that variation in flowering
time is an environmentally stable trait reflecting local adaptation between populations. As part of the
same series of studies, Rice and Mack (1991b) reciprocally sowed downy brome seed from four seed
sources in a common garden to observe whether variation among siblings with respect to dry plant
weight, seed weight, seed number, and phenology would differ with local climate. Seed number, seed
weight, and plant weight did vary from year to year, which Rice and Mack (1991b) attributed to local
acclimation of traits in response to environment. Flowering time, however, was stable year to year
among plants from the same seed source (Rice and Mack 1991b). Rice and Mack (1991b) concluded
the stability observed within flowering time was evidence of strong genetic controls, compared with
plant size, survival, and seed production.

In a series of experiments to model the cumulative growing degree days (GDD) required to
produce mature seed, Ball et al. (2004) observed little variation in the timing of mature seed set from
collections in Oregon and Washington. However, when collections were made across Western
North America, considerable variation in the GDD was reported. Variation in seed maturity time
across western North America might be attributed to: 1) how differences in climate affect the rate of
vernalization, 2) varied vernalization requirements in different biotypes regardless of climate, or both
(Ball et al. 2004). Ball et al.’s (2004) observed consistent timing of mature seed set within the PNW
but variable timing of mature seed set across the western United States (Ball et al. 2004) agrees with
the conclusions of Rice and Mack (1991a, 1991b) that downy brome flowering time can reflect local

adaption to climate.
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Ball et al. (2004), Meyer et al. (2004), and Rice and Mack (1991b) have attributed variation in
downy brome phenology to variation in the vernalization requirements. Vernalization can be defined
as the acquisition or acceleration of the ability to flower by a chilling treatment (Chouard 1960).
Meyer et al. (2004) observed differences in vernalization requirements by downy brome under
greenhouse conditions. Downy brome was collected from two dissimilar seed sources, one
originating from a cold desert and the other a warm desert environment. Flowering time was
measured for individuals from each collection and vernalized for 0 to 14 w. Little variation in
flowering response to vernalization treatments was observed among sibling plants collected from the
same seed source. However, considerable variation occurred among seed sources. Plants collected
from warm dry desert regions required no vernalization whereas plants collected from cold high
altitude locations required vernalization to flower (Meyer et al. 2004). Moreover, the proportion of
individuals flowering increased with the length of vernalization time. Meyer et al. (2004) concluded
that vernalization response and requirements are adaptive and that differences observed between
seed sources reflect selection on founder populations.

Although no prior research has been conducted on the molecular controls of vernalization in
downy brome, a great deal is known about vernalization genetics in the cereals Triticum aestivum L.
and Hordeum vulgare L, and the model species Brachypodium distachyon (L.) P. Beauv. FT like 1 (F17)
integrates the vernalization and photoperiod pathway and is responsible for long distance signaling
of flowering in the cereals (Greenup et al. 2009). In wheat and batley, vernalization is regulated by
Vernalization 1 (IVRINT) and Vemalization 2 (I’'RIN2) genes. I’RIN2 suppresses FT7 in the presence of
long days (Hemming et al. 2008, Takahashi and Yasuda 1971). [’RIN7 is expressed with vernalization
and upregulates FI'7 and down regulates [’RIN2 (Hemming et al. 2008, Trevaskis et al. 2000).

I’RNT mediates flowering through acceleration of the transition to reproductive growth at the shoot

apex and activation of the long day response in the leaves (Greenup et al. 2009). Spring varieties of
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wheat and barley that do not require vernalization to flower are the result of a mutation in the
IVRNT promoter, or because of deletion or insertion within the first intron of [’'RN7 (Cockram et
al. 2007, Fu et al. 2005, Szucs et al. 2007, Yan et al. 2003, Von Zitzewitz et al. 2005). In wheat, most
natural variation in vernalization requirements can be attributed to variation of I’'RIN7 gene (Chen
and Dubcovsky 2012).

Similar to wheat and barley, B. distachyon contains a homologous gene to A. thaliana FT, and a
homologous gene to wheat and barley I’'RN7. However, no homologs of wheat or barley ’'RNZ2
have been discovered (Higgins et al. 2010). A I'RIN2 /ike (I’'RIN2L) gene has been identified in B.
distachyon and is thought to integrate vernalization and photoperiod response, however B4l"RN2L
behaves in a dissimilar way from wheat or barley ’'RN2 (Ream et al. 2014). In wheat and barley
IRINZ expression decreases sharply following a vernalization treatment, while B4/I”"RN2L
expression does not, suggesting it may play a different role in B. distachyon vernalization response
(Ream et al. 2012, 2014). By leveraging the current knowledge and genetic resources of cereal and
model species molecular controls of vernalization in downy brome can be correlated to variation in
development time.

Although little is known regarding the genetic controls of vernalization in downy brome,
transitional approaches based on known sequences for vernalization genes and vernalization
behavior of wheat, barely, and B. distachyon can be used to design primers and experiments for
downy brome. All four species are within the subfamily Pooideae. Wheat, barley and downy brome
are all members of to the supertribe Triticodae (Soreng et al. 2015). Comparisons of known
vernalization gene sequences between wheat, barley, and B. distachyon have detected greater than 80%
homology (Schwartz et al. 2010). The close relatedness and high homology may allow leveraging

VNR genes to use a translational approach to develop primers in brome.
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Variation in phenology of downy brome is a key factor in the success of the species as an ecological
invader of natural areas and competitor within agronomic fields (Thill et al. 1984). Prior research
documented differing vernalization requirements of downy brome collected from different
environments (Ball et al. 2004, Meyer et al. 2004, and Rice and Mack 1991b), but no previous work
has characterized the connection between phenotypic responses and genotypic control of downy
brome vernalization.

As most variation in vernalization requirements of wheat and barley have been attributed to
variation of [’'RIN7 (Chen and Dubcovsky 2012), quantifying the expression of a ’'RNT7 orthologue
in downy brome may help explain the genetic controls regulating downy brome phenology.
Therefore a series of greenhouse experiments was conducted to: (1) characterize the vernalization
requirements of downy brome accessions which had previously demonstrated differential
developmental rates and (2) determine if expression of [’RINT orthologues can be linked to

contrasting rates of development.

4.2 Methods

4.2.1 Greenhouse Vernalization Experiments. A series of previous common garden experiments
was conducted involving 85 accessions of downy brome collected from within small grain
production fields of Washington, Oregon, and Idaho. Results of previous common garden
experiments identified differences in time to flowering of up to 19 d and time required for mature
seed production of up to 21 d among accessions with little variation among siblings. Fight
accessions from the larger collection of 85, three characterized as early to develop (Early 1, Early 2,
and Early 3), two characterized as intermediate (Intermediate 1 and Intermediate 2), and three
characterized as late to develop (Late 1, Late 2, and Late 3), were used to quantify vernalization
requirements and "RNT7 expression (Table 1). Each accession was exposed to 0, 2, 4, 6, or 8 w of

vernalization at 3°C in a growth chamber. The duration of the study lasted 16 w from the start of
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vernalization through the observation of flowering. Plants exposed to the 2 w, 4 w, 6w, and 8 w of
vernalization were monitored for flowering response an additional 14, 12, 8, and 6 w, respectively.
Non-vernalized controls were observed for flowering response for 16 w. The experimental design
was two-way factorial, with factor one as accession and factor two as vernalization treatment, set in a
completely randomized design with each treatment replicated five times. The entire experiment was
replicated twice with separate growth chambers and greenhouses used for each study replicate.

Prior to and after vernalization exposure, plants were kept in a greenhouse maintained at 22
to 26°C. Supplemental lighting prior to, during, and after vernalization was provided for 12 hours
per day (d) at 400 umols m™. Lighting was kept consistent at all stages to control for the influence of
photoperiod on flowering. Biological replicates from each accession were full siblings sourced from
the same maternal plant. Individual replicates were planted into 49 cm’ containers (RL.C3, Stuewe &
Sons, inc, Tangent, OR, USA) and filled with a peat based growth media (LC1 Mix. Sun Gro
Horticulture Distribution Inc., Bellevue, WA, USA). Each container held a separate biological
replicate. Biological replicates were planted at a density of 10 to 15 seeds per container at a depth of
2 cm below the surface of the growth media. All containers were thinned to one plant prior to start
of vernalization treatments. At the start of the vernalization treatments all individuals were between
2 to 3 true leaves.

4.2.3 VRNI1 Primer Design. The Brachypodinm gene BRADI1g08340 (B41”RINT) (Schwartz et al.
2010), 88% identical to barley (HyI"RINT) and wheat (Tzl”"TR-7) VRN1 genes, was used to develop
primers to identify expression of a downy brome VRN1 orthologue. BRADI1g08340 was compared
to Hyl”’RNT and wheat Tal”TR-7 using the BLAST (Altschul et al. 1990) tools available through

Phytozome 10.3 (http://phytozome.jgi.doe.gov/) to search the NCBI database

(http:/ /blast.ncbi.nlm.nih.gov/). Primers were developed using the first exon from BRADI1g08340

(primers 5-CATGAGTCGGTGGCGAACT-3" and 5-CGGGAAGGTGCAGCTGAA-3").
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Elongation factor 1-alpha (EFla) (primers 5-GTCTGGCCATCCTTGGAGAT-3" and 5-
CCATCGATATTGCCTTGTGG -3") was chosen as a reference gene to compare [’'RN7
expression (Hong et al. 2008). No prior publications have studied valid reference genes for use with
downy brome. Hong et al. (2008) compared nine genes for stability across different plant tissues,
development stages, following hormone treatments, and abiotic stresses. EF7a was the third most
stable gene across all treatments, and the second most stable gene in response to heat and cold stress
(Hong et al. 2008).

IVRNT and EFT primers were validated using polymerase chain reaction (PCR) and 100 ng
of genomic DNA per reaction. PCR conditions were: 5 min of denaturation 94°C, followed by 35
cycles of 30 s of denaturation at 94°C, 30 s of annealing at 60°C, and 50 s of extension at 72°C, and
ending with a final extension at 72°C for 10 min. IV'RN7 and EF7a amplicons were analyzed using
1% agarose gels and visualized with SYBR® Safe (Thermo Fisher Scientific Inc, Wilmington, DE,
USA) according to the manufacturer's recommendations.
4.2.2 RNA Extraction and RT-PCR. Plant tissue was collected from 3 of the 5 biological
replicates of each treatment two weeks following the end of each vernalization treatment. The
youngest fully expanded leaf was harvested at each interval to maintain consistent size as plants
matured. Plant tissue was flash frozen in liquid nitrogen, and later stored at -80°C until RNA
extraction. RNA was extracted from frozen leaf tissue using a TRIZOL" Reagent (Thermo Fisher
Scientific Inc, Wilmington, DE, USA) according to protocol provided by Thermo Fisher Scientific.
RNA concentrations were quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific Inc, Wilmington, DE, USA), and normalized to a concentration of 250 ng ul”. Semi-
quantitative reverse transcriptase polymerase chain reaction (RT-PCR) analysis was used to measure
I’RNT expression between accessions from different vernalization treatments. Complementary

DNA (cDNA) was synthesized using 3.8 ug of total RNA using the iScript™ Reverse Transcription
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Supermix (BIO-RAD, Hercules, California) according to the manufacturer's protocol. PCR
conditions were: 5 min of denaturation 94°C, followed by 35 cycles of 30 s of denaturation at 94°C,
30 s of annealing at 60°C, and 50 s of extension at 72°C, and ending with a final extension at 72°C
for 10 min. I’'RNT and EF7a amplicons were analyzed using 1% agarose gels and visualized with
SYBR" Safe (Thermo Fisher Scientific Inc, Wilmington, DE, USA) according to the manufacturer's
recommendations.

4.2.4 Statistical Analysis. The “glm” command in R (R Development Core Team, version 3.0.2, R
Foundation for Statistical computing, Vienna, Austria) was used to test for the significance of
vernalization and downy brome accession on flowering response after 16 w. Both vernalization
treatment and downy brome accession were treated as fixed effects. As downy brome accession is a
categorical variable, the glm procedure treats one of the accessions a reference variable and contrasts
all other accessions are tested against the reference accession. To provide contrast of each accession
against all others, the glm procedure was repeated with each accession serving as a reference
variable. Significant interactions between vernalization treatment and downy brome accession were
described by regressing the flowering response of each accession aginst weeks of vernalization using
the R package “drc” (Ritz and Streibig 2005; DRC R package version 2.3-96) and two-parameter

logistic regression model suitable for binomial response variables.

1
1+exp(b(log(x))—e))
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Where “x” refers to weeks of vernalization, “¢” refers to the weeks of vernalization required to

produce a 50% response, and “b” refers to the slope of the model at “¢”.
4.3 Results

4.3.1 Greenhouse Vernalization Experiments. The objective of the greenhouse experiment were

to: (1) characterize the vernalization requirements of downy brome accessions which had previously
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demonstrated differential developmental rates and (2) identify if expression of I”’'RINT7 orthologues
can be linked to contrasting rates of development. There was no difference in variance between the
two study replicates and results for both studies were combined. Non-vernalized controls did not
flower by the end of the experiment (Figure 1). Only a single replicate from the Farly 3 accession
flowered within 14 w following vernalization for 2 w. Flowering was observed in 30 to 55% of
individuals from the early flowering accessions and from the Late 1 accession following 4 w of
vernalization. Greater than 70% of plants from all accessions had flowered following the 6 w
vernalization treatment. The Late 2 accession did not flower in response to any of the vernalization
treatments and so was removed from further statistical analyses testing the significance of flowering
response.

Each categorical variable was compared pairwise using a glm procedure to test which
accessions were statistically different from each other. The glm procedure segregated the flowering
response of each accession into two groups (Table 2). Accessions Early 1, 2, 3, and Late 1 began
flowering after 4 w of vernalization. Accessions Intermediate 1, 2 and Late 3 did not flowering until
after 6 w of vernalization. Accessions Early 1, 2, 3, and Late 1 were all different from accessions
Intermediate 1, 2, and Late 3; and vice versa. Regression analysis returned an estimate of the weeks
of flowering required to induce a 50% flowering response in each accession (Table 3). Results of
regression analysis can be grouped by accession into two responses similar to results generated from
the glm procedure. Estimates for the number of weeks required to induce a 50% flowering response
were identical for accessions Early 1, 2, 3, and Late 1. The estimates for 50% flowering from
accessions Intermediate 1 and Late 3 were identical, and similar to the estimate for Intermediate 2.
4.3.2 VRN1 Expression. Expression of ['RN7 from accessions Early 3, Intermediate 2 and Late 2
were evaluated from cDNA which was extracted from each replicate two weeks following the

conclusion of vernalization treatments. The control gene, EF7a, was expressed from all accessions,
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replicates, and vernalization treatments. The gene ["'RIN7 was expressed following 8 w of
vernalization only in accessions Intermediate 2 and Late 2 for all replicates (Figure 2). RNA

extracted from other vernalization treatments did not contain expressed "RIN7.

4.4 Discussion

Study objectives were to characterize the vernalization requirements of downy brome
accessions which had previously demonstrated differential developmental rates and determine if
expression of [“’RN7 orthologues can be linked to contrasting rates of development. The timing of
flowering response among accessions induced from growth chamber and greenhouse experiments
differed from those observed from a common garden experiment conducted under field conditions
Accession Late 1 flowering behavior was more similar to the early to develop accessions than the
late to develop accessions. The earliest and latest to develop accessions from common garden
experiments, Early 3 and Late 2, respectively remained the earliest and latest accessions to flower
was observed under growth chamber and greenhouse conditions Expression of a ['RN7 orthologue
was only observed in treatments were flowering did occur, suggesting that the molecular controls of
flowering in downy brome are likely similar to related species.

Meyer et al. (2004) conducted a similarly designed experiment to study the variation of
flowering response to different lengths of vernalization among accessions from four populations
representing two contrasting environments, one a cold desert and the other a warm desert. One
hundred percent of individuals from the warm desert environment flowered without any
vernalization. From the cold dessert environment between 20 and 30% of individuals flowered
within 16 w from a 2 w vernalization treatment, comparable to the response of accession Early 3.
Greater than 80% of individuals from cold desert environments flowered from the 4 w vernalization
treatments within 10 weeks (Meyer et al. 2004), developing earlier from a comparable vernalization

treatment than any of the accessions in the present study collected from the small-grain production
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region of the Oregon, Idaho, and Washington. Differences between results reported by Meyer et al.
(2004) and results reported above may be an indication adaptation of downy brome to local climate.
Ball et al. (2004) reported little variation in time to develop among accessions collected
within Oregon and Washington, but considerable variation among accessions collected from
Colorado, Montana, Nebraska, Oklahoma, and Kansas. Meyer et al. (2004) were all collected from
desert regions of Nevada and Utah. The different vernalization requirements of plants collected
from the Pacific Northwest and the Southwest likely are a reflection selection of founder genotypes
to different environments (Ramakrishnan et al. 2000, Scott et al. 2010). Both Ramakrishnan et al.
(2006) and Scott et al. (2010) documented genotypes that were commonly found in similar habitats,
indicating selection can favor a particular genotype better adapted to a particular environment. Scott
et al. (2010) argued the generation of novel genotypes as a substrate for habitat specific selection
would be accompanied by evidence of recombination. As recombination was exceedingly rare Scott
et al. (2010) argued selection favoring preadapted genotypes was the most parsimonious explanation.
Despite observed flowering in accession Early 2 following 4 w of vernalization, RT-PCR did
not detect any expression of [’RN7 from the 4 w treatment. In a study of vernalization and
photoperiod requirements for Brachypodinm distachyon, Ream et al. (2014) reported differences in the
expression "'RIN7 from saturating (long enough to induce a flowering response) and subsaturating
(not long enough to induce a flowering response) vernalization treatments. Subsaturating treatments
did not differ significantly from nonvernalized plants with respect to ["'RIN7 expression but result in
delayed flowering compared to fully vernalized individuals. The 4 w vernalization treatment in the
present study was likely subsaturating compared to 6 and 8 w vernalization treatments for most
accessions. In barley, Hv["RINT was detectable after 7 or 9 w of vernalization by gel-blot analysis,

but difficult to observe after 1, 3, or 5 w of vernalization (Trevaskis et al. 2000). Alternatively,
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IRNT expression may have been detectable in the present study using quantitative reverse
transcriptase polymerase chain reaction (RT-qPCR) which is more sensitive than RT-PCR.
Previous research has suggested the relative differences in development time observed
among downy brome populations is due to variation in vernalization requirements (Ball et al. 2004,
Meyer et al. 2004, and Rice and Mack 1991b). The expression of [’RN7 was only found in
vernalized plants. The expression of a [’'RN7 orthologue in downy brome is similar to what has
been reported for Brachypodium (Ream et al. 2014) and barley (Trevaskis et al. 2006). To fully
elucidate the flowering requirements of downy brome, the role of other flowering genes, and the
role of day length in regulating downy brome flowering still need to be addressed. Variation in
flowering time among cereal species can be largely attributed to variation in [”’RN7 expression
(Chen and Dubcovsky 2012). Within species, other factors may play a role, but not likely molecular
or structural differences in [”'RIN7 proteins, which are highly conserved in cereals (Von Zitzewitz et
al. 2005). In batrley, variation in the intron length may account for differences in vernalization
requirements of different genotypes (Szucs et al. 2007). To determine whether a similar mechanism
occurs in downy brome, its I’'RIN7 homologue should be sequenced in accessions that differ in

vernalization requirements.
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4.6 Tables and Figures

Table 4.1. Class, accession 1D, GDD estimates and calendar dates of mature seed production and
flowering from a 2013 common garden experiment. Mature seed production was determined by
sequentially sampling emerging panicles over a period of several weeks and planting seeds sampled
from panicles in the greenhouse to test at which date seeds were first mature.

Calendar Date
Class Accession ID  GDD Estimate (S.E)" Seed Set Flowering
Early 1 38 1077 (371) 7 May 1 May
Early 2 127 1112 (31) 13 May 1 May
Early 3 179 1077 (364) 7 May 1 May
Intermediate 1 12 1194 (35) 18 May 8 May
Intermediate 2 88 1215 (31) 19 May 8 May
Late 1 46 1340 (12) 29 May 8 May
Late 2 100 1340 (12) 29 May 20 May
Late 3 112 1324 (33) 28 May 8 May

*Growing degree model beings January 1" with a base temperature of 0°C. Estimates were made
using a 2-paramter log-logistic regression model and six replications.
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Figure 4.1. Percent individuals flowering from each accession 16 weeks after the beginning of

vernalization treatments.
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Table 4.2. Matrix of p-values contrasting the flowering response of each accession against all other
accessions. A p-value of <0.05 indicates that the flowering response due to vernalization treatments

Early 1 Early2 FEarly3 Intermediate 1 Intermediate2 Late1 ILate3

Early 1 — 0.46 1.00 0.01 0.02 0.83 0.00
Early 2 0.46 — 0.42 0.03 0.07 0.56 0.01
Early 3 1.00 0.42 — 0.01 0.02 0.82 0.00
Intermediate 1 0.01 0.03 0.01 — 0.64 0.01 0.66
Intermediate 2 0.02 0.07 0.02 0.64 — 0.02  0.36
Late 1 0.83 0.56 0.82 0.01 0.02 — 0.00
Late 3 0.00 0.01 0.00 0.66 0.36 0.00 —

of two accession was different.
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Table 4.3. Regression parameter estimating the weeks of vernalization required to induce flowering
in 50% of individuals in each accession.

Accession Estimate (S.E.) t-value
R
Early 1 -28(521) -0.05
Early 2 -28(521) -0.05
Early 3 -28(521) -0.05
Intermediate 1 -58(848) -0.07
Intermediate 2 -4(3) -1.32
Late 1 -58(848) -0.05
Late 3 -28(521) -0.07
e
Early 1 4 (0.2 19.88*
Early 2 4 (0.2 19.88*
Early 3 4 (0.2 19.88*
Intermediate 1 5(15) 0.33
Intermediate 2 6(1) 4.43%
Late 1 4 (0.2 19.88*
Late 3 5(15) 0.33

‘Model Parameters: b, slope of the model at ¢; ¢, is the weeks required to induce flowering in 50% of
individuals.
*Significant at « of 0.05 compared to the null model.
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Figure 4.2. Expression of [“'RN7 in downy brome following 0 or 8 w of vernalization compared to
the expression of EF7a. Each lane is representative of three replications.

*Abbreviations: E3, Early 3; 12, Intermediate 2; 1.2, Late 2.
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Chapter 5. Projecting Bromus tectorum Development in the Pacific Northwest Small Grain

Production Region using Downscaled Climate Modeling

5.1 Weed Management For a Changing Climate

The impacts of climate change to human, managed and natural systems are expected to vary
widely on a regional scale (Field et al. 2014). Furthermore, assessments of these potential impacts
differ among and within sectors. For the agricultural sector, projections by the Intergovernmental
Panel on Climate Change (IPCC) of the effects of rising temperatures, CO,, and tropospheric O, on
crop yields are much better developed than are responses of agronomically important weeds and
their interactions with crops (Porter et al. 2014).

In a review of the literature available on pathogen, weed, and insect pest response to climate
change, Juroszek and von Teidemann (2013), projections concerning agronomic weeds are notably
lacking compared to pathogens and insect pests. Nonetheless, as climates change land managers will
require simple, readily interpretable information on pest, weed and disease response to climate
change to guide their management decisions. To be useful, this information must be region-specific.
Unfortunately, few studies have investigated the response of weeds to climate change in a specific
crop or region (Peters et al. 2014). The majority of published studies investigating weed response to
climate change have focused on competition between plants of different photosynthetic functional
groups under conditions of increased temperature and CO, concentrations (Poorter and Navas
2003), and range shifts of species on a landscape scale (Peters et al. 2014).

The small grain production area of the Pacific Northwest (PNW) includes Central and
Eastern Washington, parts of Northern Oregon, and Northern Idaho and totals 2.2 million ha of
non-irrigated cropland (Huggins et al. 2012). In 2007 1.3 million ha of the small grain production
region were planted into small grains with around 1.0 million ha planted to winter wheat. Annual

precipitation in the region ranges from less than 300 mm to greater than 600 mm, with precipitation
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increasing on a west to east gradient. Mean annual temperature varies from 5 °C to 11 °C based on a
30 year average (1971-2000) (Huggins et al. 2012).

The climate in PNW small grain production region has been changing throughout the past
century. Abatzoglou et al. (2014) reported mean annual temperature increasing 0.6 to 0.8°C from
1901 to 2012. In addition to increases in mean annual temperature, trends of a warmer coldest night
of the year and a lengthened freeze-free period were also observed. Decreased precipitation was
observed during the summer and fall in the previous four decades; however a long-term increase in
spring precipitation was noted. Taken together, increased summer temperature and decreased
summer precipitation have led to increased evapotranspiration during the growing season
(Abatzoglou et al. 2014). Anthropogenic climate forcing is a significant predictor of observed
changes, with the exception of changes in seasonal precipitation in which poor model skill for
regional precipitation, in PNW climate during the 20th century and can be used to construct
projections into the 21" century. Climatic trends observed within the PNW in the last century are
projected to continue under most climate models. Climate models using a balanced emissions
scenario which anticipates a future mix of fossil and non-fossil fuel soureces (A1B scenario) project
an increase in annual temperature of 1.1°C by the 2020s, 1.8 °C by the 2040s, and 3.0 °C by the
2080s. Recent trends of drier summers and wetter winters are also project to continue, along with an
increased summer evapotranspiration rate (Mote and Salathé 2010).

A principal weed in this system is Bromus tectorum 1. (downy brome). Native to Eurasia,
genetic evidence suggests downy brome was entered North America through multiple immigrations
introductions (Novak et al. 1993). Vigorous initial growth and eatly seed productions compared to
other annual grasses allows establishment downy brome to establish in disturbed natural areas and
agronomic fields. Compared to the development of winter wheat, downy brome infesting winter

wheat fields is generally in the early boot stage when the wheat is tillering, and it heading four weeks
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carlier than wheat (Thill et al. 1984). Because downy brome matures earlier than winter wheat, it
often depletes soil moisture and nutrients when winter wheat is at a critical reproductive period
(Thill et al. 1984).

Downy brome is a widely distributed winter annual weed in the small grain production
region of the PNW and across Western North America (Morrow and Stahlman 1984). Variation in
phenology and flowering time has been extensively documented for Bromus tectorum 1.. (downy
brome). Rice and Mack (1991a, 1991b) observed consistent flowering among downy brome
populations across multiple years, suggesting flowering time is stable within a population. After
collecting downy brome accessions from contrasting habitats, Meyer et al. (2004) examined
vernalization response under greenhouse conditions, concluding vernalization response was quite
different between contrasting habitats. However, even when a single habitat included plants of
different genotypes, similar flowering times were observed, indicating variation in flowering time is
constrained by natural selection (Meyer et al. 2004).

In a series of studies, Ball et al. (2004) developed a downy brome development model that
could be used to assist farmers in the PNW to time field operations for control of downy brome. In
their studies, seed was sequentially sampled over a period of weeks from developing panicles and
later germinated in a greenhouse to determine dates of seed maturity. The timing of mature seed
development was then regressed against cumulative growing degree days (GDD) starting 1 Jan and
with a base temperature of 0°C. While considerable variation in mature seed set from locations in
Colorado, Kansas, Montana, Nebraska, and Oklahoma was reported (582 to 1,287 GDD), little
variation was observed in the time to produce mature seeds from accessions collected and grown in
the PNW (983 to 1,151 GDD).

Ball et al. (2004) concluded that mature seed set of downy brome in the PNW could be

predicted to occur around 1,000 GDD. The 20-year average (1984-2003) for the 1,000 GDD
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threshold fell on 11 June for the entirety of the PNW. In parts of the PNW where annual
precipitation cannot support a crop every year, winter wheat is typically grown alternating with
fallow. The 1,000 GDD threshold for mature seed set provides guideline for the last date when
downy brome must be controlled in fallow years to prevent an increase of seed into the soil seed
bank. During the wheat years in the wheat/fallow rotation, control of downy brome is generally
achieved through the use of spring-applied herbicides. Spring-applied herbicide applications can
occur between March and May in the PNW (Lawrence et al. 2014), which corresponds to 50 to
1,200 GDD depending on the year and location. Developmental stage at the time of herbicide
application can impact herbicide efficacy, with herbicide efficacy decreasing after downy brome
enters the boot stage, when reproductive tillers are swollen and purple (Blackshaw 1991).

Ball et al. (2004) found little variation in time to mature seed set in PNW downy brome
accessions, but six accessions were evaluated in that study. A series of common garden and
greenhouse studies were therefore conducted between 2012 and 2014 to characterize more
thoroughly the variation in downy brome phenology across the small grain production region of the
PNW. Three study objectives were pursued: (1) to validate the 1000 GDD threshold for mature seed
production using a larger number of accession representing the entire region, (2) include other
developmental thresholds including visible reproductive tillers and the emergence of panicles to aid
timing of herbicide applications in winter wheat for the control of downy brome and, (3) pair downy
brome development thresholds with downscaled climate modeling to project downy brome
development under future climate scenarios. Downscaled climate models have previously been used
to anticipate plant pathogen, insect pest, and beneficial insect distribution and life history under
future climate scenarios in various crops on a regional level and with a high degree of spatial

resolution (Eigenbrode and Abatzoglou 2013, Hirschi et al. 2012, Srinivasa Rao et al. 2015).
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Downscaled climate modeling has also been used to project potential habitat under future climate

scenarios of invasive weeds, including downy brome (West et al. 2015).

5.2 Methods and Materials

5.2.1 Expanded Modeling of Development. In November of 2012, 85 downy brome accessions
(Table 1) which were collected from across the small grain production region of the PNW were
transplanted to two common gardens, one located in Central Ferry, WA (46.73, -117.54, elevation of
533 m) and the second at the Cook Agronomy Farm (46.78, -117.09, elevation of 795 m) north of
Pullman, WA. In November of 2013, a repeat of the common garden at Central Ferry was planted.
Accessions were originally collected from within small grain production fields in the summer of
2010 and 2011. For each accession ten replicates were planted using a RCBD. All replicates were
planted in a greenhouse in mid-October, and later transplanted to the common garden site in mid-
November. No irrigation or fertilizer was provided. Both common garden sites were located near
weather stations to allow hourly recording of air temperature and other climate variables. Each site
was kept weed free by hand weeding for the duration of the study. In January, February, March, and
April, survival was assessed for each individual along with growth stage. Four growth stages were
utilized to classify individuals: pre-tillering, tillering, boot stage (as indicate by visible reproductive
tillers that are swollen and purple), and emerged panicles. Beginning in May, each study location was
visited weekly.

Emerged panicles were sequentially sampled and later germinated in the greenhouse to
determine the date of mature seed development. All observations of developmental stage were
related to the cumulative GDD, starting 1 January and with a base temperature of 0°C. Using the R
package drc, a two parameter log-logistic model (Equation 2.) (Ritz and Streibig 2005; DRC R

package version 2.3-906) suitable for non-linear regression of binary response variables was employed
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to estimate the GDD required for mature seed set and other development stages based on field
observations.

5.2.2 Downscaled Climate Projection. The calendar date when cumulative GDD of relevant
development thresholds were met was calculated from downscaled climate data covering both a
contemporaty climate from 1950-2005 and a mid-21" century climate from 2031- 2060. Mid-21*
century climate projections considered Global Climate Model (GCM) simulations for representative
concentration pathways (RCP) 4.5 Wm™ and 8.5 Wm™. Climate simulations from 14 GCMs
participating in the Fifth Coupled Model Intercomparison Project phase 5 (CMIP5, Table 2) were
selected based on the criterion that they have adequately captured characteristics of historical climate
for the PNW (Rupp et al. 2014). Daily GCM output was statistically downscaled using the training
data of Abatzoglou (2013) at 4-km grid using the Multivariate Adaptive Constructed Analogs

(MACA) method (Abatzoglou and Brown 2012).

5.3 Results

5.3.1 Development Thresholds. All three common garden studies differed in the estimated GDD
required to produce mature seed (Table 3). GDD at the two Central Ferry locations accumulated
more rapidly than the Cook Agronomy Farm location, and more GDD were required to produce
mature seeds. Mature seed production at the 2013 Central Ferry location was estimated to occur at
1200 GDD averaged over all accessions. The 2013 average estimates for mature seed production at
the 2013 Cook Agronomy Farm and 2014 Central Ferry Location site was were 1010 and 1400
GDD, respectively. Differences among accession were limited at each site relative to differences
between study locations. At the 2013 Central Ferry Location, the 2013 Cook Agronomy Farm
Location, and the 2014 Central Ferry location accessions differed by 70, 40, 100 GDD respectfully.
The two studies conducted common gardens at Central Ferry were located at a low elevation relative

to the majority of the small grain production region of the PNW. The growing degree accumulation

113



and the estimates for both Central Ferry studies may not be representative of the region as a whole.
Additionally, at the 2014 Central Ferry location all fall transplanted individuals were winter killed in
December. However, seed that had not germinated at the time of transplanting later emerged
between March and May. Therefore the estimate for the 2014 Central Ferry Location captured
spring emergence patterns. As plants emerging in the spring would be less exposed to vernalizing
temperatures delayed development would be expected.

The estimate for mature seed set and the rate of accumulation of GDD at the 2013 Cook
Agronomy location is representative of the climate of the small grain production region. The average
estimate for mature seed set from the Cook Agronomy Farm, 1010 GDD, is very close to the 1000
GDD estimate proposed by Ball et al. (2004). The results of the Cook Agronomy Farm common
garden validate the 1000 GDD mature seed set threshold proposed by Ball et al. (2004) using a
different modeling approach and an expanded collection of downy brome.

Modeling the GDD required for the production of visible reproductive tillers was not
possible at either of the common garden locations as most individuals had progressed to visible
reproductive tillers prior to the weekly May visits. Consequently observations of the transition to
reproductive tillers lacked the resolution needed for effective modeling. However, the GDD
threshold for appearance of reproductive tillers may be used to develop a heuristic for timing spring
applied herbicide applications. At the 2013 Central Ferry locations, reproductive tillers were not
observed until April 16™ (709 GDD), at which time most individuals were still tillering. By 8 May
(1014 GDD), all individuals had progressed to producing reproductive tillers or displaying panicles.
At 2014 Central Ferry location the majority of individuals had produced reproductive tillers by 18
April (717 GDD). All individuals at the Cook Agronomy Farm site were displaying reproductive
tillers by 17 May, 679 GDD. As current application of spring applied herbicide occur anywhere from

50 to 1200 GDD, depending on the year and location (LLawrence et al. 2014), a 500 GDD spring
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application heuristic would provide a conservative date for applying herbicides prior to downy
brome developing reproductive tillers.

Projection of both contemporary and mid-century climate were based upon a 500 and 1,000
GDD threshold. The 500 threshold serves as a conservative estimate for applying spring
applications prior to downy brome becoming less susceptible to herbicide applications. The 1,000
GDD estimate is based up the threshold proposed by Ball et al. (2004) and confirmed by the 2013
Cook Agronomy Farm common garden experiment which observed and average GDD estimate of
1,010 GDD and a range of 990-1,040 between accessions.
5.3.2 Contemporary Climate Projections. The historic GDD accumulation from 1950-2005 was
averaged at six locations within the small grain production region of the PNW (Figure 4). The 500
GDD herbicide application threshold historically fell between 99 to 128 calendar days,
corresponding to 9 April and 12 May, depending on location. The 1000 GDD mature seed set
threshold historically occurred between 136 to 163 calendar days, corresponding to 14 May and 11
June, depending on location. Variation in GDD accumulation is dependent upon latitude and
longitude Walla Walla and Connell, the southernmost locations, accumulated GDD eatlier in the
year compared to all other locations. Albion and Almira, the most eastern and northern locations,
were the slowest to accumulate GDD. Endicott and Ritzville, intermediate in their location within
the region, were also intermediate in their accumulation in GDD.
5.3.3 Mid-Century Climate Projections. The average calendar date for accumulation of the 500
and 1000 GDD thresholds by mid-21" century were projected at six locations representing the
diversity of climate currently found within the PNW small grain production region (Figure 4). For
the 500 GDD application threshold, projected advancement in calendar days from current to mid-
21" century ranged from 69 d to 120 d depending on the model and location (Table 5). Averaging

across models at each location, 500 GDD was reached between 75 to 105 calendar days,
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corresponding to 16 March to 15 April. The 500 GDD herbicide application threshold is projected
to advance 24 to 30 d compared to the historical average. Projections under the RCP 8.5 scenario
did not differ greatly from the RCP 4.5 scenario for the 500 GDD threshold. For the RCP 8.5
scenario the herbicide application threshold is anticipated to advance 26 to 33 days, corresponding
to 5 April to 24 March. The Albion and Endicott locations are projected to experience the largest
change in the calendar days required to reach the 500 GDD threshold under both RCP scenarios.
The Albion and Endicott locations are also further east (Figure 4) than the other locations.

Projections for advancement of the mature seed set threshold are less extreme under both
the RCP 4.5 and 8.5 compared to the herbicide application threshold (Table 6). Mature seed set at
the six locations within the small grain production region was projected to advance between 16 to 19
d when averaged across models, corresponding to 28 April to 25 May. Albion and Endicott are
projected to experience the largest change. Under the RCP 8.5 scenario, projected calendar days
until mature seed set were advanced by 18 to 22 days when models were averaged (Table 4),
corresponding to 26 April to 23 May. Similar to projections under the RCP 4.5 scenario, the most
easterly accessions experienced the greatest change compared to contemporary averages in reaching
the mature seed set threshold with the Albion and Endicott locations advancing seed production 22
and 21 days, respectively.

Across all models, mature seed set is expected to occur earlier with changing climate. To
help visualize the spatial pattern of climate projections, a 4 km resolution map projecting the 1000
GDD threshold using the RCP 4.5 scenario was created (Figure 1). The map includes projections
from the second most extreme and second least extreme model to provide a representation of the
spread among models, along with the projected average across all models. The second most extreme
model projected mature seed set occurring 25 to 30 days earlier, while the second least extreme

model projected mature seed set occurring 5 to 12 days earlier. Additionally, the advance in mature
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seed set is projected to vary along an east to west gradient in the PNW small grain production region

with greater changes projected in the east.

5.4 Discussion

Herbicide application for control of downy brome within winter wheat likely will need to be
made 24 to 33 days eatlier to ensure application are made prior to the boot stage under future
climate scenarios. Projections of mature seed set under future climate scenarios indicate that control
operations in fallow systems likely will need to be conducted 16 to 22 d earlier by the mid-century
(2031-2060). Results of the common garden experiments detected differences between locations in
GDD requirements for both seed set and the production of reproductive tillers. However, when
comparing the 2013 Central Ferry and Cook Agronomy Farm studies where plants survived the
winter, the difference in mature seed set was 200 GDD. The Cook Farm is more representative of
the PN'W small grain production region today, but the Central Ferry location with a less severe
winter may better represent the region under future climate scenarios.

Although increased GDD was required for downy brome mature seed set at the 2013
Central Ferry location, (Table 3) mature seed set occurred in mid-May while mature seed set
occurred at the Cook location occurred in mid-June. If climate change leads to milder winters and an
increased GDD requirement for downy brome mature seed set, mature seed set will still likely occur
eatlier in the year as GDD will accumulate more rapidly.

What is not addressed by projecting either the 500 or 1000 GDD mature seed set threshold
under future climate scenarios is whether downy brome may adapt to climate change and display
different GDD requirements for maturation under future climate scenarios. If GDD requirements
for downy brome development thresholds relevant to land managers do change in response to
climate, that change is likely to be small. Ball et al. (2004) found considerable variation in

development time among downy brome accessions collected from across Colorado, Kansas,
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Montana, Nebraska, and Oklahoma, while collections from the PNW were consistent with respect
to development time. Rice and Mack (1991a) also reported stability in development timing among
accessions collected from the same environment. Rice and Mack (1991b) found differences in
flowering time between contrasting populations remained consistent even after planting individuals
to common locations. Given that little variation was observed in the time required to produce
mature seed set from the 2013 Central Ferry and Cook Agronomy Farm common gardens, ecotypes
present in the PNW may have already undergone selection for similar phenology phenotypes.
Projected advancement of downy brome seed set, up to 25 d, is less than then the historical
differences among locations, up to 30 d, indicating the rate of downy brome maturation may not
exceed the current variation present in the region within the next century; and downy brome will
likely continue to develop and mature in a predictable manner. The projected advancement of the
500 GDD threshold, up to 30 d, also does not exceed the current variation in the region. Downy
brome development and seed set is projected to advance across the PNW small grain production
region regardless of the model used or the RCP scenario employed. Land managers will need to
adapt to climate change by controlling downy brome earlier in the year, relative to current control
measures, or move to using fall applied herbicide application in winter wheat rather than spring

applied applications.
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5.6. Tables and Figures.

Table 5.1. Accession ID, year of collection, and GPS coordinates of collection site for the accessions
of downy brome used to model development thresholds.

Accession  Year Longitude Latitude Accession  Year Longitude Latitude
5 2010 -120.35 45.90 103 2011 -118.60 45.99
8 2010 -120.24 46.00 104 2011 -118.61 46.08
10 2010 -120.66 46.56 106 2011 -118.74 46.34
12 2010 -120.36 45.42 107 2011 -118.79 46.74
13 2010 -120.49 45.48 108 2011 -118.65 46.77
18 2010 -120.56 46.46 110 2011 -118.64 47.26
21 2010 -120.16 45.40 111 2011 -118.79 47.48
22 2010 -120.18 45.62 112 2011 -118.85 47.52
26 2010 -120.16 46.26 113 2011 -118.68 47.80
28 2010 -119.91 46.70 115 2010 -118.40 45.76
29 2011 -120.34 46.89 116 2011 -118.44 46.01
30 2011 -120.41 47.00 118 2011 -118.36 46.33
32 2010 -119.94 45.39 123 2011 -118.36 47.23
37 2010 -119.86 46.26 125 2011 -118.46 47.49
38 2010 -120.13 46.38 127 2010 -118.10 46.37
39 2010 -119.85 46.67 128 2011 -118.37 46.68
42 2011 -119.87 47.10 129 2011 -118.13 46.66
45 2010 -119.80 45.35 130 2011 -118.17 46.80
53 2011 -119.85 46.74 133 2011 -118.31 47.46
56 2011 -119.71 47.34 135 2011 -118.14 47.69
59 2011 -117.75 47.90 136 2010 -117.91 46.39
60 2010 -119.44 45.64 137 2010 -117.95 46.43
63 2010 -119.37 46.11 138 2010 -117.80 46.63
64 2010 -119.22 46.39 139 2011 -118.18 46.91
65 2010 -119.69 46.74 141 2010 -117.87 47.21
67 2011 -119.41 46.85 143 2010 -117.88 47.52
70 2011 -119.18 47.42 147 2010 -117.66 46.90
74 2010 -119.28 45.76 148 2010 -117.67 47.12
75 2010 -119.24 46.03 152 2011 -117.63 47.72
78 2010 -119.22 46.56 154 2010 -117.52 46.49
79 2011 -119.28 46.71 156 2010 -117.48 46.95
81 2011 -119.20 47.01 157 2010 -117.38 47.26
82 2011 -119.15 47.18 159 2011 -117.55 47.52
83 2011 -119.32 47.47 161 2011 -117.16 46.37
86 2011 -119.37 47.89 165 2010 -117.17 47.10
88 2011 -118.99 45.77 166 2010 -117.25 4731
93 2011 -118.90 46.67 167 2010 -117.25 47.39
94 2011 -118.99 46.82 168 2010 -117.09 47.48
96 2011 -119.08 47.20 169 2011 -116.87 46.40
99 2011 -118.92 47.79 172 2010 -116.84 46.92
100 2011 -119.16 47.99 179 2010 -116.71 46.92
101 2010 -118.86 46.48 182 2010 -116.47 46.25
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Table 5.2. Global climate change models from the coupled model intercomparison project phase 5
used to project downy brome development thresholds.

Country Institution Model Model Abbreviation
Australia Commonwealth Scientific Commonwealth Scientificand ~ CSIRO-Mk3.6
and Industrial Research Industrial Research
Organization Organization Mark 3.6 Global
Climate Model
Canada  Canadian Center for Climate Second Generation Earth CanESM2
Modelling and Analysis System Model
China Bejing Climate Center Climate System Model 1.1 BCC-CSM1.1
Bejing National University Earth System Model BNU-ESM*
France  Centre National de General Circulation Model 5 CNRM-CM5
Recherches
Météorologiques
Japan Meteorological Research Global Climate Model MRI-CGCM3
Institute
Japan Agency for Marine- Model for Interdisciplinary MIROC-ESM
Earth Science and Research on Climate - Earth
Technology System Model
Ocean Research Institute Model for Interdisciplinary MIROC-ESM-
and National Institute for Research on Climate - Earth CHEM
Environmental Studies System Model -Atmospheric
Chemistry Coupled
Atmosphere and Ocean Model for Interdisciplinary MIROC5
Research Institute Research on Climate 5
Russia Institute for Numerical Climate Model 4 inmcm4
Mathematics
UK Met Office Hadley Centre Global Environmental Model 2 HadGEM2-CC
- Carbon Cycle
Met Office Hadley Centre Global Environmental Model 2 HadGEM2-ES
- Earth System
USA Geophysical Fluid Dynamics  Earth System Model 2 GFDL-ESM2G
Laboratory Generalized Ocean System
Dynamics
Geophysical Fluid Dynamics  Earth System Model 2 Modular ~ GFDL-ESM2M

Laboratory

Ocean Model

*Model not used to project the 500 GDD threshold.
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Table 5.3. GDD accumulation estimates for mature seed production at three common garden
locations.

Central Ferry 2013 Cook 2013 Central Ferry 2014

——  GDD Accumulation——
1 January 1 0 2
1 February 86 23 109
1 March 251 82 211
1 April 544 244 506
1 May 881 438 890
1 June 1403 833 1422
1 July 1976 1266 1979
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Table 5.4. Table 4. Average calendar days and date when 500 and 1,000 GDD were reached from
1950-2005 at six locations located in the small grain production region of the PWN.

Location Albion Almira Connell Endicott Ritzville ~ Walla Walla

Latitude 46.84 47.79 46.67 46.9 47.18 46.01

Longitude -117.24  -118.92 -118.89 -117.66 -118.23 -118.44
500 GDD

Calendar days 128 129 111 125 132 99

Calendar date 8 May 9 May 21 Apr. 5 May 12 May 9 Apr.
1000 GDD

Calendar days 163 162 143 152 158 136

Calendar date 11 Jun. 10 Jun. 21 May 31 May 6 Jun. 14 May
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Table 5.5. Projections of calendar days required to reach 500 GDD under the RCP 4.5 and 8.5
scenarios from 2031-2060, compared to 1950-2005.

Projection Albion Almira Connell Endicott Ritzville Walla Walla

RCP 4.5
BCC-CSM1.1 97 103 85 96 104 74
CanESM2 91 97 80 90 97 70
CNRM-CM5 94 103 81 95 103 71
CSIRO-MK3.6 99 104 86 97 105 75
GFDL-ESM2G 112 112 89 108 117 77
GFDL-ESM2M 109 111 94 106 113 83
HadGEM2-CC 97 102 84 95 102 75
HadGEM2-ES 96 100 81 94 102 72
inmcm4 113 120 99 112 121 86
MIROCS5 94 104 86 93 103 75
MIROC-ESM 83 91 77 83 90 69
MIROC-ESM-CHEM 82 89 76 82 88 67
MRI-CGCM3 112 114 98 109 117 86
Mean calendar days 98 104 86 97 105 75
Mean calendar date 8 Apr. 14 Apr. 27 Mar. 7 Apr. 15 Apr. 16 Mar.
Mean difference from 30 25 25 28 27 24
historical data

RCP 8.5
BCC-CSM1.1 94 99 81 92 101 71
CanESM2 81 88 73 80 88 63
CNRM-CM5 96 104 83 96 104 73
CSIRO-MK3.6 103 108 89 100 108 77
GFDL-ESM2G 114 114 92 111 119 79
GFDL-ESM2M 109 111 94 107 113 84
HadGEM2-CC 88 92 76 86 93 68
HadGEMZ2-ES 86 91 74 84 92 67
inmcm4 108 115 96 108 117 84
MIROCS5 92 102 85 92 100 74
MIROC-ESM 77 86 72 77 84 64
MIROC-ESM-CHEM 77 85 72 77 83 64
MRI-CGCM3 106 110 93 104 112 81
Mean calendar days 95 100 83 93 101 73
Mean calendar date 5 Apt. 10 Apr. 24 Mar. 3 Apr. 11 Apr. 14 Mar.
Mean difference from 33 29 28 32 31 26

historical data
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Table 5.6. Projections of calendar days required to reach 1,000 GDD under the RCP 4.5 and 8.5
scenarios from 2031-2060, compared to 1950-2005.

Projection Albion Almira Connell Endicott Ritzville Woalla Walla

RCP 4.5
BCC-CSM1.1 146 148 128 135 143 120
BNU-ESM 140 143 124 131 138 118
CanESM2 139 143 123 129 138 116
CNRM-CM5 143 146 126 134 142 118
CSIRO-MK3.6 146 148 129 136 143 122
GIFDL-ESM2G 146 148 127 136 143 118
GFDL-ESM2M 149 151 131 138 146 125
HadGEM2-CC 145 145 125 134 142 118
HadGEM2-ES 144 146 126 134 141 119
inmem4 156 156 137 145 152 129
MIROC5 143 148 129 134 143 120
MIROC-ESM 135 140 121 126 134 115
MIROC-ESM-CHEM 133 138 120 124 132 113
MRI-CGCM3 151 154 135 141 149 127
Mean calendar days 144 147 127 134 142 120
Mean calendar date 23 May 25 May 6 May 13 May 20 May 28 Apr.
Mean difference from 19 16 16 18 17 16
historical data

RCP 8.5
BCC-CSM1.1 143 146 125 132 141 118
BNU-ESM 133 137 119 124 132 112
CanESM2 132 138 119 123 132 111
CNRM-CM5 143 145 127 134 142 118
CSIRO-MK3.6 148 150 131 138 145 123
GIFDL-ESM2G 146 148 128 137 144 118
GFDL-ESM2M 146 149 130 137 144 123
HadGEM2-CC 139 141 120 128 136 113
HadGEM2-ES 138 140 121 128 135 114
inmem4 153 154 135 143 150 128
MIROC5 143 147 129 134 142 121
MIROC-ESM 129 136 117 121 130 110
MIROC-ESM-CHEM 130 136 118 121 130 110
MRI-CGCM3 149 152 134 140 148 126
Mean calendar days 141 144 125 131 139 118
Mean calendar date 19 May 23 May 4 May 10 May 18 May 20 Apr.
Mean difference from 22 18 18 21 19 18

historical data
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Figure 5.1. Mean calendar date when 1,000 GDD were reached from 1950-2005 compared with projected mean calendar date when 1,000
GDD were reached from 2031-2060 using 14 GCMS from the CMIP5 and the under the RCP 4.5 radioactive forcing scenario. Locations
not reaching 1,000 GDD by 170 calendar days were masked from projections.
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Supplemental Figures
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Supplemental Figure 1. The frequency of each sequence length retrieved from GBS.
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Quality scores across all bases (Sanger / lllumina 1.9 encoding)
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Supplemental Figure 2. Phred quality scores. A score of 10, 20, and 30 correspond to 90, 99, and
99.9% confidence in each base call, respectfully.
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