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ABSTRACT

Native plant communities of the Nevada Great Basin are experiencing a rapid shift from
native perennial grasses to invasive annual grasses. The ability to respond to competition
through root plasticity may be an important trait for survival of native plants in invaded
systems. I investigated the following questions about Poa secunda, a common native
perennial grass in sagebrush ecosystems: 1) Can P. secunda respond plastically to
directly-manipulated nutrient availability? 2) Does P. secunda respond to the presence of
B. tectorum? and 3) Are these plastic responses adaptive? For the nutrient experiment,
ten seeds from twenty families were sown individually into greenhouse pots, where one P.
secunda family is defined as one individual plant. Within each family, five individuals
received a low nutrient treatment, and five a high nutrient treatment. Plants were
harvested fifty days after emergence. Roots were rinsed, clipped from leaf mass, and
digitally scanned. For the competition experiment, twenty seeds from forty-eight

families were sown individually into small and large greenhouse pots and one seed of B.
tectorum was added to half of the pots. Plants were harvested sixty-seven days after
emergence (early harvest), and after one growing season (late harvest) for the
competition experiment. Roots were rinsed, clipped from their leaf mass and digitally
scanned in a similar manner as the nutrient experiment. For both the nutrient and the
competition experiments, measurements included total biomass, root to shoot ratio, leaf
number, specific root length (SRL), percent allocation to different root diameter size
classes, and plasticity in allocation to these same root diameter classes. In addition

change in percent allocation to different root diameter size classes was calculated for
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plants in response to both low nutrients and competition from B. fectorum. Measures
were correlated with plant performance measured as CPI (competitive performance
index) and total biomass to determine if they were adaptive. Finally, to determine if
plastic changes were simply a result of plant size or represented a change in strategy due
to different growing environments, traits were assessed for “active” or “passive”
plasticity by accounting for ontogenetic drift.

In response to low nutrient treatment, P. secunda showed a 27% decrease in
biomass (P<0.0001), and a higher root to shoot ratio (P<0.0001). Plants showed an
increase in specific root length (P<0.0001) and a decrease in leaf number under low
nutrients (P<0.0001). Percent allocation to different root diameter size classes changed in
response to low nutrients, with significant increases in allocation to fine root diameter
classes (0.0mm through 0.2mm), and decreased allocation to larger root categories
(0.3mm through 0.6mm, and >2.0mm; P=0.04). Families differed in their response to
low nutrients, and the nutrient by family interaction was significant for total biomass
(P=0.0059). The nutrient experiment results demonstrated that P. secunda has the ability
to allocate biomass to the production of more fine roots in response to low resource
environments.

In response to competition with B. tectorum for early harvest plants, P. secunda
showed a 46% decrease in total biomass (P<0.0001) and an increase in root to shoot ratio
of 14% (P<0.0001). Plants had a higher specific root length and a decrease in leaf
number under competition. Percent allocation to different root diameter size classes
changed with competition status, with significant increases in allocation to fine root

diameter classes (0.0-0.1mm, and 0.2mm through 0.4mm) when grown with B. tectorum,
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and significant decreases in allocation to course root diameter classes (0.4mm through
>2.0mm; P<0.0001). Families differed in their response to traits measured, and the
treatment by family interaction was significant for leaf number (P=0.0071) and percent
allocation to different root diameter size classes (P=0.0001). The shift towards the
production of finer root class 0.2-0.3mm and a higher root to shoot ratio may be an
adaptively plastic response to competition with B. tectorum.

For late harvest plants, P. secunda produced 88% less biomass (P<0.0001) and
had 44% higher root to shoot ratio (P<0.0001) in response to competition. Families
different in their root to shoot ratio (P<0.0001) and in their percent allocation to different
root diameter size classes (P<0.0001). The treatment by family interaction, and the
location by treatment interaction was significant for percent allocation to different root
diameter size classes (P<0.0001). Plants allocated overall more biomass to fine root
diameter size classes (0.1lmm through 0.4mm) under competition (P<0.0001). In contrast
to early harvest, allocation to coarse roots was adaptive in the late harvest. When
ontogenetic drift was assessed, results show that P. secunda had a higher root to shoot
ratio and allocated more resources to coarse roots relative to their size for some traits
measured. This shift in allocation from producing less fine to more coarse roots may
suggest a shift towards an adaptively plastic response to competition with B. tectorum.
These results also suggest that P. secunda may have the ability to adaptively respond to

invasion from B. tectorum through phenotypic plasticity.
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BACKGROUND

Thesis summary
This thesis addresses the ecology of the native perennial grass, Poa secunda (Sandberg
bluegrass), an important component of the sagebrush grasslands in the Western United
States, focusing on variability found within wild P. secunda populations. Ultimately, this
information can be used to infer which traits are beneficial to natives in invaded systems
and determine if native plant communities may be becoming locally adapted in the face
of disturbance from invasion. Specifically, this thesis addresses the following research
objectives: to measure the phenotypic plasticity of root traits (i.e. fine root production,
allocation to roots, specific root length) that allow P. secunda to persist in the face of
invasion, determine if plasticity is adaptive, and determine if these traits vary by family.
The following chapter describes three separate experiments: nutrients, early harvest and
late harvest. For the nutrient experiment, P. secunda was first assessed for variability in
response to low nutrients. This was a pilot experiment in that results from this
experiment led to further investigation of P. secunda in response to competition with B.
tectorum and was an important first step in determining the ability for P. secunda
populations to exhibit plasticity given its mating strategy, facultative apomixis. I
addressed whether P. secunda could respond plastically to changes in nutrient addition,
whether responses to growing with invaders were similar, and whether these changes
may be adaptive.
Study species

Poa secunda is a small to medium sized, long-lived bunchgrass. It contains soft

basal leaves and few to many naked flowering stalks. Typical to bluegrass, the leaves



have a prow-shaped tip and the upper leave surface has a double grove down the center,
while the seeds are glabrous. Flowers occur in narrow panicles that spread during
anthesis (USDA, NRES 2009). Growth begins in the early spring, before most other
native grasses and with persistent moisture, P. secunda can remain green throughout the
summer, though it usually senesces earlier than other native grasses (USDA, NRCS
2009). It is therefore possible for this species to have the highest abundance on the
landscape among grass species (USDA, NRCS 2009). P. secunda grows in small tufts,
usually less than thirty centimeters in height. It is drought and grazing tolerant and is
considered to be fire adapted due to its relatively low biomass and resprouting ability,
which allows it to persist through fire and stabilize disturbed areas quickly (USDA,
NRCS 2009). It outperforms other native species in performance under dry conditions
and in shallow soil (Goergen et al. 2011). Although it is adapted to a wide variety of soil,
it prefers medium textures soils. Additionally, it is known to be effective at suppressing
weed growth due to its course, fibrous and deep-penetrating roots which can occasionally
develop short rhizomes (USDA, NRCS 2009; Goergen et al.2011). Specifically, P.
secunda s known for its competitive ability against B. tectorum due to its early spring
growth and quick maturity (Goergen et al. 2011).
Mating Strategy

Since plant variation in phenotypic plasticity relies on genomes exhibiting a
certain degree of variability, is important to understand the underlying mechanisms that
create genetic diversity among plants. Genetic variability within plant populations
changes predictably among various mating strategies. In general, inbreeding populations

tend to be highly homozygous and low in genetic diversity (Silverton 2001). On the



other hand, outcrossing populations tend to have high genetic diversity due to gene flow
among different populations and among individuals within populations (Silverton 2001).
As such, we might expect genetic variability to be apportioned among individuals within
populations of species that have high rates of gene flow.

Apomixis is a unique form of asexual reproduction in which plants reproduce
asexually without fertilization. Flowering plants produce cells that contain the same
genotype as their maternal parent which develop into an embryo. Apomictic plants will
therefore contain seeds that have the same genotype as their mother. In many apomictic
flowering plants, fertilization of the endosperm, called pseudogamy, is common. This
may suggest that pseudogamy evolved after sexual reproduction (Silverton 2001).

There can be instances when plants exhibit both sexual and asexual mating
systems (i.e. facultative apomixis). The genus Poa encompasses a large diversity of
reproductive strategies in which both sexual and asexual reproduction is found. The
primary mating strategy among Poa is facultative apomixis, exhibiting gametophytic
apomixis in which non-reduced (i.e. cells that have not undergone meiosis), asexual
embryo sacs develop from differentiated cells of the nucellus following differentiation of
the megaspore mother cell (Koltunow 1993). However, asexual and sexual reproduction
occur simultaneously, in individual plants, so that they are not considered obligately
asexual. Aposproric development, or the production of progeny identical to the female
genotype, occurs along with pseudogamous apomixis, in which fertilization of the polar
nuclei for the creation endosperm development, happens simultaneously during seed
development (Kellogg 1987). As a result, pollen is produced which has the potential to

fertilize other plants and thus retain gene flow (Kellogg 1990).



Although P. secunda is primarily regarded as a clonal species, sexual
reproduction has been demonstrated to produce higher amounts of genetic diversity
among some populations (Jones 2005). The percent of asexual ovules within one
population of P. secunda varied as much as 40% between plants (Kellogg 1987). This
percentage also varied within the same plant grown in different environments (Kellogg
1987). Additional studies along these same lines have concluded that factors such as
temperature, length of day and latitude all play a key role in determining the degree of
apomixis within a population. It should be noted, therefore, that external environmental
factors, and not merely the species itself, affect the degree the apomixis and it is this
degree of apomixis that directly affects gene flow and genetic diversity within

populations.
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ABSTRACT

Native plant communities of the Nevada Great Basin are experiencing a rapid shift from
native perennial grasses to invasive annual grasses. The ability to respond to competition
through root plasticity may be an important trait for survival of native plants in invaded
systems. I investigated the following questions about Poa secunda, a common native
perennial grass in sagebrush ecosystems: 1) Can P. secunda respond plastically to
directly-manipulated nutrient availability? 2) Does P. secunda respond to the presence of
B. tectorum? and 3) Are these plastic responses adaptive? For the nutrient experiment,
ten seeds from twenty families were sown individually into greenhouse pots, where one P.
secunda family is defined as one individual plant. Within each family, five individuals
received a low nutrient treatment, and five a high nutrient treatment. Plants were
harvested fifty days after emergence. Roots were rinsed, clipped from leaf mass, and
digitally scanned. For the competition experiment, twenty seeds from forty-eight

families were sown individually into small and large greenhouse pots and one seed of B.
tectorum was added to half of the pots. Plants were harvested sixty-seven days after
emergence (early harvest), and after one growing season (late harvest) for the
competition experiment. Roots were rinsed, clipped from their leaf mass and digitally
scanned in a similar manner as the nutrient experiment. For both the nutrient and the
competition experiments, measurements included total biomass, root to shoot ratio, leaf
number, specific root length (SRL), percent allocation to different root diameter size
classes, and plasticity in allocation to these same root diameter classes. In addition

change in percent allocation to different root diameter size classes was calculated for



plants in response to both low nutrients and competition from B. fectorum. Measures
were correlated with plant performance measured as CPI (competitive performance
index) and total biomass to determine if they were adaptive. Finally, to determine if
plastic changes were simply a result of plant size or represented a change in strategy due
to different growing environments, traits were assessed for “active” or “passive”
plasticity by accounting for ontogenetic drift.

In response to low nutrients and competition with B. tectorum, plants were
significantly smaller in biomass (P<0.0001), had a higher root to shoot ratio (P<0.0001),
a higher specific root length (P<0.0001), and allocated more biomass to the production of
fine roots. Overall, families significantly varied from one another for traits measured,
which demonstrates that populations are genetically diverse. Correlations with CPI and
total biomass for early harvest plants showed allocation to fine roots was positively
correlated with plant performance, whereas late harvest plants showed allocation to
coarse roots was positively correlated with plant performance. For early harvest plants,
seven out of twelve correlations were actively plastic, showing a shift in allocation of
coarse to fine roots and increased root to shoot ratio under competition. Late harvest
plants showed ten out of twelve correlations to be actively plastic, with some shifts
towards allocation to coarse roots. These shifts in allocation may suggest an adaptively
plastic response to competition. Ultimately, long-term persistence of P. secunda
populations on the landscape depends on adaptive traits to withstand competition from

invasives.



10

INTRODUCTION

Native plant communities of the Great Basin are experiencing a rapid shift from
native perennial vegetation to invasive annual grasses, namely cheatgrass, Bromus
tectorum. This winter annual grass is currently found in all 50 states including most of
Canada and parts of Mexico. In the western states, B. tectorum has been well established
since the 1930s and is now estimated to have invaded more than 20,000 km?, making this
shift in flora the most dramatic invasion in all of North America (Mack 1981; Bradley &
Mustard 2004; USDA, NRCS 2009). Intensive grazing and a short fire return have
created a window of opportunity for B. fectorum invasion. When initial colonization is
followed by fire, a positive feedback can result in increasing dominance of B. tectorum
(D’Antonio & Vitousek 1992). Numerous studies demonstrate the competitive
superiority of B. tectorum over natives in the Great Basin. For example, under
greenhouse conditions B. fectorum seeded at 609 and 2,760 plants per m * drastically
inhibited the root and shoot growth of Agropyron cristatus (crested wheatgrass, Evans
1961). Likewise, in a field competition experiment, B. tectorum significantly reduced
first-year relative growth rates and biomass of Elymus elymoides (squirreltail), which led
to further reductions in second-year biomass and flowering (Humphrey & Schupp 2003).
In B. tectorum invaded systems, native perennials are likely to experience a decrease in
recruitment and seed production immediately and over the long-term from early seedling
competition with B. fectorum.

Despite the success of B. tectorum, some native perennial species can still be seen
in invaded landscapes. In many places throughout the Great Basin, competition between

natives and B. tectorum has yielded coexisting populations (Arredondo et al. 1998;
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Gurevitch and Padilla 2004; Sax and Gaines 2008; Leger & Espeland 2010). Although
native populations have decreased in abundance in invaded areas, studies have shown
that certain traits in native perennial populations may allow for native plant persistence
(Leger 2008; Rowe & Leger 2010, Goergen et al. 2011). For instance, E. multisetus
seeds collected from B. tectorum invaded areas and grown in a common environment
showed, on average, smaller biomass and allocated greater production to fine roots
compared to the same species from uninvaded areas, and were more competitive with B.
tectorum (Rowe & Leger 2010). Likewise, adult perennial grasses from invaded areas
displayed earlier initial re-growth, which led, in some cases, to a competitive advantage
over B. tectorum (Leger 2008, Goergen et al. 2011). A study with E. elymoides indicated
that second-year growth was more tolerant of B. tectorum, suggesting that mature
perennials are less vulnerable to B. tectorum relative to seedlings (Humphrey & Schupp
2003). Identifying traits that allow native populations to persist in the face of B. tectorum
invasion should be a top priority for land managers whose goal it is to restore and
maintain native plant communities (Knapp 1996; Leger 2008). Seedling traits are
particularly important because successful seedling establishment is central to the
maintenance of populations.

The Great Basin includes five states including parts of California, Oregon, Idaho,
Nevada and Utah, where Nevada comprises most of the approximately 390,000 km * area.
Over 300 distinct mountain ranges have been recorded with average elevations greater
than 1500m (Knapp 1996). In Nevada alone, the sagebrush vegetative zone compromises
more of Nevada than any other vegetative zone and is dominated by Artemisia tridentata

(big sagebrush). Ecologically important species in this area also include several species
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of perennial bunchgrasses such as Poa secunda (Sandberg bluegrass), Elymus multisetus
(big squirrletail), Hesperostipa comata (needle-and-thread) and Achnatherum speciosum
(desert needlegrass) (Knapp 1996; Charlet 1998). Plants in the Great Basin are well
adapted to exploit soil nutrients in short-duration pulses when the nutrient influx from
early spring freeze-thaw snowmelt is greatest (Chapin et al. 1990). The arid climate
allows for approximately 250mm of precipitation annually (Knapp 1996), usually
occurring from November through May, with ample sunlight year round. Therefore,
limited access to water (Knapp 1996) creates a competitive environment for plant
communities where most population level competition occurs belowground.

In general terms, plants tend to respond to low resource environments by
allocating a larger portion of their biomass to organs involved in capturing the limiting
resource (Bloom et al. 1985; Gedroc et al. 1996; Wahl et al. 2001; Hodge 2009).
Therefore, plants must be able to exhibit phenotypic plasticity in response to
environmental factors (Grime & Mackey 2002). Phenotypic plasticity, which is defined
as an environmentally-induced morphological or physiological response to changes in the
environment (Bradshaw 1965), can allow species to have a higher tolerance to a diverse
array of environmental conditions therefore increasing individual fitness. Plasticity is
considered to be adaptive if fitness is increased by a change in phenotype (Ghalambor et
al. 2007). For example, genetic replicates of Polygonum cespitosum (Oriental lady’s
thumb) expressed dramatically different phenotypes in response to growing in contrasting
greenhouse environments, in which plants grown in dry soil and full sun developed
multiple branches and reproductive axes, narrow leaves, and allocated greater biomass to

roots. In contrast, plants grown in moist soil and shade developed fewer branches, had a
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more upright form with large, broad leaves, and allocated greater biomass to leaves,
which allowed for maximum photosynthetic surface area despite lower total biomass
(Sultan 2010). These plastic changes maximized fitness under contrasting growing
conditions.

When assessing a plastic response, it is important to consider that traits can
change dramatically over the course of plant growth and development, a process referred
to as ontogenetic drift (Evans 1972). For example, some plants exhibit an initial high
root to shoot ratio during early seedling establishment, which eventually decreases after a
few weeks of growth (Gedroc et al. 1996). This change is not is not a response to an
environmental stimulus, but a consequence of increased growth and plant size. Therefore,
when measuring changes in root allocation, it is important to consider differences in plant
size in these calculations (more detail provided below).

In addition to changes in root to shoot ratio, plants have the ability to alter their
root architecture, or the spatial structure of root systems in soil, without changing their
overall root biomass, where the ability to capture limiting resources belowground is not
determined by root biomass alone (Ryser 1998; Wahl et al. 2001; Hodge 2004; Gregory
2006). Rather, research suggests that the ability to capture limiting resources may be
directly related to specific root length (SRL), which is defined as the root length per unit
biomass (Eissenstat 1991). Root proliferation, which is defined as a plants’ ability to
respond to fertile soil patches by increasing their local root length within fertile areas, has
been well documented as a mechanism for capturing limiting resources (Jackson et al.
1989; Caldwell et al. 1991; Hodge 2004, 2008). For example, exposure of part of the

main lateral roots of the crop plant Hordeum vulgare (barley) to increased levels of
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nutrients resulted in increased root production within the nutrient zone (Drew 1975).
Root proliferation is particularly important for nutrient capture when plants are in direct
competition with one another and when the nutrient resource is limiting (Hodge et al.
1999, 2004, 2009). In the Great Basin, for example, the non-native grass Agropyron
desertorum (desert wheatgrass) responded dramatically to increased nutrients by rapidly
proliferating more roots relative to native species, which may be an important factor for
its success on the landscape (Jackson et al. 1989). Likewise, Jackson et al. (1990)
demonstrated that root proliferation in localized nutrients patches can be rapid for two
other perennial species, Artemisia tridentata (big sagebrush) and Pseudoroegneria
spicatum (bluebunch wheatgrass), common to the Great Basin. Similar studies have also
shown that increased root proliferation of fine roots in nutrient patches depends largely
on timing and the duration of the nutrient supply (Pregitzer et al. 1993).

As mentioned above, it is well known that many plant traits, such as allocations in
biomass to roots, can change in predictable ways over the course of growth and
development and that growth rates themselves are also plastic (Evans 1972; Coleman et
al. 1994; Wright & McConnaughay 2002; Weiner 2004). Because most of plant growth
and development follows predictable ontogenetic trajectories, any change in measured
traits from novel stimulus may simply be a result of plant size. Therefore, it is important
to distinguish whether plasticity in traits is a result of ontogenetic changes during growth
and development, or, rather, a result of changes in the ontogenetic trajectory of a trait in
response to environmental variation (Coleman et al 1994; Weiner 2004). Any changes in

measured traits resulting solely from changes in growth rate, or ontogenetic drift, is
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referred to a “passive plasticity,” whereas “active plasticity” refers to environmentally-
induced variation in the ontogenetic trajectory of a trait (Wright & McConnaughay 2002).
It is possible to mistakenly conclude that plants are exhibiting active plasticity in
response to varying environmental conditions when traits are measured at a common
point in time, rather than at a common size. The illustration below exemplifies how rate
of growth and development can be drastically different for two individual plants
harvested at the same point in time (arrow), because of differences in plant size at a given
time in the different environments (re-illustrated from Weiner 2004). Environment A is
more favorable, and the plant reaches a larger size sooner, while in environment B, plants

are growing much slower.

Environment A

T

Environment B

Size

Time

For example, the figure presented below illustrates how the relationship between plant
traits of Kochia scoparia (ragweed) in response to crowding can be drastically altered

when plants are compared at the same size (re-illustrated from Weiner 2004; Weiner &
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Fishman 1994). In the left graph below, for instance, plants show a non-plastic response
to crowding in the relationship between traits measured, in which there is a continuous
ontogenetic trajectory between crowded and uncrowded stands. This result shows, for
instance, that crowding does not have an effect on the relationship between branch length
and leaf area of K. scoparia. In contrast, the right graph below shows an example of
active plasticity in which the ontogenetic trajectory, or slope, of traits measured differs
between crowded and uncrowded plants, where crowded plants have much less surface
area at a given stem diameter compared to uncrowded plants. Overall, this study shows
the importance of plant strategies in response to crowding, where plants can plastically

respond to crowding for some traits.

A Uncrowded _ A Uncrowded

S y
© ©
m 5 Crowded .o 2
- Crowded = “M
> - >
Branch length Branch diameter

Because plants alter percent allocation to different organs according to size, then
environmentally-induced responses that affect plant growth rates will also, in turn, affect
the percent allocation to different organs (Weiner 2004). In another example, Gunn et al.

(1999) reported increased allocation to leaves and shoots for three herbaceous plants
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grown at enriched CO; atmospheric levels compared to control plants that were not
grown with enriched CO,, when plants were compared at a common age. However, when
compared again at a common size, these differences did not exist, suggesting that passive
plasticity was responsible for observed differences due to an accelerated growth rate
under enriched CO,. Therefore, not accounting for ontogenetic differences while
measuring the plasticity of plants at different sizes may have profound effects on the
interpretation of results.

Although plants can exhibit active phenotypic plasticity, not all plasticity leads to
increased fitness, and phenotypic plasticity may either be adaptive or maladaptive.
Phenotypic plasticity is most likely to be adaptive when variable environmental
conditions give reliable cues to individuals and when different phenotypes are favored in
novel environments, and where no single phenotype is more advantageous than another
phenotype across all environments (Ghalambor et al. 2007). In contrast, maladaptive
plasticity results when the new environmentally-induced phenotype gives rise to a
reduction in fitness (Ghalambor et al. 2007). The most common form of maladaptive
plasticity is seen when individuals experience a failure to develop or function properly
due to environmental stress. For example, Grether (2005) found that plants may fail to
mature properly or produce an optimal number of seeds when grown in resource limiting
soil. Another type of maladaptive plasticity occurs when environmental cues produce a
novel trait that reduces fitness. In a study conducted by Langerhans and DeWitt (2002),
freshwater snails raised with either molluscivorous or non-molluscivorous sunfish species
responded unnecessarily to non-molluscivorous species by reducing growth rates which

led to a lowered fecundity and by producing rotund shells which increased vulnerability
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to shell-entry predators. Plant species confronted with novel cues from competition may
also be at risk of maladaptive responses (van Kleunen & Fisher 2005; Aphalo et al. 1999;
Schwinning & Weiner 1998)).

To date, the plastic response of Great Basin native plant populations to invasion
has received relatively little attention. Rather, focus has been on key traits of invasive
species that allow invasives, such as B. fectorum, to outperform native perennial grasses
and fixed traits of natives that increase tolerance (James 2008; Leger 2008; Leger &
Rowe 2010, Goergen et al. 2011). The goals of this study were threefold: 1) determine if
P. secunda responds plastically to directly-manipulated nutrient availability, 2) determine
if P. secunda responds to the presence of B. tectorum, and 3) determine if any changes
are adaptive. Since competition with B. fectorum is known to greatly reduce available
nutrients, I focused on root responses to both nutrient availability as well as to
competition with B. tectorum during early seedling establishment so that any similarities
between responses could aid in determining advantageous traits in invaded systems. I
also focused on root responses to competition with B. tectorum after one growing season
since the ability for P. secunda to survive to full maturity is an important trait for
continued establishment in invaded systems. Additionally, I assessed family-level
variation to see if root traits and plastic responses to environmental variation were
inherited, which is important for identifying families that may be used for restoration of
invaded systems.

METHODS

Seed Collection
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During November and December 2008, 40 individual adult plants of P. secunda were
collected from two locations: McClellan Peak, Nevada (39 14 21.30N 119 44 34.70W,
1750m elevation) and Bedell Flat (39 49 58.10N 119 45 56.10W, 1513m elevation) and
brought to the University of Nevada, Reno agricultural experimental station greenhouse
complex. From each original location, 20 individual plants from invaded areas and 20
individual plants from uninvaded areas were transplanted, representing 40 total families
from each location. Plants were grown in a common environment for one season and
seeds were collected as they matured, from May-June 2009. Seeds were stored at room
temperature until planting.
Nutrient Study

Seeds from 20 McClellan Peak families were used to measure plant response to
variable nutrients. Ten seeds from each family were grown in small greenhouse pots
(Stuewe & Sons RLC4 66mL, 2.5cm diameter, 16cm depth). Pots were filled with coarse
sand and sown over the course of five days from 25 January 2010 to 30 January 2010 in
order to stagger harvesting of 200 pots. One seed was directly sown in the center of each
pot and seeds were held at controlled greenhouse conditions (4.4-26°C, 5-25% relative
humidity, full daylight). Pots were immediately watered upon sowing with a solution of
one of two treatments: low or high nutrients (Miracle-Gro all purpose water soluble plant
food; 15% nitrogen, 30% phosphate, 15% potash). Emergence date was recorded for all
200 plants and seeds were allowed to grow for 50 days after emergence, at which point
they were harvested.

For the high nutrient treatment, one tablespoon of nutrients was mixed with one

gallon of water. For the low nutrient treatment, 0.25 of a tablespoon of nutrients was
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mixed with one gallon of water for the first 30 days after sowing, with no further
nutrients provided for an additional 20 days.

Harvest occurred over a 15-day period from 15 March 2010 to 30 March 2010. To
extract roots at harvest, pots were submerged underwater and planting media was
manually removed from pots. Roots were gently rinsed, clipped from leaf mass,
refrigerated (<24 hours), then digitally scanned for analysis. Number of leaves were
recorded and shoots were immediately dried (7 days at 60°C) before weighing.
WinRhizo root scanning software (Regents Instruments Inc, Siante-Foy, Canada) was
used to analyze scanned root images. From this, total root length (cm) and the root
diameter for 10 size classes (0.0-0.1mm, 0.1-0.2mm, 0.3-0.4mm, 0.4-0.5mm, 0.5-0.6mm,
0.6-0.8mm, 0.8-1.2mm, 1.2-2.0mm, >2.0mm) were quantified for each sample scanned.
Root and shoot biomass measurements were recorded separately by weighing roots and
shoots individually after drying (10 days at 60°C). Root to shoot ratio (R:S) was
calculated as root weight + shoot weight. Specific root length (SRL) was calculated as
total root length (cm) + root mass (mg). Total biomass for both P. secunda was
calculated as root weight + shoot weight. Additionally, percent allocation to the 10 root
diameter size classes was calculated as [total length of a root diameter category (i.e. 0.0-
0.1) = total root length] x 100 for plants under low and high nutrients.

Analysis for Nutrient Study

Three types of analysis were performed using JMP 9.0.2 (SAS Institute 2010). (1)
Analysis of variance (ANOV A) and multivariate analysis of variance (MANOVA) were
conducted to compare a) changes in means between nutrient treatments, to determine if

treatments had an effect on traits measured, b) differences in means between families to
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determine genetic variability, and c) to test the interaction between families and
treatments to determine if all families had similar responses to the nutrient treatments.
For our second analysis, (2) change in family-level means for all measured traits were
calculated to determine plasticity in response to nutrient treatments. (3) Finally, to
determine whether plasticity was ontogenetic, both ANCOVA (analysis of covariance)
and regressions were performed to test for different trajectories of plastic traits for both
low and high nutrients (explained further below).
(1) ANOVA was used to test the effects of nutrients and family on the following

P. secunda traits: total biomass, root to shoot ratio, leaf number, specific root length
(SRL) and percent allocation to 10 root diameter size classes. The ANOVA model
included the following factors: nutrient status (fixed factor, either low or high), family
(random factor) and the nutrient status by family interaction. Several growth traits did
not display normal residual distributions and standard transformations did not improve
this or change model significance, thus they were not transformed. SRL was log
transformed to improve normal distribution. Significant results (P<0.05) are presented in
figures with raw means and standards errors. Shifts in root to shoot ratio family means in
response to nutrients were compared a posteriori using Tukey HSD. For the MANOVA
analysis, the Wilk’s lambda method was used to determine significant affects of nutrients
status and family on percent allocation to all root diameter size classes; significant
MANOVA results were followed with ANOVA to determine significant differences
within individual root size classes.

(2) Using the percent allocation calculations for each individual under low and high

nutrients, we used JMP statistical software to calculate low and high nutrient means for
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each family. Percent allocation to different size classes of low and high nutrient family
means were then used to quantify the change in family level plasticity for each root
diameter size class as follows: percent allocation for high nutrients — percent allocation
for low nutrients (Valladares et al. 2006). Additionally, the sum of the total change in
percent allocation of all root diameter size classes was calculated for each family. Low
and high nutrient family means were also calculated for SRL. Specific root length (SRL)
of low and high nutrient family means were then used to quantify the change in family
level plasticity as follows: SRLyigh - SRLiow. Root to shoot ratio of low and high nutrient
family means were also calculated and used to quantify the change in family level
plasticity as follows: Root to shoot yigh — root to shoot . Nutrient performance index
(NPI) was used to quantify the ability of P. secunda to tolerate low nutrient availability,
where NPI is the percent decrease in plant performance when grown with low nutrients
compared to plant performance when grown in high nutrients (Rowe & Leger 2010;
Goergen et al. 2011). NPI is different from strict biomass measures where any decrease
in plant size is compared relative to the original plant size at the starting point of nutrient
treatments. NPI is calculated as follows: (total biomassh;gn — total biomassiey) + total
biomasshigh. Family means under high and low nutrients were used to calculate NPI.

(3) Lastly, ANCOVA was used to determine if results were based on active
plasticity or passive plasticity. We first located the top ten root diameter size classes that
had the strongest negative correlations with one another using individual plant data. Next,
correlated root diameter size classes were analyzed to determine whether allocation to
these different root diameter size classes was actively plastic. ANCOVA was used with

one class as the response and the other class as a model factor. “Treatment” was included
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as a factor, and the factor by size class interaction was used to determine if slopes of lines
were on different trajectories in different treatments. When interactions were significant,
regressions were then used to analyze the relationship between fine roots and coarse roots
under different nutrient treatments. An increase in the slope of the ratio of fine to coarse
roots under low nutrients compared to high nutrients would indicate that fine root
production is increasing in a plastic way, with plants producing more fine roots than
expected based on their size. In a similar manner, ANCOVA was also used to indicate if
root to shoot ratio and specific root length (SRL) results were based on active or passive
plasticity, where P. secunda total biomass was used as the response and root traits (root
to shoot ratio; specific root length) was used as a model factor. “Treatment” was included
as a factor, and the factor by root trait (root to shoot ratio; specific root length (SRL))
interaction was used to determine if slopes of lines were on different trajectories in
different treatments. When interactions were significant, regressions were then used to
analyze the relationship between total biomass and root traits under different nutrient
treatments. An increase in the slope of root traits (root to shoot, specific root length) to
total biomass under low nutrients compared to high nutrients would indicate that root
traits are increasing in a plastic way, with plants producing more roots than shoots and
that plants are producing a greater amount of fine roots (i.e. higher specific root length).
Competition Experiment

In order to address whether phenotypic plasticity in response to B. tectorum is similar to
that in response to low nutrients, and to determine if plasticity of certain traits allows for
the survival of P. secunda in the face of invasion by B. tectorum, we conducted a

competition experiment under controlled greenhouse conditions. Soil was provided by
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Moana Nursery located in Reno, NV and laboratory analysis yielded low amounts of
nitrogen (NH4 ppm=2.36, NO3 ppm=9.52, %N=0.04), and high alkalinity (pH=8.08).
Perlite was added to the soil in a one to three ratio and placed in a cement mixer in order
to homogenize the soil mixture. Both small and large pot sizes were used to allow for
maximum rooting depth for both early seedling establishment and establishment after one
growing season (Stuewe & Sons SC10 super 164mL, 3.8 diameter, 21cm depth for early
and TP49 10cm width, 24cm height, 1.65L for late). Pots were fitted with polyester fiber
squares in the bottom to prevent soil loss, filled with soil mixture and immediately
watered. For our competition experiment, seeds were used from 48 families: 25 families
from McClellan Peak and 23 from Bedell Flat. Out of the 25 families from McClellan
Peak, 12 were originally from invaded areas and 13 were originally from uninvaded areas.
Out of the 23 families from Bedell Flat, 10 were from invaded areas and 13 were from
uninvaded areas. The community type distinction (plants originally from invaded and
uninvaded areas) did not affect results, thus it is not included in the analysis presented
here.

Poa secunda and B. tectorum seeds were sown over the course of four days from
6 December 2010 to 9 December 2010, in a complete random design. In each pot, one
seed of P. secunda was placed directly into the soil using forceps (n=960 for both small
and large pots). One seed of B. tectorum was sown directly adjacent to the P. secunda
seed in half of the pots (n=480 for both small and large pots) in the competition
treatments. Pots were misted once a day for the first two weeks following planting and
thereafter small pots were watered once every four to seven days until time of harvest,

while large pots were watered once a week until time of harvest, allowing soil to dry
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between waterings. No supplemental fertilizer was added for the entire duration of this
experiment.

Two harvest times were conducted that align with natural growth phases of P.
secunda: early seedling establishment and end of growing season, when plants showed
signs of senescence. Early harvest of all small pots (n =960) occurred 67 days after date
of emergence, taking place from 15 February 2011 through 24 March 2011, with harvest
timed to correspond with the emergence date of each pot. Late harvest of large pots
began approximately six month after date of emergence on 31 May 2011, at which time,
B. tectorum had already produced seeds and P. secunda was becoming senescent. Due to
the large number of late harvest pots and the time-consuming nature of the harvest, we
could not harvest all of the plants, and we harvested above and below ground biomass for
778 pots out of 960 between 31 May and 25 June. We prioritized families for harvest
based on families that showed variation in their plastic response to percent allocation of
fine roots during the early harvest experiment and total root length from the previous
nutrient experiment, including families with a range of plasticity values in the harvest
group. The remaining 182 late harvest pots were collected for above ground biomass
only between 26 June and 29 June. Plants that were harvested for roots and shoots of P.
secunda were manually separated from B. tectorum based on root and leaf characteristics;
P. secunda and B. tectorum roots were refrigerated and digitally scanned as in the
previous nutrient experiment. Root measurements of all P. secunda from the early
harvest were conducted along with all but 182 pots from the late harvest.

Analysis for Competition Experiment
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As described in the nutrient experiment, ANOVA, MANOVA (1), and plasticity
calculations (2) were used for both early and late harvest. Additionally, Spearman’s non-
parametric equations were used to determine whether traits might be adaptive (3).
Finally, as in the nutrients study, we used ANCOVA to determine if results were based
on active plasticity or passive plasticity (4).

(1) Our first analysis was conducted using analysis of variance (ANOVA) and
multivariate analysis of variance (MANOVA) to ask a) if differences in original location
of plant families (either Bedell Flat or McClellan Peak) had an effect on traits measured,
b) if there were changes in means between treatments to determine if competition with B.
tectorum had an effect on traits measured, c) if there were differences in means between
families to determine genetic variability of populations with respect to traits measured,
and d) to test the interaction between families and treatments to determine if families had
similar responses to competition with B. tectorum. Additionally, the interactions between
original location, treatment, and family and treatment were also tested using ANOVA and
AMOVA to determine if plants from different populations or families differed in
response to competition with B. tectorum. For the ANOVA analysis, the following P.
secunda traits for both early and late harvest were used to test the effects of competition
with B. tectorum, location, and family: total biomass, root to shoot ratio, leaf number (for
early harvest only), specific root length (SRL), and percent allocation to root diameter
size classes. The ANOVA model included the following factors: original location (fixed
factor), family nested within original location (random factor), competition status (fixed
factor, with or without competition with B. fectorum), the competition status by family

interaction, and the competition status by location interaction. Although the competition
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status by location interaction was included in our model, it was only significant for
percent allocation of root diameter size classes, and further results of this interaction are
not presented here. Several growth traits did not display a normal residual distribution
for both early and late harvest analysis and standard transformations did not improve this.
Total biomass was log transformed to improve distribution of residuals for early harvest
analysis. Additionally, total biomass was transformed using the Box-Cox method and
root to shoot ratio was log transformed for the late harvest analysis. For the MANOVA
analysis, the Wilk’s lambda method was used to determine significant affects of
competition status, family, and the family by competition status interaction on percent
allocation to all root diameter size classes. Significant MANOVA were followed by
individual ANOVAs for each root diameter size class.

(2) Relative competitive performance index (CPI) was used to quantify the ability
of P. secunda to tolerate B. tectorum in a competitive environment (Rowe & Leger 2010;
Goergen et al. 2011). CPI is the percent decrease in plant performance when grown with
competition compared to plant performance when grown without competition, and is
different from strict biomass measurements of fitness because any decrease in plant size
is compared relative to the original plant size at the starting point of competition. CPI is
calculated as follows: [total biomasscontrol — total biomasscompetition] + total
biomasscompetiion- W€ used family means with and without competition to calculate total
biomass for CPI for both early and late harvest. Additionally, percent allocation to the 10
root diameter size classes were calculated as [total length of a root diameter category (i.e.
0.0-0.1) = total root length] x 100 for both early and late harvest, similar to the previous

nutrient experiment. Using percent allocation calculation for each individual from the
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early harvest, we calculated competition and control means for each family. Percent
allocation of competition and control family means were then used to quantify the change
in family-level plasticity for each root diameter size class as follows: percent
allocationconirol — percent allocationcempetiion. Additionally, the sum of the total change in
percent allocation of all root diameter size classes was also calculated for each family.
Family means for specific root length (SRL) and root to shoot ratio were also calculated,
and plasticity was determined as described above.

(3) For both early and late harvest analysis, Spearman’s non-parametric
correlations were used to compare the relationship between individual means of the
following traits and plant performance (total biomass, CPI): percent allocation to each
root diameter size class, root to shoot ratio, and specific root length (SRL). Spearman’s
non-parametric correlations were also used to test the effect of a plastic response of P.
secunda families to competition by correlating family-level means of the following traits
with plant performance (total biomass and CPI): change in percent allocation to each root
diameter size class, sum of change in percent allocation to each root diameter size class,
change in percent allocation of specific root length (SRL), and change in percent
allocation of root to shoot ratio.

(4) To determine whether plasticity was ontogenetic or active, both ANCOVA
(analysis of covariance) and regressions were performed between different plastic traits
both with and without competition using the same methods as the nutrient experiment
described above. Individual data was used to determine the top 10 strongest correlations
between root diameter size classes. Additionally, in order to determine whether plasticity

may be adaptive, we used the relationship between individual traits and performance
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(Table 3) to compare the shift in allocation of root diameter (i.e. fine versus coarse root
production) between control and competition plants to plant performance (i.e. total
biomass) for both early and late harvest plants. Similar to the nutrient methods,
ANCOVA was used to indicate if root to shoot ratio and specific root length (SRL)
results were based on active or passive plasticity, where P. secunda total biomass was
used as the response and root traits (root to shoot ratio; specific root length) was used as a
model factor. “Treatment” was included as a factor, and the factor by root trait (root to
shoot ratio; specific root length) interaction was used to determine if slopes of lines were
on different trajectories in different treatments. When interactions were significant,
regressions were then used to analyze the relationship between total biomass and root
traits under competition status (with or without competition with B. tectorum). An
increase in the slope of root traits (root to shoot, specific root length) to total biomass
under competition with B. tectorum compared to control plants would indicate that root
traits are increasing in a plastic way, with plants producing more roots than shoots and
that plants are producing a greater amount of fine roots (i.e. higher specific root length).
In a similar manner, in order to determine whether plasticity may be adaptive, we used
the relationship between individual traits and plant performance (total biomass, CPI)
(Table 3) to compare the shift in root traits (root to shoot ratio, specific root length)
between control and competition plants to plant performance (i.e. total biomass) for both
early and late harvest plants.

Lastly, to see if early traits could predict plant performance of P. secunda plants
after one growing season with B. tectorum, early harvest plant traits for percent allocation

to all root diameter size classes, root to shoot ratio, and specific root length (SRL) were
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correlated with final performance using Spearman’s non-parametric correlations with late
harvest total biomass of P. secunda under competition with B. tectorum. Similarly, early
harvest plant traits for change in percent allocation of all root diameter size classes, sum
of the change in percent allocation to all root diameter size classes, change in specific
root length (SRL), and change in root to shoot ratio were correlated with final plant
performance (total biomass, CPI) using Spearman’s non-parametric correlations with
total biomass of P. secunda for late harvest plants under competition with B. tectorum.

RESULTS

Nutrient Experiment Results: Effects of treatments

A wide range of emergence dates were recorded for all 200 seeded plants. Time
to emergence ranged from as few as 9 days to as many as 31 days from date planted, with
the majority of seedling emergence (approximately 70%) ranging from 11 to 17 days.
Out of the 300 total seeds planted, twenty-five did not emerge at all.

Nutrient treatments significantly affected all response variables. In response to
low nutrient treatment, P. secunda showed an approximately 27% decrease in biomass
(Figure 1, Table 1), and a higher root to shoot ratio (Figure 2, Table 1). P. secunda had
approximately 25% fewer leaves in the low treatment compared to the high treatment
(Table 1); mean leaf number for families under low nutrients was 5.6 (SE£0.12), and 7.5
(SE£0.18) under high nutrients. Plants in the low nutrient treatment had a higher specific
root length (SRL), meaning more fine roots (F=89.5, P<0.0001; 26.64+0.06 under low
nutrients and 20.4+0.50 under high nutrients). In addition, percent allocation to root
diameter size classes changed in response to low nutrients, with significant increases in

allocation to fine root diameter classes 0.0-0.1mm and 0.1-0.2mm, and decreased
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allocation in larger root categories 0.3-0.4mm, 0.4-0.5mm, 0.5-0.6mm, and >2.0mm.
(Figure 3, Table 1). Total biomass, leaf number, specific root length (SRL), percent
allocation to root diameter size classes, and root to shoot ratio differed by family (Figure
4, Table 1), along with change in percent allocation (Table 1, Figure 5). The family by
nutrient treatment interaction was not significant for most variables with plants from
different families responding similarly to treatments (i.e. Figure 4). However, there was
an almost significant response in total biomass, with some families increasing
performance by almost 60% under high nutrients, and others showing slight decreases.
This resulted in a wide range of values for the nutrient performance index (NPI) (Figure
6).
Plasticity and ontogenetic drift results

Plants produced more fine roots in response to low nutrients overall (Figure 5),
and we assessed whether this production of fine roots was due to passive plasticity, where
reduction of biomass under low nutrients results in the production of more fine roots due

to small plant size alone. Ten root diameter size classes showed the highest correlations

(P =-0.7270 through -0.4475, P<0.0001): 0.1-0.2mm and 0.3-0.4mm, 0.0-0.1mm and

0.3-0.4mm, 0.1-0.2mm and 0.5-0.6mm, 0.10.2mm and 0.4-0.5mm, 0.0-0.1mm and 0.4-
0.5mm, 0.1-0.2mm and 0.6-0.8mm, 0.0-0.1mm and 0.2-0.3mm, 0.0-0.1mm and 0.5-
0.5mm, 0.1-0.2mm and 0.8-1.2mm, 0.1-0.2mm and 1.2-2.0mm. ANCOVA showed that
the slopes between low and high nutrients for five out of ten correlations were different
and therefore changes in allocation were a result of active plasticity. For all significant

differences in slopes, plants produced a greater amount of fine roots under low nutrients
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compared to high nutrients relative to their size, indicated by steep slopes (Figure 7). The
five actively plastic correlations include the following: 0.0-0.1mm and 0.3-0.4mm
(F=4.9 1, 175), P=0.0277), 0.0-0.1mm and 0.5-0.6mm (F=5.9(;, 175), P=0.0161, Figure 7a),
0.1-0.2mm and 0.5-0.6mm (F=4.2;, 175), P=0.0412, Figure 7b), 0.1-0.2mm and 0.6mm-
0.8mm (F=5.3(y, 175, P=0.0223, Figure 7c), and 0.1-0.2mm and 0.8-1.2mm (F=13.5(, 175),
P=0.0003, Figure 7d). ANCOVA showed that the slopes between high and low nutrients
for both root to shoot ratio and specific root length (SRL) were on the same trajectory,
which resulted in passive plasticity. This means that increased root to shoot ratio and
increased specific root length (SRL) under low nutrients was simply a function of small
plant size.
Competition Experiment Results: Effects of treatments

For the early harvest competition experiment, P. secunda plants emerged between
10 days to 37 days after date planted with approximately 70% of plants emerging 10-21
days from planting. Out of the 960 pots, thirty-eight P. secunda plants did not emerge.

Competition status, original location, and family differed significantly for most
responses in the early harvest along with treatment by family interaction and location by
treatment interaction. P. secunda showed an approximately 46% decrease in total
biomass when grown with B. tectorum (Figure 8, Table 2). In a similar response to low
nutrients, P. secunda showed an increase in root to shoot ratio of 14% when grown with
B. tectorum (Figure 9, Table 2). There was an approximately 30% decrease in leaf
number when P. secunda was grown in competition with B. tectorum (Table 2). Also
similar to results from the low nutrient treatment, there was an increase in specific root

length (SRL), indicating greater production of fine roots, of approximately 10%
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(28.8+0.4 control, 31.6+0.5 competition; Table 2). Percent allocation to root diameter
size classes changed with competition status in a similar manner as the response to low
nutrients, with significant increases in allocation to fine root diameter classes 0.0-0.1mm,
0.2-0.3 and 0.3-0.4mm when grown with B. fectorum, and significant decreases in
allocation to coarse root diameter classes 0.4 through 2.0mm (Figure 10, Table 2). Plants
also differed in their allocation to root diameter sizes by location, family, and there was a
location by treatment interaction. Plants from Bedell Flat had approximately 35% less
biomass (3.6mg+0.2 for Bedell Flat and 5.2mg+0.2 for McClellan Peak; F=58.6,
P<0.0001), and had approximately 6% fewer leaves (3.8+0.1 for Bedell Flat and 4.06+0.1
for McClellan Peak; F=5.6, P=0.0219) overall compared to plants from McClellan Peak.
Plants from Bedell Flat also had greater specific root length (31.5+0.5 for Bedell Flat,
28.8+0.4 for McClellan Peak; F=11.0, P=0.0017). The location by treatment interaction
was also significant for total biomass (F=5.9, P=0.0191), specific root length (F=12.5,
P=0.0009), and percent allocation of root diameter size classes (F=3.5, P<0.0002, Table
2). Plants from McClellan Peak invaded areas were approximately 10% larger in
biomass compared to plants from Bedell Flat invaded areas. Plants from Bedell Flat
invaded areas also had an approximately 14% higher specific root length, and allocated
more biomass to root diameter size classes 0.3mm through 1.2mm, compared to plants
from McClellan Peak invaded areas.

In addition, family-level variation was also seen for most traits including total
biomass, root to shoot ratio (Figure 11), and specific root length (SRL); however, no
significant effects were seen between families in their leaf number (Table 2). Families

also differed from one another in their change in percent allocation to root diameter size
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classes. While all families tended to shift allocation in a similar way, families showed an
overall shift in allocation towards fine root classes 0.1 through 0.4mm, and a shift away
from coarse root diameter classes 0.4-2.0mm under competition with B. fectorum, with
some families more plastic than others (significant treatment by family interaction, Figure
12, Table 2). The treatment by family interaction was also significant for leaf number,
where some families had a greater decrease in amount of leaves when grown in
competition compared to control than other families (Table 2).
Correlation between traits and performance

Many traits were correlated with individual plant size (Table 3). The strongest
correlations for early harvest were between total biomass (mg) and percent allocation of
root diameter size classes 0.1-0.2mm, 0.2-0.3mm, 0.3-0.4mm, and 1.2-2.0mm with
competition (Figure 13). Plasticity in allocation was also correlated with total biomass
(Table 4) with the strongest relationships seen in change in percent allocation to root
diameter size classes 0.3-0.4mm and 1.2-2.0mm with competition, along with total
biomass (mg) and total change in percent allocation with competition (Figure 14).
Allocating biomass to fine root diameter size classes 0.1-0.2mm and 0.2-0.3mm was
positively correlated with total biomass when grown in competition with B. tectorum, and
not significantly related to biomass in the control (Figure 13a, Table 3). Allocating roots
to the next diameter size class up, 0.3-0.4mm, was correlated with decreased plant
biomass under competition status and control (Figure 13b, Table 3). Allocating biomass
to coarse root classes 0.6 through >2.0mm was positively correlated with increased
biomass for both competition and control plants. In the control, there was a significantly

negative correlation between allocation to 0.4-0.5mm and total biomass and a
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significantly positive correlation between 0.5-0.6mm and total biomass, which was not
seen when plants were grown in competition (Table 3). In addition, increased root to
shoot ratio was positively correlated with size when grown with B. tectorum but not in
the control (Table 3). There was a negative correlation between total biomass and
increasing specific root length (SRL) under competition status and control (Table 3).

P. secunda plasticity for root diameter class 0.3-0.4mm was correlated with a
decrease in total biomass, whereas plasticity in more coarse root diameter classes 0.6-
0.8mm through 1.2-2.0mm was correlated with an increase in total biomass (Figure 14a
& 14b, Table 4). A similar relationship was seen with competitive performance index
(CPI), where plasticity in root class 0.3-0.4mm was correlated with a decrease plant
performance and plasticity in coarse root diameter classes 0.6-0.8mm through 2.0mm was
correlated with an increased plant performance. Overall plasticity in root diameter size
and plasticity in specific root length (SRL) were negatively correlated with plant size
under competition (Figure 14c, Table 4). However, plasticity in root to shoot ratio was
correlated with larger plant size and better competitive ability (CPI) under competition
with B. tectorum (Table 4).

Plasticity and ontogenetic drift

The following ten root diameter size class pairs showed the highest negative

correlations for the early harvest experiment (p =-0.8509 through -0.3869, P<0.0001):

0.2-0.3mm and 0.4-0.5mm, 0.2-0.3mm and 0.5-0.6mm, 0.1-0.2mm and 0.4-0.5mm, 0.2-
0.3mm and 0.6-0.8mm, 0.1-0.2mm and 0.5-0.6mm, 0.2-0.3mm and 0.8-1.2mm, 0.1-

0.2mm and 0.6-0.8mm, 0.3-0.4mm and 0.8-1.2mm, 0.3-0.4mm and 1.2-2.0mm, 0.3-
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0.4mm and 0.6-0.8mm. ANCOVA showed that the slopes between control and
competition for five out of ten correlations were different and therefore a result of active
plasticity. In all cases, plants produced a greater amount of fine roots under competition
compared to control relative to their size (Figure 15); illustrated by a greater slope. The
five actively plastic correlations include the following: 0.2-0.3mm and 0.5-0.6mm
(F=14.7 (1, 808), P=0.0001, Figure 17), 0.2-0.3mm and 0.6-0.8mm (F=39.5 (1, g0g), P
<0.0001), 0.2-0.3mm and 0.8-1.2mm (F=6.2 (1 s0s), P=0.0128), 0.1-0.2mm and 0.6-
0.8mm (F=12.0 (1, 8os), P=0.0006), 0.3-0.4mm and 1.2-2.0mm (F=4.7 (1, 308), P=0.0299).
Plants produced more fine roots in response to competition overall (Figure 12), and
regressions between root diameter size classes showed that the slopes between control
and competition plants differed, and therefore were a result of active plasticity.
Correlations between percent allocation to 0.1 through 0.3mm and total biomass for P.
secunda under competition were positively correlated (Table 3), and thus the increase in
the ratio of 0.1 through 0.3mm fine root class to 0.5 through 1.2mm coarse root class
relative to control plants may be a shift towards adaptive plasticity. In contrast,
correlations between 0.3-0.4mm and total biomass under competition were negative
(Table 3) thus the increase in the ratio of 0.3-0.4mm fine root class relative to control
plants may be a maladaptive shift. Additionally, ANCOVA showed that the slopes
between control and competition for root to shoot ratio (F=4.5(, 300), P=0.0340) and
specific root length (F=17.0(1, g03), P<0.0001) correlations were different and therefore a
result of active plasticity. Comparisons with correlations between root to shoot and total
biomass for P. secunda under competition were positively correlated (Table 3), and this

the increase in the ratio of roots to shoots relative to control plants may be a shift towards
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adaptive plasticity. Comparison with correlations between specific root length (SRL) and
total biomass for P. secunda under competition was negatively correlated (Table 3), and
thus the increase in the ratio of specific root length (SRL) relative to control may be a
shift towards maladaptive plasticity.
Effects of treatment-late harvest

For the late harvest competition experiment, P. secunda emergence dates spanned
a twenty-three day period, with most plants emerging 10-21 days from date planted. Out
of the 960 pots total, fifty-six P. secunda plants did not emerge.

Competition status affected all response variables for late harvest plants (Table 5).
Only percent allocation to root diameter classes differed significantly by location. Plants
produced approximately 88% less biomass (Figure 16), had a higher specific root length
(11.4+1.0 control, 20.2+0.3 invaded), had a 44% higher root to shoot ratio (Figure 17),
and changed in overall allocation in response to competition (Figure 18, Table 5). As in
the early harvest, plants allocated more biomass to fine root diameter size classes 0.1-
0.4mm under competition and significantly less to 0.5mm through >2.0mm (Figure 18,
Table 5). P. secunda plants also showed differences in percent allocation to all root
diameter sizes by original location, where plants from McClellan Peak showed greater
allocation to root diameter classes 0.0-0.1mm and 0.3 through 0.8mm and Bedell Flat
showed greater allocation to 0.1-0.3mm and 0.8 through >2.0mm. Families differed from
one another in their root to shoot ratio (Figure 19, Table 5). Competitive performance
index (CPI) was consistent among families, with strong reduction in response to
competition in all families (Figure 20). Families showed variation in their plastic

response to percent allocation of root diameter size classes (significant family by
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treatment interaction) with some families exhibiting greater plasticity than others in
response to B. tectorum (Figure 21, Table 5). Though they differed in degree, all families
showed a shift toward fine root production of 0.1-0.4mm in root diameter under
competition and shift away from producing coarse roots 0.6->2.0mm (Figure 21, Table 5).
A location by treatment interaction was also seen for percent allocation, where plants
from Bedell Flat invaded areas allocated more biomass to fine root diameter size classes
0.0mm through 0.3mm and to coarse roots 0.6mm through 2.0mm compared to
McClellan Peak in which plants from invaded areas allocated more biomass to root
diameter size classes 0.3-0.6mm and >2.0mm (Table 5).
Correlations between traits and performance

Analysis from Spearman’s correlations between root traits and performance for
the late harvest competition experiment yielded similar results to the early harvest and
nutrients experiment for coarse (>0.6) roots (Table 3). However, for the early harvest,
allocating roots to size diameter class 0.1-0.2mm and 0.2-0.3mm was correlated with
increased biomass when exposed to competition, whereas in the late harvest, allocation to
fine size diameter classes 0.0-0.1mm through 0.2-0.3mm was correlated with decreased
plant biomass in competition (Figure 22a). Similar to early harvest results, allocation of
roots to coarse diameter size classes 0.6-0.8mm through >2.0mm was significantly
correlated with increased total biomass (Figure 22, Table 3). Likewise, having a high
specific root length (SRL), which indicates producing a greater amount of fine roots, was
correlated with decreased total biomass under competition with B. tectorum for early and

late harvest plants (Table 3).
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Plasticity for the finest root diameter class 0.0-0.1mm was correlated with a
decrease in total biomass for the late harvest (Figure 23a, Table 4). Consistent with
results for the early harvest, plasticity for coarse root diameter classes 0.6-2.0mm for late
harvest plants under competition was correlated with an increase in plant performance
(CPI) (Table 4). Plasticity for specific root length (SRL) under competition was also
correlated with a decrease in plant performance for CPI in both early and late harvest
experiments, whereas overall plasticity to root diameter sizes under competition was
correlated with a decrease in plant performance for CPI in the late harvest (Figure 23D,
Table 4). In contrast, in the control treatment, plasticity for root diameter size class 0.2-
0.3mm was correlated with increased plant biomass (Table 4). Additionally, plasticity in
root coarse root diameter size classes 0.4 through >2.0mm were correlated with decrease
in plant biomass under control, while under competition root diameter size classes 0.5
through 2.0mm were correlated with increased biomass (Table 4).

Plasticity and ontogenetic drift

For the late harvest experiment, ANCOVA showed that the slopes between
control and competition for nine out of ten correlations were different and therefore a
result of active plasticity. Plants produced a greater amount of fine roots for six
correlations and more coarse roots for three correlations under competition compared to
control relative to their size (Figure 24). The nine actively plastic correlations include the
following: 0.1-0.2mm and 0.5-0.6mm (F=63.2 (1 672), P<0.0001), 0.1-0.2mm and 0.6-
0.8mm (F=18.1 (1, 672), P<0.0001), 0.1-0.2mm and 0.8-1.2mm (F=28.7 | ¢72), P<0.0001),
0.1-0.2mm and 1.2-2.0mm (F=83.2 (1, ¢72), P<0.0001), 0.1-0.2mm and >2.0mm (F=75.0

1,672), P<0.0001), 0.2-0.3mm and 0.5-0.6mm (F=10.9 (1, ¢72), P=0.0010), 0.2-0.3mm and
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0.6-0.8mm (F=59.9(1, 672), P<0.0001, Figure 24a), 0.2-0.3mm and 0.8-1.2mm (F=67.4
(1,672), P<0.0001, Figure 24b), 0.2-0.3mm and >2.0 (F=72.8 (1 6s3), P<0.0001). Although
plants produced more fine roots in response to competition overall (Figure 21),
correlations between root diameter size classes show that the slopes between control and
competition plants differ for most traits measured and are therefore a result of active
plasticity. Out of the nine actively plastic traits measured, six exhibit a shift towards
maladaptive plasticity and three exhibit a shift towards adaptive plasticity. The six
correlations that exhibit a shift towards maladaptive plasticity all show that P. secunda
produced more fine to coarse roots (Figure 24). Comparisons with correlations between
fine root diameter classes 0.1mm through 0.3mm and total biomass for P. secunda under
late harvest competition (Table 3) suggest that the increase in the ratio of 0.1 through
0.3mm fine root classes and decrease in 0.5mm through >2.0mm coarse root classes
relative to control plants may be a shift towards maladaptive plasticity (Table 3). In
contrast, the three plastic responses that exhibit a shift towards adaptive plasticity show
that P. secunda increased allocation to coarse roots and decreased allocation to fine roots
under competition. Plants that produced a lower amount of fine roots in competition with
B. tectorum compared to control plants relative to their size include correlations between
0.2-0.3mm and 0.5-0.6mm, 0.2-0.3mm and 0.6-0.8mm, and 0.2-0.3mm and 0.8-1.2mm
(Figure 24a,b). Comparisons with correlations between fine root diameter classes 0.2-
0.3mm and total biomass for P. secunda under late harvest competition (Table 3) suggest
that the decrease in the ratio of 0.2-0.3mm fine root classes and increase in 0.5mm
through 1.2mm coarse root classes relative to control plants may be a shift towards

adaptive plasticity (Table 3). Additionally, ANCOVA showed that the slopes between
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control and competition for root to shoot ratio (F=121.11, 670), P<0.0001) correlation was
different and therefore a result of active plasticity, while the slopes between control and
competition for specific root length (SRL) was the same and therefore a result of passive
plasticity. Comparisons with correlations between root to shoot and total biomass for P.
secunda for control plants was positively correlated (Table 3), and thus the increase in the
ratio of roots to shoots relative to plants under competition may be a shift towards
adaptive plasticity. Comparisons with correlations between root to shoot ratio and total
biomass for P. secunda under competition was positively correlated (although this
finding is not significant; Table 3), and thus the decrease in the ratio of roots to shoots
relative to control may be a shift towards maladaptive plasticity.
Predicting late harvest plant performance

Early harvest plant traits for percent allocation to all root diameter size classes,
root to shoot ratio, and specific root length (SRL) were examined for correlations with
late harvest total biomass of P. secunda under competition with B. tectorum. Results
show that early harvest percent allocation to fine roots classes 0.0-0.3mm was negatively
correlated with total biomass for late harvest plants under competition, which suggests
that allocation to fine roots may be a predictor for decreased plant performance under
competition with B. tectorum after one growing season (Table 6). In addition, early
harvest plants that allocated biomass to coarse root diameter size classes 0.3 through
>2.0mm showed a positive correlation with total biomass of P. secunda late harvest
plants under competition with B. tectorum (Table 6). Lastly, early harvest root to shoot
ratio, and specific root length (SRL) showed a negative correlation with late harvest total

biomass of P. secunda under competition with B. tectorum (Table 6).
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Early harvest plant traits for change in percent allocation of all root diameter size
classes, sum of the change in percent allocation to all root diameter size classes, change
in specific root length (SRL), and change in root to shoot ratio were correlated with total
biomass of P. secunda for late harvest plants under competition with B. tectorum.
Significant results show that only change in root to shoot ratio of early harvest plants was
negatively correlated with total biomass of P. secunda under competition with B.

tectorum (Table 7).

DISCUSSION

Although environmental change is ubiquitous, no genetic trait has evolved
plasticity so perfect that it is capable of increasing fitness in every instance. Rather, lack
of reliable environmental cues, constraints that act directly on plasticity, and the fact that
some traits can be highly correlated allow for maladaptive phenotypes to persist in
populations (Schlichting 1986; Pigliucci 2005; Valladardes et al. 2007; DeWitt et al.
2008). In the Great Basin the primary invader, B. tectorum, is a very strong competitor
for limited belowground resources (Mack 1981; Chambers et al. 2007). The ability for
natives to respond to belowground competition for limited resources through adaptive
root plasticity may be an important trait for survival in invaded systems. Specifically,
investment in fine roots in invaded systems may allow plants to gain greater access to
limited resources, since fine roots serve as the primary foraging mechanism for plants in
competition (Caldwell et al. 1996; Hodge 2004; Gregory 2006). I investigated whether P.
secunda, a common native perennial grass in sagebrush ecosystems, could 1) respond
plastically to directly-manipulated nutrient availability, 2) respond in a similar way to the

presence of B. tectorum, and 3) adaptively respond to this change. The experiment was
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conducted in a controlled greenhouse environment and focused on how root traits
affected performance during seedling establishment and after one growing season for
plants in competition, and I examined family-level variation to see if traits are inherited.
Because root traits can change over time as plants get larger, I also determined if changes
observed were due to active plasticity or passive plasticity due to ontogenetic drift.
Results from the experiment showed that plants under low nutrients and in
competition with B. fectorum responded similarly: they were smaller, allocated a greater
percentage of biomass to the production of fine roots, and families varied in their overall
response to nutrients and competition. Plants grown in competition with B. fectorum
showed that increased allocation to fine roots was positively correlated with increased
plant performance in the early seedling stage, but not after one growing season. However,
since small plants tend to produce more fine roots as a function of size alone, I also
assessed whether the observed increase in fine roots under low nutrients and in
competition with B. fectorum was simply due to a reduction in growth rate, or passive
plasticity, or if this response was a result of active plasticity, where plants allocated a
greater portion of biomass to fine roots in the presence of B. fectorum. Results showed
that after one full growing season, plants exhibited a greater degree of active plasticity in
their percent allocation to different root diameter size classes overall compared to early
seedlings. For instance, correlations for late harvest plants between fine to coarse roots
and plant performance show that plants allocated a greater amount of biomass to fine
roots relative to their reduced size for six out of nine correlations tested. Additionally,
late harvest plants also showed a higher root to shoot ratio and allocated a greater amount

of biomass to the production of coarse roots for three out of nine correlations tested.
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Moreover, late harvest plants that showed a shift towards producing a greater amount of
coarse roots under competition (a trait positively correlated with an increase in total
biomass) may demonstrate a shift towards adaptive plasticity. Similar to late harvest
plants, early harvest plants also showed a higher root to shoot ratio under competition.
However, in contrast to late harvest plants, early seedlings had a higher specific root
length (SRL) and produced a greater amount of fine roots in all correlations tested
relative to their reduced size. For early harvest plants, increased production of fine roots
was positively correlated with an increase in total biomass and better competitive ability
(CPI). This may demonstrate a shift towards adaptive plasticity for early harvest plants,
where increased production of fine roots may have played a critical role in allowing for
greater resource acquisition when grown in competition with B. tectorum in early
interactions.

For our first research question, we assessed whether P. secunda could respond
plastically to directly-manipulated nutrient availability and whether this response varied
by family. We found that individuals did respond plastically to nutrient availability,
where under low nutrients, plants were smaller and produced a fewer number of leaves.
In general, large plant size has long been recognized as playing a large role in
competition for resources, where a larger below and aboveground root and shoot systems
ensures greater access limited resources compared to a smaller root system (Caldwell et
al. 1996). However, recent studies have shown that fine roots may be more important
than large size alone, especially in low resource environments where fine roots can help
exploit localized nutrient zones (Caldwell et al. 1996; Hodge 2003; Aarssen et al. 2006;

Rowe & Leger 2010). Results from our study show that P. secunda produced more fine
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roots (i.e. higher root to shoot ratio, and a higher specific root length) and allocated a
greater amount of biomass to the production of fine root diameter size classes 0.0mm
through 0.2mm under low nutrients. These results are in alignment with studies that
show that plants can allocate biomass to the production of fine roots and even change
their architecture in response to limited resources. For instance, changes in fine and
coarse roots have been observed with root branching patterns where some roots can take
on a herringbone appearance with greater abundance of fine roots in response to
heterogeneous soils in order to gain greater access to limited resources that may be
located deeper within soil profiles (Fitter 1982; Gregor 2006). In contrast, some roots
can take on a dichotomous structure in response to ample resources in which shallow,
coarse roots allow for numerous root tips that increase soil exploration (Fitter 1982;
Wright & McConnaughay 2002; Gregor 2006). Additional studies suggest that fine root
production in low resource environments allows for greater success, especially when
resources are limited due to competition with invasives (Caldwell et al 1996; Arrendondo
& Johnson 1999; Hodge 2003; Rowe & Leger 2010). For instance, populations of E.
multisetus developed more fine roots in invaded systems compared to field controls and
these fine roots had a negative impact on B. tectorum (Rowe & Leger 2010; Leger &
Espeland 2010).

Since environments exert a strong influence on growth and development, we also
assessed whether root plasticity in allocation to fine roots was simply a result of
ontogenetic drift, due to reduced growth rate under low nutrients. Evans (1972)
originally described ontogenetic drift as a trait that changes in a predictable way

throughout growth and development. In this view, “passive plasticity” can be described
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as any change in measured traits that result from environmentally-induced changes in
growth rate, where traits vary as function of position along a single ontogenetic program
(Wright & McConnaughay 2002). Passive plasticity can be exemplified with the typical
increased production of fine roots during early plant growth, which allows for firm
anchoring and resource acquisition required for successful seedling establishment
(Aguirre & Johnson 1991). In contrast, “active plasticity” occurs when the environment
induces a change in the ontogenetic trajectory of a trait, where traits change, not as a
function of their size at a single point in time, but rather, as a result of an environmental
cue which when sensed by the organism, induces a novel phenotypic response (Wright &
McConnaughay 2002, Weiner 2004). Results from the nutrient experiment show that
seedlings exhibited active plasticity for percent allocation to root diameter size classes for
five out of ten correlations tested. This means that plants showed an increase in the ratio
of fine to coarse roots in response to low nutrients relative to their small size compared to
plants under high nutrients, and that this occurred for half of the correlations tested.

In addition to assessing P. secunda response to nutrient treatments, we also
assessed whether families varied in response to overall nutrients. This was an important
assessment since the primary mating strategy is facultative apomixis and, therefore,
populations have the potential to consist of entirely all clonal individuals (Kellogg 1990).
Results showed that families differed in their overall response to nutrients for traits
measured. Specifically, families varied in their total biomass, root to shoot ratio, leaf
number, specific root length (SRL), and in their percent allocation to different root
diameter size classes, where some families exhibited greater plasticity than other families

for traits measured. These results demonstrate that families were not all clones and
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plasticity for traits is inherited. This particular finding was pivotal in allowing us to
further investigate whether the P. secunda produced more fine roots when grown with B.
tectorum and whether this response was adaptive.

For our second question, we investigated whether P. secunda responded in
a similar way to the presence of B. tectorum. Results from both early and late harvest
show similar results to the nutrient experiment, where P. secunda plants were smaller and
produced a fewer number of leaves in response to B tectorum. In addition, P. secunda
produced more fine roots in response to B. tectorum, where plants had a higher root to
shoot ratio, a higher specific root length (SRL) and a greater percent allocation to fine
root diameter size classes. Specifically, both early and late harvest plants produced more
fine root diameter classes 0.1mm through 0.4mm in response to competition. This result
is comparable to low nutrient plants, which shifted their allocation to producing more
0.0mm through 0.2mm fine roots. The increased production of fine roots in response to
competition again demonstrates that plants perceive the presence of an invader in a
similar manner as a nutrient deficiency.

In a similar manner to the nutrient experiment described above, I was also
interested in assessing whether the increase in fine root production was caused by a
reduction growth rate alone, or ontogenetic drift (Coleman et al. 1994; Weiner 2004).
Results from the early harvest were similar to that of the nutrient experiment, where
seedlings grown under low nutrients and in competition with B. tectorum showed an
actively plastic response in their percent allocation to root diameter size classes for half
of the correlations between fine and coarse root diameter size classes. This means that P.

secunda showed an increase in the ratio of fine to coarse roots relative to their reduced
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size compared to control plants for half of the root diameter size class correlations tested.
In contrast to the nutrient experiment, early harvest plants showed an actively plastic
response to specific root length (SRL) and both early and late harvest plants showed an
actively plastic response in their root to shoot ratio compared to control plants. Overall,
late harvest plants exhibited a greater degree of active plasticity overall compared to
seedlings from the early harvest and nutrient experiment, where in ten out of the twelve
correlations tested between fine and coarse root diameter size classes, root to shoot ratio,
and specific root length (SRL) showed differences in their ontogenetic trajectory, or slope,
between plants grown with and without competition. Unlike seedlings from the early
harvest and nutrient experiment, results for late harvest plants showed that out of the nine
actively plastic correlations between fine and coarse root diameter size classes, six of
these correlations showed an increase in the ratio of fine to coarse roots, while the
remaining three correlations showed an increase in the ratio of coarse to fine roots. This
means most of the observed differences were not simply a result of reduced growth rate,
but rather, P. secunda made more fine roots in response to competition with B. tectorum
relative to their small size for some root classes, but also produced more coarse roots of
other root classes in response to competition.

Similar to the nutrient experiment, I assessed whether families varied in response
to competition for both early and late harvest plants. Results showed that families
differed from one another for traits measured, including total biomass (significant for
early harvest only), root to shoot ratio, specific root length (significant for early harvest
only), and percent allocation to different root diameter size classes. This again

demonstrates genetic variation in these populations, as well as that families differ in their
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ability to be plastic for traits measured, where some families are more plastic than others,
and that plasticity is inherited.

I also assessed whether the two sample populations of P. secunda varied by
original location (Bedell Flat and McClellan Peak) for traits measured. For early harvest
plants, results showed that the two populations of P. secunda varied significantly, where
plants from Bedell Flat experienced a greater reduction of total biomass, had fewer leaves
and had an overall increase in fine roots (i.e. higher SRL). Conversely, plants from
McClellan Peak showed an overall greater competitive performance (decreased CPI)
compared to plants from Bedell Flat (although this was not found to be significant). This
finding is consistent with studies showing that P. secunda populations from McClellan
Peak are more tolerant of B. tectorum overall compared to P. secunda plants from Bedell
Flat (Goergen et al. 2011).

Lastly, we investigated whether plasticity was adaptive for P. secunda plants
grown in competition with B. fectorum for both early seedlings and after one growing
season. For early harvest plants in competition, results showed that change in percent
allocation to the production of more fine root diameter classes 0.1mm through 0.3mm
was positively correlated with increased total biomass, and that these plants were more
competitive overall (i.e. decreased CPI). Likewise, having a higher root to shoot ratio
during early seedling establishment was positively correlated with total biomass for
plants in competition with B. tectorum. Even after ontogenetic affects were taken into
account, early harvest plants consistently showed that exhibiting a higher root to shoot
ratio and allocating biomass to fine root diameter classes 0.1mm through 0.3mm may be

an adaptive response to competition. In contrast, initial correlations between root to
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shoot ratio and plant performance for late harvest plants showed a positive relationship
between increased root to shoot ratio and total biomass (although this finding was not
significant). After ontogenetic effects were taken into account, plants continued to show
a decrease in root to shoot ratio under competition, which may suggest a maladaptive
response. This contradicts previous studies that consistently show that having a higher
root to shoot ratio in invaded systems increases plant performance (Leger 2008; Rowe &
Leger 2010; Goergen et al. 2011). In addition, initial correlations between change in
percent allocation of root diameter size classes and plant performance for late harvest
plants showed a negative relationship between increased fine root production and total
biomass, and that allocating biomass to the production of fine roots was less competitive
overall (i.e. increased CPI). Likewise, after ontogenetic affects were taken into account,
six out of the nine correlations tested showed an increase in the ratio of fine root diameter
size classes 0.1mm through 0.3mm and a decreased in the ratio of coarse root diameter
size classes 0.5mm through >2.0mm, which may be maladaptive.

In general, there may be several reasons why the increased ratio of fine to coarse
roots proved to be maladaptive for late harvest plants. For instance, traits can respond
simultaneously to various environmental stressors and traits may be highly correlated to
important functions that are under the influence of natural selection. Since fine root
production is highly associated with the function of increased resource uptake in low
resource environments, then producing more fine roots in response to stress from
competition may have proven to be the best strategy in the absence of B. fectorum, since
in the past, natural selection has favored this response as being the optimal phenotype,

even though this was not the case in this experiment. In a similar manner, maladaptive
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responses can also occur when plants are initially correct in sensing their environment,
but then the environment changes and organisms are then faced with coping with novel
stimuli (DeWitt et al. 1998). For example, stem elongation in plants is more
advantageous under competition since longer stems allow for greater access to light, but
long stems may be maladaptive for changes in environment such as high winds or
freezing temperatures (Gedroc et al. 1996). Our results suggest that although allocating a
greater percent of biomass to fine roots during early growth and development was
beneficial for successful seedling establishment in limited resource environments, as
plants matured and competition between P. secunda and B. tectorum intensified,
continued production of fine roots over more coarse roots proved to be a maladaptive
response to competition. Rather, allocating biomass to the production of more coarse
roots was seen as a more advantageous strategy in that coarse root diameter size classes
were positively correlated with increased plant size. In general, coarse roots serve as the
primary energy storage organs of plants, where the products of photosynthesis can
temporarily reside until a later time when these products are relocated to above ground
structures responsible for reproduction (Gregory 2006). Lastly, associated plasticity costs
may also be responsible for lack of more coarse root production, which implies that use
of limited resources (i.e. carbon energy reserves, time) ensures that there is a trade-off
between producing more fine roots versus coarse roots (DeWitt et al. 2008).

However, not all correlations between fine and coarse root diameter size classes
tested suggested a shift towards a maladaptive response for late harvest plants in
competition with B. tectorum. Results also show that three out of nine actively plastic

responses suggest a shift towards adaptively plastic. Specifically, these plastic responses



52

included an increase in production of coarse root diameter classes 0.5mm through 1.2mm
and a decrease in production of fine root diameter class 0.2-0.3mm. Moreover, this shift
was correlated with increased total biomass. This shift may indicate that P. secunda
plants were just beginning to adjust their allocation in an adaptive manner in response to
competition at the end of one growing season, in which the shift from away from fine
root production towards more coarse root production may require additional seasonal
growth as well as continuous environmental stimulation from competition with B.
tectorum (DeWitt et al. 2008; Pigliucci 2005; Valladares et al. 2007).

Again, while it may be beneficial for plants to produce more fine roots early in
ontogeny, results suggest that it may be more advantageous for plants to shift their
allocation to produce a greater amount of coarse roots during later stages of growth,
which allows for increased resource storage and increased size. In general, differences in
plasticity between early and late growth demonstrate how some plants can adjust their
plasticity at different times throughout their growth and development (i.e. early versus
late growth phases). For instance, P. secunda early harvest plants shifted their
ontogenetic growth to produce more fine roots, whereas some late harvest plants that may
have demonstrated adaptive plasticity shifted their allocation to produce less fine roots in
response to competition. Additionally, P. secunda plants after one growing season
demonstrated a higher degree of active plasticity compared to early seedlings for traits
measured. Interestingly, this result is contradictory to some studies, which suggest that
active plasticity in plants tends to decrease later in development compared to early
development (Wright & McConnaughay 2002). Additionally, studies have shown that

plants may plastically respond to heterogeneous environments only during a certain
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period in their growth and development, after which time, ontogeny may become fixed
(Wright & McConnaughay 2002). However, the question of whether P. secunda can
vary in their expression of ontogenetic plasticity relative to their growth phase and in
response to the changing environment was not directly tested. Rather, each plant was
tested in response to discrete treatments, including nutrients (either low or high) and
competition status (with or without B. tectorum). Therefore, further investigation into
how P. secunda responds to a continuum of novel stimuli over the course of growth and
development is still needed and may shed light on the resiliency of native populations to
heterogeneous environments on the landscape (i.e. nutrient patches, climate change).
This could be done by repeat harvests, which would facilitate the comparisons of multiple
treatments throughout growth and development as well as throughout the growing season
(Coleman et al. 1994).

An assessment of P. secunda populations in the field after a second growing
season in invaded systems would give further insight into how native populations are able
to persist on the landscape. While B. fectorum, an annual species, senesces at the end of
the growing season, P. secunda a perennial species, does not. Rather, dormant P.
secunda plants in invaded systems tend to remain established after one full growing
season. P. secunda plants may therefore have an increased size advantage over B.
tectorum beginning at the onset of the second growing season with these invasive annuals.
Over the long-term, P. secunda plants in invaded systems may have a competitive
advantage over B. tectorum as each additional year brings increased biomass and

potentially greater fecundity.
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Ultimately, long-term persistence of P. secunda populations on the landscape
depends heavily on adaptive traits to withstand competition from invasives (Leger 2008,
Leger & Espeland 2010 Rowe & Leger 2010, Goergen et al. 2011). Since natural
selection favors traits that increase fitness, the ability to be plastic for maladaptive traits
may impede the evolution of adaptive plasticity in invaded systems (Ghalambor et al.
2007). Moreover, if plasticity for a trait is maladaptive, then selection may favor fixed
traits or genetic variation of non-plastic traits that induce no costs (Callahan et al. 2008).
If this is the case, then variation in the phenotypes expressed by plasticity for maladaptive
traits will likely decrease in the population. Conversely, if organisms harbor the ability to
express an adaptively plastic trait, but in doing so, individuals incur costs that decrease
overall fitness, then populations should also favor fixed traits over the ability to be plastic.
In both cases, local adaptation of fixed traits may then be favored by natural selection in
invaded systems and populations may experience differentiation from one another
(Pigliucci & Murren 2003; Lande 2009). Based on our results, the ability for P. secunda
to produce more fine roots during early growth and more coarse roots after one growing
season in competition with B. fectorum may demonstrate a shift towards adaptive
plasticity. However, the ability to be plastic overall for percent allocation to different
diameter size classes did not exhibit perfect plasticity when grown with B. tectorum.

This may be due to differences among families in their ability to express the optimal
phenotype, where some families produced more optimal phenotypes than others. Over
time, family-level variation in the expression of plasticity for this trait may become
greatly reduced through genetic assimilation resulting in the canalization of the optimal

phenotype (Lande 2009). In this case, canalization will allow individuals to express this
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trait without great cost to fitness (Pigliucci & Murren 2003; Callahan et al. 2008; Lande
2009). Additionally, directional selection may enhance the optimal phenotype for the
populations tested, which would reduce variation for this trait and, again, lead to local
adaptation (Ghalambor et al. 2007). Ultimately, in order to accurately assess the outcome
of Great Basin native plant populations in invaded systems, it is important to consider
further testing of additional wild populations on a much broader scale. In doing so, any P.
secunda populations that exhibit increased fitness due to the ability to express adaptively

plastic traits may serve as a source of restoration material in invaded systems.
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CONCLUSION

Native plant communities of the Nevada Great Basin are experiencing a rapid
shift from native perennial grasses to invasive annual grasses. However, remnant
populations of natives are still able to persist on the landscape even in the face of
invasion (Leger 2008, Leger & Espeland 2010 Rowe & Leger 2010, Goergen et al. 2011).
The ability to respond to below ground competition for limited resources through
adaptive root plasticity may be an important trait for survival of native plants in invaded
systems. To date, the ability of native perennial grasses to plastically respond to invasion
has received relatively little attention. Rather, much research has focused on the ability
for invasive species to plastically adapt to novel environments (Arredondo et al. 1998;
Evans et al. 2001; Alpert et al. 2002; Gurevitch et al. 2004; Bradley et al. 2004; Bassdorf
et al. 2005; Callaway et al. 2005). In order to improve restoration efforts in the Great
Basin, more research needs to focus on identifying key adaptive traits that allow natives
to be success in the face of invasion, and plasticity in response to invasion may be one
such trait.

The nutrient experiment served as pilot study for the focal species, P. secunda in
assessing the adaptive plasticity of traits to low resource environments. Determining
whether P. secunda would respond to nutrient availability through greater resource
allocation to fine roots served as the first step in showing that these populations do
respond plastically to environmental stress. This result is especially important when
considering the primary mating strategy of P. secunda is facultative apomixis. In general,

populations that exhibit facultative apomixis may hypothetically be comprised of as few
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as one genotype due to cloning. Therefore, our results showing phenotypic plasticity in
response to nutrient availability suggests possible underlying genetic variation.
Moreover, this research has important implications for improving current
restoration practices in the Nevada Great Basin. An increased demand for use of local
native grasses in restoration has led restorationists to consider the genetic integrity of
native seed sources (Jones and Johnson 1998). Currently, restoration in the Nevada Great
Basin is implemented using agricultural seed that is produced for a wide range of
locations. Plants that have been produced commercially are provided ample amounts of
nutrients and water, all of which do not reflect the natural environmental conditions
(precipitation, soil composition, climate, etc.) of the various locations where the seed will
eventually end up for restoration. These and other “unnatural pressures” (harvest
techniques, etc.) create genotypes that may not be adapted to their environmental
restoration locations. Several studies indicate that using nonlocal genotypes in
restoration may be detrimental for two important reasons: 1) nonlocal genotypes may be
unable to establish, and 2) outbreeeding depression may occur caused by crossing any
pre-existing native populations with seed adapted to different environments (McKay et al.
2005). Furthermore, agriculturally grown seed may lack the genetic diversity needed to
create locally adapted populations. Genetic diversity allows for natural selection to act
upon a diverse array of inherited traits, thereby allowing the evolutionary process to
occur and locally adapted populations to establish. Over time, the result is a more
sustainable native population. Lack of genetic variation within populations can therefore
constrain local adaptation (Leimu & Fischer 2008). Federal and state agencies are now

beginning to recognize the importance of the evolutionary potential found in genetically
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diverse restoration material (McKay et al. 2005). Native populations that harbor a
significant level of genetic diversity, unlike that of agriculturally grown seed, will allow
native populations to be more resilient in the face of greater ecological disturbances (i.e.
invasion by exotics) (Lau 2008). This research shed light on how native populations of P.
secunda can adaptively respond to novel environmental stimuli, such as invasion from B.
tectorum, via phenotypic plasticity. In turn, this will allow restorationsists to identify
native plant populations that may become locally adapted to persist in the face of
disturbance from B. fectorum. Ultimately, the results of this research will better inform
restorationists of where to look for such locally adapted genotypes as plants from these
locations can serve as a source of seed production and collection and thus the

improvement of current restoration practices.
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FIGURE LEGENDS

Figure 1. Poa secunda biomass response to low and high nutrients

(***P<0.0001).

Figure 2. Poa secunda root to shoot ratio response to low and high nutrients

(***P<0.0001).

Figure 3. Poa secunda percent allocation of overall root diameter size classes (mm) in
response to low and high nutrients (MANOVA for overall shift P=0.0390, ***P<0.0001
for individual size class comparisons). Percent allocation to each to root diameter size
classes are based individual plant means. Significant differences in larger root categories

are shown in inset bar graphs for clarity.

Figure 4. Poa secunda family level differences in root to shoot ratio in response to low
and high nutrients (P=0.0038). Letters refer to Tukeys HSD comparisons among families

for root to shoot ratio averaged between low and nutrients.

Figure 5. Poa secunda family level differences in change in percent allocation to mean
root diameter size classes (mm) in response to nutrients. Negative values indicate
reduced allocation to that size class, and positive values indicate increased allocation to

that size class under low nutrients.
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Figure 6. Poa secunda family level differences in nutrient performance index (NPI) in
response to nutrients, calculated as the difference in family means under low and high
nutrient treatments. Positive values indicate decreased plant performance (percent
reduction in biomass) and negative values indicate increased plant performance in

response to low nutrients.

Figure 7. Relationship between a) percent allocation of root diameter size classes 0.0-
0.1mm and 0.5-0.6mm, b) percent allocation of root diameter size classes 0.1-0.2mm and
0.5-0.6mm, c) percent allocation of root diameter size classes 0.1-0.2mm and 0.6-0.8mm,
d) percent allocation of root diameter size classes 0.1-0.2mm and 0.8-1.2mm under low
(left column) and high nutrients (right column). Points represent individual plant data.

Regression equations are shown, with slopes in bold.

Figure 8. Poa secunda biomass response to competition with Bromus tectorum for early

harvest (***P<0.0001).

Figure 9. Poa secunda root to shoot ratio response to competition with Bromus tectorum

for early harvest (***P<0.0001).

Figure 10. Change in Poa secunda percent allocation of root diameter size classes (mm)
in response to competition with Bromus tectorum for early harvest (***P<0.0001).
Significant differences in root classes 0.0 -0.1, 1.2-2.0 and >2.0 are shown in inset bar

graphs for clarity.
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Figure 11. Poa secunda family level differences in root to shoot ratio in response to

competition with Bromus tectorum for early harvest (***P<0.0001).

Figure 12. Poa secunda family level differences in percent allocation to mean root
diameter size classes (mm) in response to competition with Bromus tectorum for early
harvest. Negative values indicate reduced allocation to that size class, and positive
values indicate increased allocation to that size class under competition with Bromus

tectorum.

Figure 13. Relationship between a) total biomass and percent allocation to root diameter
size class 0.1-0.2mm, b) total biomass and percent allocation to root diameter size class
0.3-0.4, and c) total biomass and percent allocation to root diameter size class 1.2-2.0mm
under competition with Bromus tectorum for early harvest. Points represent individual

plant data.

Figure 14. Relationship between a) total biomass and change in percent allocation to root
diameter size class 0.3-0.4mm, b) total biomass and change in percent allocation to root
diameter size class 1.2-2.0, and c) total biomass and total plasticity in percent allocation
to all root diameter classes under competition with Bromus tectorum for early harvest.

Points represent family means.



75

Figure 15. Relationship between percent allocation of root diameter size classes 0.2-
0.3mm and 0.5-0.6mm with and without competition with Bromus tectorum for early
harvest. Points represent individual plant data. Regression equations are shown, with

slopes in bold.

Figure 16. Poa secunda biomass response to competition with Bromus tectorum for late

harvest (***P<0.0001).

Figure 17. Poa secunda root to shoot ratio response to competition with Bromus

tectorum for late harvest (***P<0.0001).

Figure 18. Poa secunda percent allocation of root diameter size classes (mm) in response

to Bromus tectorum for late harvest (***P<0.0001).

Figure 19. Poa secunda family level differences in root to shoot ratio in response to

competition with Bromus tectorum for late harvest (***P<0.0001).

Figure 20. Poa secunda family level differences in competitive performance index (CPI)
in response to competition with Bromus tectorum for late harvest. Positive values
indicate decreased plant performance and negative values indicate increased plant

performance.
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Figure 21. Poa secunda family level differences in change in percent allocation of mean
root diameter size classes (mm) in response to competition with Bromus tectorum for late
harvest. Negative values indicate reduced allocation to that size class, and positive
values indicate increased allocation to that size class under competition with Bromus

tectorum.

Figure 22. Relationship between a) total biomass and percent allocation to root diameter
size class 0.1-0.2mm, and b) total biomass and percent allocation to root diameter size

class 1.2-2.0mm under competition with Bromus tectorum for late harvest.

Figure 23. Relationship between a) total biomass and change in percent allocation to root
diameter size class 0.0-0.1mm, and b) competitive performance index (CPI) and total

plasticity in percent allocation to all root diameter classes under competition with Bromus
tectorum for late harvest, where positive values indicate decreased plant performance and

negative values indicate increased plant performance.

Figure 24. Relationship between a) percent allocation of root diameter size classes 0.2-
0.3mm and 0.6-0.8mm, b) percent allocation of root diameter size classes 0.2-0.3mm and
0.8-1.2mm with and without competition with Bromus tectorum for late harvest. Points

represent individual plant data.
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Table 1. ANOVA results of Poa secunda response to low and high nutrient treatments
for (A) total biomass, (B) root to shoot, (C) leaf number, (D) specific root length (SRL)
and MANOVA results for (E) change in percent allocation to all root diameter size
classes. Numbers in parentheses are numerator degrees of freedom, denominator degrees
of freedom. Data were not transformed, except for SRL, which was log transformed.
Analyses were conducted using individual plant data.

Nutrients Family Nutrient x Family
F P F P F P

Response
A. Total 27.6 (1,20.7) <.0001 3.1 (19.19) 0.0082 1.6 (19, 139) 0.0559
biomass
B. 263.0 (1,2081) | <.0001 3.6 (19,19 0.0038 1.49 (19,139 0.0973
Root:shoot

C. Leaf 135.0 (1,23.5) <.0001 3.9 (19,19) 0.0023 0.6 (19, 139) 0.8855
number

D. SRL 89.5 (1,22.4) <.0001 5.7 (19, 19 0.0002 0.8 (19, 139 0.6871
E. % 1.2 (190, 1178.3) 0.0390 29 (190, 1178.3) <0.0001 . .
allocation
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Table 2. ANOVA results of Poa secunda early harvest (67 days after emergence) in
response to competition with Bromus tectorum for (A) total biomass, (B) root to shoot
ratio, (C) leaf number, (D) specific root length (SRL) and MANOVA results for (E)
change in percent allocation to all root diameter size classes. Numbers in parentheses are
numerator degrees of freedom, denominator degrees of freedom. Data were not
transformed for analysis, except for total biomass, which was log transformed. Analyses
were conducted using individual plant data.
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Table 3. Spearman’s p correlations between percent allocation of individual Poa
secunda plants to each root diameter size class (mm), root to shoot ratio, and specific root
length (SRL), and total biomass for early harvest competition and late harvest
competition treatments. Analyses were conducted using individual plant data. Asterisks
represent significant difference between competition status, where *P<0.05, **P<0.01,
**#P<0.0001.

Treatment Competition: Early Competition: Late Harvest
Harvest
Total Biomass Total Biomass
Root Diameter Sizes Control Competition | Control Competition
% Allocation 0.0-0.1 0.0184 0.0428 -0.0829 -0.2738%**
% Allocation 0.1-0.2 0.0777 0.2134*** -0.1979** -0.2590%**
% Allocation 0.2-0.3 0.0666 0.2165*** -0.2995%** | -0.3226***
% Allocation 0.3-0.4 -0.3260%** | -0.3300*** -0.2897*** 1 0.0056
% Allocation 0.4-0.5 -0.1533** -0.0491 -0.0200 0.2061***
% Allocation 0.5-0.6 0.1596** 0.0684 -0.1139* 0.3559***
% Allocation 0.6-0.8 0.2804*** 0.1247* 0.1485** 0.3996***
% Allocation 0.8-1.2 0.3773%** 0.1574%** 0.4155%** 0.4614***
% Allocation 1.2-2.0 0.4663*** 0.3302*** 0.5156*** 0.4994***
% Allocation > 2.0 0.4838*** 0.2856*** 0.5188*** 0.5372%**
R:S 0.0199 0.1452** 0.4165*** 0.0376
SRL -0.4858*** | -0.4446*** -0.7040%** | -0.4787***
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Table 4. Spearman’s p correlations between change in percent allocation of Poa secunda
mean root diameter size classes (mm), change in overall percent allocation of mean root
diameter size classes (mm), change in overall specific root length (SRL), and change in
overall root to shoot ratio and plant performance (CPI and total biomass) for early harvest,
and late harvest competition treatments with Bromus tectorum. CPI = competitive
performance index, where positive values indicate a decrease in plant performance, and
negative values indicate an increase in plant performance. Analyses were conducted
using family means. Asterisks represent significant difference between competition
status, where *P<0.05, **P<0.01, ***P<0.0001.

Treatment Early Harvest Late Harvest

Root CPI Total Biomass CPI Total Biomass
Diameter Control Competition Control Competition
Sizes

A 0.0-0.1% -0.0098 -0.2888* -0.1727 0.2945 -0.1609 -0.3547*
A0.1-0.2% -0.1762 0.1003 0.2203 0.2298 -0.0352 -0.3107
A 0.2-0.3% -0.2576 -0.1904 0.0139 0.1957 0.3832* -0.0109
A 0.3-0.4% 0.5533*** -0.1265 -0.5214*** -0.0755 0.2652 0.2385
A 0.4-0.5% 0.3767** 0.2945* -0.0567 0.1081 -0.0931 -0.1213
A 0.5-0.6% -0.0306 0.1184 0.1290 -0.2140 -0.0079 0.2360
A 0.6-0.8% -0.3240* 0.0429 0.3153* -0.3206* -0.0883 0.3075
A0.8-1.2% -0.4926** -0.0632 0.3288* -0.3555* -0.2433 0.2881
A 1.2-2.0% -0.5636*** | -0.0929 0.3584* -0.3176* -0.5472** | 0.0872
A>2.0% -0.5018** -0.4173** | -0.0318 -0.1490 -0.4298** | -0.0466
Total A% 0.2548 -0.2447 -0.4088** 0.3777* 0.4000** -0.2407
AR:S% -0.3493* 0.0338 0.3021* -0.1498 -0.2662 -0.0174
A SRL% 0.4054** -0.1571 -0.4525** 0.3425* 0.1506 -0.2978
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Table 5. ANOVA results of Poa secunda late harvest (after one growing season) in
response to competition with Bromus tectorum for (A) total biomass, (B) root to shoot
ratio, (C) specific root length (SRL) and MANOVA results for (D) change in percent
allocation to all root diameter size classes (mm). Numbers in parentheses are numerator
degrees of freedom, denominator degrees of freedom. Data were transformed using Box-
Cox for total biomass and log transformed for R:S. No transformation were performed
for SRL. Analyses were conducted using individual data.
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Table 6. Spearman’s p correlations between percent allocation of individual Poa
secunda plants to each root diameter size class (mm), root to shoot ratio, and specific root
length (SRL) at early harvest, and total biomass for late harvest under competition with
Bromus tectorum. Analyses were conducted using individual data. Asterisks represent
significant difference, where *P<(.05, **P<0.01, ***P<0.0001.

Poa secunda Late Harvest:
Early Harvest: Total Biomass
Traits Competition
% Allocation 0.0-0.1 -0.2850*
% Allocation 0.1-0.2 -0.4417**
% Allocation 0.2-0.3 -0.1498

% Allocation 0.3-0.4 0.0949

% Allocation 0.4-0.5 0.3729*

% Allocation 0.5-0.6 0.0421

% Allocation 0.6-0.8 0.0516

% Allocation 0.8-1.2 0.1545

% Allocation 1.2-2.0 0.3437*

% Allocation > 2.0 0.1769

R:S -0.2121*

SRL -0.4791**
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Table 7. Spearman’s p correlations between change in percent allocation of Poa secunda
mean root diameter size classes (mm), change in overall percent allocation of mean root
diameter size classes (mm), change in overall specific root length (SRL), and change in
overall root to shoot ratio at early harvest and plant performance (CPI and total biomass)
for late harvest competition with Bromus tectorum, where CPI = competitive
performance index. Analyses were conducted using family means. Asterisks represent
significant difference, where *P<(0.05,

**P<0.01, ***P<0.0001.

Poa secunda
Early Harvest:

Late Harvest:

Traits CPI1 Total
Biomass
A 0.0-0.1% 0.0302 -0.2668
A 0.1-0.2% 0.1747 0.1081
A 0.2-0.3% 0.2014 -0.0051
A 0.3-0.4% -0.1538 -0.0939
A 0.4-0.5% -0.0154 0.1067
A 0.5-0.6% 0.0310 0.1200
A 0.6-0.8% -0.1862 0.0223
A0.8-1.2% 0.0115 -0.0087
A1.2-2.0% 0.0494 0.0405
A>2.0% 0.0696 0.0132
Sum A% -0.0107 -0.0623
A SRL% 0.1775 -0.1879
AR:S% -0.2638 -0.3538*
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Figure 10.
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Figure 15.
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Figure 16.
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Figure 18.
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Figure 19.
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Figure 20.

Late Harvest
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Figure 21.

Late Harvest
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Figure 22.

Late Harvest
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Figure 23.
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Figure 24.

a)
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b)
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